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Rik Derynck, Patricia B.Lindquist, Angela Lee,
Duanzhi Wen, Joseph Tamm,
Jeannette L.Graycar, Lucy Rhee,
Anthony J.Mason, Duncan A.Miller',
Robert J.Coffey', Harold L.Moses' and
Ellson Y.Chen

Departments of Developmental Biology and Molecular Biology,
Genentech, Inc., 460 Pt San Bruno Boulevard, South San Francisco,
CA 94080 and 'Department of Cell Biology, Vanderbilt University
Medical Center, Nashville, TN 37232, USA

Communicated by B.Hogan

A new type of TGF-fl, TGF-fl3, has been identified
by cDNA characterization. The amino acid sequence of
mature TGF-,B3 and its precursor has been derived
from porcine and human cDNA sequences. The human
TGF-fl3 gene is spread over seven exons as in the case
of the TGF-f1 gene. Comparison with TGF-fl1 and -,32
indicates a strong conservation of the mature sequences,
but a relaxed homology in the precursor segments.
TGF-fl3 mRNA is mainly expressed in cell lines from
mesenchymal oriipn, suggesting a biological role different
from the other TGFs-f.
Key words: transforming growth factor-fl/proliferation/
growth inhibition/growth factor

Introduction

Transforming growth factors-$ (TGFs-f) are polypeptides
that influence the proliferation and differentiation of many
cells types (Massague, 1987; Spom et al., 1986, 1987). Two
distinct homodimeric TGF-f polypeptides have been
identified. TGF-f1 was the first polypeptide characterized
and is present in high concentrations in platelets (Childs et
al., 1982; Assoian et al., 1983). The mature form contains
two identical chains of 112 amino acids that are each
synthesized as the C-terminal part of a 390 amino acid
precursor (Derynck et al., 1985, 1986). TGF-f2 has been
recently identified in bone extracts (Seyedin et al., 1987),
porcine blood platelets (Cheifetz et al., 1987) and the
medium of some cell lines (de Martin et al., 1987; Marquardt
et al., 1987; Hanks et al., 1988). The amino acid sequences
of these two mature TGF-fl polypeptides are equal in length
and are - 70% similar (Cheifetz et al., 1987; de Martin et

al., 1987; Marquardt et al., 1987; Seyedin et al., 1987;
Hanks et al., 1988; Madisen et al., 1988), but the precursor
moieties have a higher degree of structural divergence (de
Martin et al., 1987; Hanks et al., 1988; Madisen et al.,
1988). Relatively few comparative data on the biological
activities of TGF-fll and -,12 have been published. It appears
that both species are about equally potent in some activities
such as inhibition of cell proliferation and adipogenic
differentiation (Cheifetz et al., 1987). However, there are

some striking differences in the activities of both TGF-f

species as shown by their differential effect on multipotential
hematopoietic progenitor cells (Ohta et al., 1987) and on
mesoderm induction in Xenopus laevis embryos (Rosa et al.,
1988). We report here the existence of a third type of TGF-,B
and propose the name TGF-,B3. The structure of mature
TGF-f3 and its precursor has been deduced from cDNAs
isolated from porcine and human cDNA libraries. The
TGF-fl3 gene is spread over seven exons, similarly to the
TGF-31 gene. Comparison with the precursor sequences of
TGFs-fl1 and -f2 indicates a strong conservation of the
mature sequences but a relaxed homology in the precursor
segments. Expression of TGF-fl3 mRNA is more restricted
than in the case of TGF-fl1.

Results and discussion
Characterization of porcine and human TGF-,73
precursor cDNAs
A cDNA library in the XgtlO vector was constructed using
mRNA derived from a porcine ovary, induced for super-
ovulation (Mason et al., 1985). A 1050 bp human TGF-,B1
cDNA insert from XfC 1, that comprises the entire sequence
for mature TGF-,B1 and most of the precursor sequence
(Derynck et al., 1985), was hybridized to the phage plaques
under low stringency conditions. Approximately 300-600
of the 600 000 plaques displayed a hybridization signal of
variable intensity. Some of these plaques presumably
corresponded to the porcine TGF-f1 cDNA (Derynck and
Rhee, 1987) since they also hybridized under high stringency
conditions. Sequence analysis of five cDNA inserts revealed
that four of these contained a segment of very high G-C
content, yet lacked similarity at the amino acid sequence level
with the TGF-f I sequence. A low stringency hybridization
of these cDNAs with the TGF-fll cDNA probe is
presumably due to the high G-C content of the TGF-flI
cDNA sequence (Derynck et al., 1985; Derynck and Rhee,
1987). The fifth cDNA analyzed contained a sequence of
- 300 bp with structural similarity at the amino acid level
with mature TGF-,B1. This cDNA was hybridized to the
same ovarian cDNA library (- 1.5 x 106 phages) under
high stringency conditions. The longest two of the 25 isolated
cDNAs were analyzed by nucleotide sequence analysis.
Using a porcine cDNA as a hybridization probe, several
libraries derived from human cell sources were screened.
Three hybridizing cDNAs, H14, G3-7 and fl3-2000, were

isolated from an ovary, an A172 glioblastoma and a placenta
cDNA library respectively. The combined nucleotide
sequence analyses resulted in the cDNA and derived amino
acid sequences for the human homologue. The cDNA and
deduced amino acid sequences for the human and porcine
cDNAs are shown in Figure 1.
The amino acid sequences predicted from the human and

porcine cDNA sequences are 410 and 409 amino acids long
respectively and have a C-terminal sequence that resembles
the previously established sequences for mature TGFs-fl. The
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1 CCT6TTTAGA CACAT-GGACA ACAATCCCAG C6CTACAAGG CACACA6TCC GCTTCTTCGT CCTCAGGGTT GCCAGCGCTT CCT66AAGTC CTGAAGCTCT
6GGA A T G G

101 CGCAGTGCAG TGAG11CATG CACCTTCTTG CCAAGCCTCA GTCTTTGG6A TCTGGGGAGG CCGCCTG6TT TTCCTCCCTC CTTCT6CACG TCTGCTGGGG
C A G

10
MET His LEA GIN ARG ALA LEO VOL VAL LEA

201 TCTCTTCCTC TCCAGGCCTT GCCGTCCCCC TGGCCTCTCT TCCCAGCTCA CACATGAAG ATG CAC TTG CAA AGG GCT CTG GTG GTC CT6
C A C A G C G G

20 MET 30 Asp ARG
ALA LEO LEA AsN POE ALA ToR AAL SEA LEA SEA LEG SEA TAiR t0I TAR TAR LEA Asp PAE GLY HIS ILE Los Los Lys ARG

290 6CC CTG CTG AAC TTT GCC ACG GTC AGC CTC TCT CT6 TCC ACT TGC ACC ACC TTG GAC TTC GGC CAC ATC AAG AAG AAG AGG
C A A G

40 50 Asp SER MEY LEA ALA AsN OLE
AAL GLA ALA ILE AR;. GLY GLN OLE LEA SER Lys LEA ARs LEA Too SEA PAT PRo GLA PRo TAR VAL RET Too HIS AAL PRO

371 GTG GAO 0CC OTT AGG GGA CAG ATC TTG AGC GAG CTC AGO CTC 0CC AGC CCC CCT GAG CCA ACG GTG ATG ACC CAC GTC CCC
A T C T T AT GAOA

TAR Asp 70 _______ 0 GAL GLY Asp Asp 90
TYR GLN VOL LEO ALA LEO TYR GSA SEA TAR AGA GLA LEA LEO GLu 010 RET Ais GLY GLU AGA GLu GLu 010 tyl Too GLN

452 TAT COO GTC CTG GCC CTT TAC AAC AGC 0CC CGG GAG CTG CTG 000 000 ATG CAT 000 GAG AGG GAG GAO GGC TGC 0CC COG
ACC A G C GA COA T

100 TYR 110 GLU Asp
GLuAGsN TAR GLU SEA GLA TYA TYR ALA Lys GLA OLE His Lys POE Asp MET OLE GLN GLY LEA ALA GLO His GAs GLu LEA

533 GAO AAC ACC GAG TCG GAG TAC TAT 0CC GAGA GAG ATC CAT AGO TTC GAC 000 ATC COG 000 CTG GCG GAG CAC AAC GAG CTG

0 G T A T T

120 TILE 130 14_____50 GLU
ALA VAL CAtS PRo Los GLY ILE TAR SEA LoS VAOL POE AGA PE GSN VAOL SEA SEA VOL GLu Los GAs GAOs TRAsGN LEA PHE

614 OCT GTC TGC CCT GAAGG00 OTT 0CC TCC GAG OTT TTC CGC TTC GOT GTG TCC TCA GTG 000 000 GOT 000 0CC AAC COO TTC
C T C C A C 0 CO0A

150 MET ______ 100 SEA 170

GAOs ALA GLU PHE AGo VOL LEu GAG VOL PRo GSN PRO SEA SEA Los AG ASNGS Lu GLA GARG OLE GLu LEO PHE OLN ILE LEA
690 COO GCA GAG TTC COG GTC TOG COG GTG CCC AAC CCC AGC TCT GAG COG OAT 000 COG 000 ATC GAO CTC TTC COO ATC CTT

G A C COGC T C

GLN 100 ASP 190 ALA
AGA PRo Asp GLU AIS OLE ALA Los GLNAORG Too OLE GLY GLY Los GAs LEO PRo TAR AGA GLT TAR ALA GLu TAP LEO SEA

770 COG CCA GOT GAO CAC OTT 0CC GAGA COG CGC TAT ATC GOT GGC 000 OAT CTG CCC ACA COG GGC OCT 0CC 000 TOO CTG TCC
A C A 0 C AC C 0 TGOC

200 210 220
POE Asp VOL TAR Asp THA VOL GARG GLU -TAP LEA LEG GARG AGA GLU SEA GAs LEA 010 LEO GLU OLE SEA OLE HiS:(PROPA

057 TTT GOT GTC ACT GAC ACT GTG COT GAG TOG COG TOG 000 000 000 TCC AAC TTA GOT CTA 000 ATC 0GC OTT CAC TOCCA
C C A A C A 0 0 T 0

230 200 GLN 250 SEAI
Cys Ass TAR POE GLN PRoAsNGSA01 Asp OLE LEO GLu GSA ILE His GLU VOL RET GLO OLE Los POE Los GLT VAOL Asp GAs

900 000 CAC 0CC TTT COG CCC OAT 000 000 ATC CTG GAO AAC OTT CAC 000 000 ATG GAG ATC GAGA TTC GAGA GGC GTG GAC OAT

COG T A T 0

PRO 200 Los GLUo SEA 2800
GLu Asp Asp Ais GLY ORG. GLY Asp LEO GLY GARG LEO Los Los GIN Los Asp His Ass GAs PRo His LEA OLE LEO RET RET

1019 000 GAO GAC CAT GGC COT 000 OAT CTG 000 CGC CTC GAG AAGO COG AAGO OAT CAC CAC AAC CCT CAT CTA ATC CTC ATG 000

0 CO C 0 T A 0 --- 0

Asp 290 LEU ALA + + + + 3.00
OLE PRO PRo His AGA LEu Asp GAs PRo 010 GLN ALT 010 GIN GARG Los Los AGA ALA LEO Asp TAR GAs TYR toe-'POE GAG

1100 OTT CCC CCA CAC COG CTC GAC AAC CCG GGC COG 000 000 COG AGO GAG AAGO COG OCT TOO GAC 0CC OAT TAC TGC TTC CGC
0 0 A 0 0 C CC C

310 020 ~330
GSA LEO 010 GLu GsN (t++r COt-r VOL GARG PRo LEO TYR TILE Asp POE AGA GIN Asp LEG GLY TAP Los TAP VOL His GLU PRO

1101 AAC TOO GAG GAG AAC TGC TOT 000 CGC CCC CTC TAC OTT GAC TIC COGA COO GOT COG GGC TOG AGA TOO GTC COT 000 CCT
O T

340 350 SER 360-......
Los 010 TYR TOR ALA Asm POE Co-f SER GLY PRO (trW. PRo TYR LEu GARG SEA ALA Asp TAR TAR Ais SEA TAR VOL LEu GLY

1202 GAG GGC TAC TAT 0CC AAC TTC TGC TCA GGC CCT TGC CCA TAC CTC CGC AGOT GCA GAC ACA 0CC CAC AGC ACG 000 COO 000
0 0 0

370 3800
LEu Too GAs TAR LEO AsN PRo GLu ALA SER ALA SEo PRO O-S CY1 VOL PRo GIN Asp LEu 010 PRo LiEO TAR OLE LEO Too

1303 COG TAC AAC ACT COG AAC CCT GAAGOCA OCT 0CC TCG CCT TGC TGC 000 CCC COG GAC COG GAG CCC COO 0CC ATC COO TAC
C C C 0 0T 0

90 400 4____________________10

TYR VOL GLY AGA OAR PRo Los VOL GLA GIN LEO SER GAs RET VOL VAOL Los SEARCt-tLoS ,CR+SEA
1020 TOT OTT 000 AGO 0CC CCC GAOA 000 000 COG CTC 0CC AAC 000 000 000 000 OCT 000 000 TOT AGC TOO GACCCCACGT GCGAC

C C 0 0 0 C C 0 C OGC C

1500 AGAGAGAGGG GAGAGAGAAC CACCACTGCC TGACOGCCCG CTCCTCGGGA AACACACAAG CAACAAACCT CACTGAGAGG CCTGGAGCCC OCOACCOOC6
cc ..00 000 C 0 0 0 CTC A

1600 GCTCCGGGCA AATGGCTGAG ATGGAGGTTT CCTTTTGGAA CATTT- -COT TCTTGCTGGC TCTGAGAATC ACGGTGGTAA AGAAAGTGTG GGTTTGGTTA
AC 0 C C C C CT T A A

1706 GAGGAAGGOCT GAACOCTTCA OGAACACACAG ACTTTCTGTG ACGCAGACAG AGGGGATGGG GATAGAGGAA -AGGGATGGT AAGTTGAGAT GOTGTGTGGC
G T G 0 T TOG C 0 C CGTGC CGC 0

1005 AATGGGATOT GGGCTACCCT AAGOGGAGAAG GGAAGGGCAG AGAATGGCTG GGTCAGGGCC AGACTOGGAAG ACACTTCAGA TCTOGAGTTG GATTTGCTCA
C A -- 0 COGA TO -GOG CA - G

1905 TTGCTGTACC ACATCTGCTC TAGGOGAACT GGATTATGTT ATACAAGGOCA AGCATTOTTTT TTTTTAAAGA CAGGTTACGA AGACAAGTGC CCAGAATTGT
C Ccc AG C C ----0G CTC CC C

2005 AICTCATACT -GTCTGGGAT TAAGGGCAAA TCTATTACTT TTGCAAACTG 0CC- -TCTAC ATCAATTAAC ATCOGTGGGC ACTACAGGGA GAAAATCCAG
C 0 TAC 0 0 0 0 0 CAOGG G OC 00A

2102 GTCATGCAGT TCCTGGCCCA OCAACTGTAT TGGGCCTTTT GGATATGCTG AAGCACGAAG -AAAGGGTGG -AAATCAACC CTCTCCTGTC TGCCCTCTGG
AGOT COGG C A C A 0 COG 0 0 TOT C

2200 GTCCCTCCTC TCACCOTCTC CCTCGATCAT ATTTCCCCTT GGACACTTGG TTAGACGCCT TCCAGGTCAG GATGCACATT TCTGGATTGT GGTTCCATGC
TO 00 0 00 0 0 C A GC 0 000G

2299 AGCCTTGGGG CATTATOGGGT CTTCCCCCAC TTCCCCTCCA AGACCCTGTG TTCAOTTGGT GTTCCTGGAAGCACGGTGCTA CAACATGTGA GGCATTCOGG
CTOCTTCTOAG 0 0 C C 0 00G

2399 GAAGCOGCAC ATGTGCCACA CAGTGACTTG GCCCCAGACG CATAGACTGA GOGTATAAGA CAAGTATGAA TATTACTCTC GAAA-TCTTT GTATAAATAA
AT C A T0 OCA A

2090 00000000-0 GGGCACTCCTG GATGATTTCA TCTTCTGOGA TATTGTTOCT AGAACAGTAA OAAGCCTTATT CTAGOGTG
0 0 CG A G 0000000A

Fig. 1. Nucleotide sequence and deduced amino acid sequence of the human and porcine TGF-f33 precursor cDNAs. The human cDNA and amino
acid sequences are shown in full. The porcine sequences differ only in the residues shown below the human nucleotide sequence or above the human
amino acid sequence. Dashes indicate the absence of a residue. The 112 amino acid sequence of mature TGF-f33 (overlined) constitutes the C
terminus of the porcine and is preceded by four basic residues (+). The precursor segment contains four overlined potential N-glycosylation sites.
All cysteine residues are shaded. The AATAAA (porcine cDNA) and the related AGTAAA (human cDNA) sequence close to the 3' end of the
cDNA and preceding the polyadenylation site are underlined.

C-terminal 112 amino acid sequence has - 80% similarity degree of homology with the sequence of TGF-32 (Cheifetz
to the porcine (Derynck and Rhee, 1987) and human et al., 1987; de Martin et al., 1987; Marquardt et al., 1987;
(Derynck et al., 1985) TGF-j31 sequence and shares a similar Hanks et al., 1988; Madisen et al., 1988). On the other hand,
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20 40
hTGF .13 MHLQRALVVLALLNFATVSLSLSTCTTLDFGHIKKKRVEAIRGQILSKLR

pTGF .133 MHLQRALVVLALLNFATVSLSMSTCTTLDFDHIKRKRVEAIRGQILSKLR

60 80 100
hTGF .13 LTSPPEPTVMTHVPYQVLALYNSTRELLEEMHGEREEGCTQENTESEYYA

*** .....*** ********.*.-

pTGF .133 LTSPPDPSMLANIPTQVLDLYNSTRELLEEVHGERGDDCTQENTESEYYA

120 140
hTGF .13 KEIHKFDMIQGLAEHNELAVCPKGITSKVFRFNVSSVEKNRTNLFRAEFR

pTGF .133 KEIYKFDMIQGLEEHNDLAVCPKGITSKIFRFNVSSVEKNETNLFRAEFR

160 180 200
hTGF .133 VLRVPNPSSKRNEQRIELFQILRPDEHIAKQRYIGGKNLPTRGTAEWLSF

pTGF.13 VLRMPNPSSKRSEQRIELFQILQPDEHIAKQRYIDGKNLPTRGAAEWLSF

220 240
hTGF .133 DVTDTVREWLLRRESNLGLEISIHCPCHTFQPNGDILENIHEVMEIKFKG

pTGF.13 DVTDTVREWLLRRESNLGLEISIHCPCHTFQPNGDILENIQEVMEIKFKG

260 280
hTGF .133 VDNEDDHGRGDLGRLKKQKDHHNPHLILMMIPPHRLDNPGQGGQRKKE:

**.******...************* I* I
pTGF.13 VDSEDDPGRGDLGRLKKKKE-HSPHLILMMIPPDRLDNPGLGAQRKKP J

320 340
hTGF .13 DTNYCFRNLEENCCVRPLYIDFRQDLGWKWVHEPKGYYANFCSGPCPYLR

****************************
pTGF .133 DTNYCFRNLEENCCVRPLYIDFRQDLGWKWVHEPKGYYANFCSGPCPYLR

36t0 3Rn 4nn
hTGF .1P3 SADTTHSTVLGLYNTLNPEASASPCCVPQDLEPLTILYYVGRTPKVEQLS

pTGF .13 SADTTHSSVLGLYNTLNPEASASPCCVPQDLEPLTILYYVGRTAKVEQLS

hTGF.133 NMVVKSCKCS

pTGF.133 NMVVKSCKCS

Fig. 2. Homology between the amino acid sequences of the human (h)
and porcine (p) TGF-,B3 precursors. The asterisks mark identical
residues while a dot indicates a conservative replacement. The mature
TGF-j33 sequences are boxed.

the sequence comparison indicates that this is a new species
of TGF-,B, distinct from porcine and human TGF-f1 and
-(2. We therefore propose the name TGF-,r3.
The ATG we propose as the initiator codon for the porcine

TGF-f33 precursor is located at nucleotide position 260 in
the human sequence (Figure 1) and is in moderate agreement
with the proposed consensus sequence for initiation codons
(Kozak, 1984). The second codon encodes a His residue
which is also the case in the simian (Hanks et al., 1988)
and human (de Martin et al., 1987; Madisen et al., 1988)
TGF-,B2 precursor sequences. In addition, the presumed
initiator methionine is closely followed by a hydrophobic
amino acid sequence that probably corresponds to the core
of the signal peptide (Perlman and Halvorson, 1983; von
Heyne, 1986) as in the case of TGF-fl1 (Derynck et al.,
1985, 1986; Derynck and Rhee, 1987) and TGF-,B2 (de
Martin et al., 1987; Hanks et al., 1988; Madisen et al.,
1988). However, it cannot be excluded that translation
initiates six nucleotides upstream at an in-frame ATG which
does not conform to the consensus sequence. Another ATG
at position 118 is in the same reading frame as the porcine
TGF-f3 precursor sequence, but is in a different frame in
the human TGF-,B3 cDNA sequence, indicating that a single
nucleotide deletion took place in the porcine 5' untranslated
cDNA sequence. Yet another ATG is present at position 14
but is followed by an in-frame stop codon (position 92 in
the human sequence, Figure 1).

It is not known at what residue the signal peptide is cleaved
from the rest of the TGF-f33 precursor. In the case of the
TGF-fl1 precursor, this cleavage precedes the Leu-Ser-Thr-
Cys quadruplet at positions 30-33 (Miyazono et al., 1988).
This sequence can also be found in positions 22-25 in the

Fig. 3. Polypeptide sequence similarity between the human TGF-,B1,
-,32 and -133 precursors at the amino acid level. Dashes are introduced
for maximal alignment. Identical amino acids are boxed. The heavy
horizontal arrow indicates the start of the mature TGF-13 sequences.
The cysteine residues are shaded, while the RGDL sequences are
cross-hatched. The potential sites for N-glycosylation are underlined.
The position of the introns in the TGF-(31 or -,B3 genes are indicated
above the TGF-,B1 or under the TGF-,B3 sequence. The three dots
represent the nucleotides of the codon for the corresponding amino
acid and the arrow marks the insertion point of the intron.

TGF-.1 N-S

TGF- 12 N i

TGF- 13 N

.icN N N C.ccc cc cc cc

I C K CCC 9

y I+iB )
, C C NN N

jcl tc c, ' ' J"

CC 11 It 11

'I,", ",,,... .. ....> ....;.X

Fig. 4. Schematic representation of the three human TGF-,B precursors
with the relative positions of the N-glycosylation sites and cysteines
(C). The vertical arrows indicate the proposed cleavage sites following
the signal peptide (S) and preceding the C-terrninal mature TGF-,B
sequence.

human TGF-,B3 precursor (Figure 1). The TGF-(33 precursor
sequence contains four potential N-glycosylation sites (Asn-
X-Ser or -Thr; Winzler, 1973) and five cysteine residues.
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The 112 amino acid TGF-,B3 sequence is preceded by four
basic residues, as in the case of TGF-f1 (Derynck et al.,
1985, 1986; Derynck and Rhee, 1987) and -f2 (de Martin

GTACTGCCCCCACCTTTAOCTOGOCCACAC__ TOCCCOOCCICCSCTCCCIACTCA10C70 .C ......T.....T AC.......T=TTmT,

TTTTCTCTCTTTTCTTAT T7CT SASSSSC T OOO01cccrscr0csTTrcmaaaas7ccc0cIr

T£OCTCCCCATCGCCA7TC7GTTOCTC000OATOC101TCCACTCT0A0TTTATTTTACTCTAC010TAAO00T10ACIC VCC0 T

CTCCCCTCC?OO0CAOOOOCIC7O7C1CCTCTTCITOCT 1O1TC70TITITTCGACACATOCC7AO10TcccA0IaTAC1AAGGCACACATCS:lT_ _ _ _ _ _ Te T

CTCAGTCTTTG aTUsmYsecTwnnsGocssrSccSc TccK
10

Hot Hi Lou Oln ag Ala Lou Val Val Lou Ala Lou Lou Asn Ph. A1a Thr Vol lor
CTCTTCCCAGCTCOCaCaTGAc ATre CAc TTO CAA aG0 OCT CIT CT ccTs OCC CTC CIT AAC 7TT0m 0CC C0C a0c

20 30 40
Lou Sor Lou Sor Thr Cy. Thr Thr Lou Aop PM Cly HisI0l0 Lys ys Lys Arg Vo1 Clu01a Il Arg Oly Oln
CTc TIC CTe TcC ACT T1c ACC acc TTO 0ac TTc 001 cac ATC aa£ aae aae AG0 0Tc 00 0c ATTa00 00U CaO

so06
I1 Lou Sor Lys LAo Arg LOu Thr Ser Pro Pro 0lu Pro Thr Val ot Thr His Val Pro Tyr Oln Vol Lou Ala
ATC TTG a0c Aac CTC A£0 CTC acc ACC CCC CCT 0a0 CCA ACC0T1ATO acc CAC1 TC CCC TAT CAC CTC CTC 01

70 s0 90
Lou Tyr Asn Sor Thr Arq GluL0 uLZ uZ lu0 lu0 ot His Oly Clu Ar£9lu0 lu0 lCy1 Thr Oln Clu Aon Thr
CTT TAC aac A1C ACC COO GAG IT ITO 0A0 00G0A0 AT 0o0 0G0 ACC 0A0 000 Oec TOC acc CAG 00 AAC ACC

100 110
Clu S0r Clu Tyr Tyr Alo Lys Clu I1. His Lys Ph. Asp Ht 1-. Oln 0ly Lou Ala Clu His a
0AC TCC 00A TAC TAT occ AaA 00A ATC CAT Aaa TTC 0AC ATC a7c CAO00 CTC01 0A0 CAC a gtaaqtlPooottc

120
an 0lu Lou Al0 Val Cys Pro Lys Cly

gqcagccocctqttcot9c1tgtCtcgqtcatqot9tVcCCtCtgCtItgctttatetcCtoq AC GAA CTC GC1 07C 70C CC1 aMa 00a

130 140
Il1 Thr 0er Lys Vol Phe arg Ph, ken Val Ser Ser Vol 0lu Lys Aln ar1 T1r 00n LZu Phe Arg 01a 0lu Ph0
ATT acc TCC aac OTT T7C C1C 7TC A0T 7CC ?CA Gaa0a0 a7T AGA ACC £kW c1a 77C cc1 0ca 00a 7c

ISO 160 170
Arq Vol Lou £rg Vol Pro A0n Pro S0r 00r Lys 0r9 A0n 0lu Oln krg Il1 0lu1Zu Ph0 iln
C10 0OC 1C0 CCC AAC CCC acc 7C1 aa0 C10 a0T GaG ca1 aGO aTc C1C 77C ca1 gtt0ctctcttteCg

I1- Lou ar9 Pro Asp 0lu His I1. Lys Oln ar9 yr I1e 0ly 0yLys Asn Zou Pro Thr Arg
91c 1t 9ta A£ C C1TS GCC OAT c CC 10G T OCT CCC ACA CO0

200 210
0ly 1hr 0l& 0lu Trp Zou S0r Ph0 Asp Vol 1hr Asp 10r Val 0r9 0lu 7rp LZu Lou Ar£ 0rg G
GOC ACT 0CC T00 C1C 1CC CAS 0Tc ACT 0AC ACT COT TG0 C1C sTT AG0 a0a G 90t09t9901c1t

lu So
t0g ttcCtggtg9tgggcqCocCttogeCatgocIcoCCg99t0gCttttCt9c ctoottqtqtcttattttg9qg aG TCC

220 230 240
Lou GlyLZ u lu I rIo HiCy1 Pro 01s Ph0 Ol Pro Asn 0ly Lop Ile Lou 0lu Asn Ile

aacTT GGTCCTA GAcaTCascC aTs CAC SCS TOTCSCScacC TTTmcaG CCC AAT cca GaT aTc cTG Gaa AAC ATT

His Clu Vol Hot Clu I1e Lys Pb0 Lys G
CAC 0a0 a£1 0a0 a£c a00 77C aaa OtOOcooOOt9 t9t9t-t99tOOOOtOOOtOOOt999999 ttaCtOO OcoOOoto

ly Vol1Ap an Clu asp kop His
99c99Co9CCtcCoo999Ctct90tCtCttCo9cc99o0tgtc0cttt1cttecattcttcg 01C 0a0 C7GAG G7GA CCA107

260 270 280
ly 0r1 0ly asp Lou 0ly £rgZLou Lys Lys Gln Ly Asp Hi0 Hi0 £sa Plo His Lou I01 Lou Not Hot I10 Pro

POC C0T £a caZ CpC GoM CPC cTc aac 0c c0c A1c Gas cac cac aac CC1 caT CTA aTc CTC ATS ATG aTs C0C

2tO
Pro His "r Lou Asp arn Pro Cly Cln Cly Cly Gin Arg Lys Lys arg IN 9! as ThSr Asn Tyr qys MM
cca cac COG CSC C^C aac CCG ecc Cac CCC GOT cac aGO aac aac COGCTTcsGSCcacCAccTasTaSC TTC CG 9

q ae uAwClualAmCn Cy- ValArPr Au Tyr II* A" rP_ Al Gln

ttctototgqttttl,t9tt90 C a001 CAC000GA 0 01 71TM 0T1 1C1C CC CTC TAC ATT 0AC TTC C1A ca1

hop Loo ly Trp Lys Spp Vl H1i Clu Pro Lys Cly Tyr Tyr Al& A00 Ph. Cy* Sor 0ly Pro Cy Pro Tyr Lou
CAT c170oT00 a00o0TO CA071 CC1 a0 O0C 7AC TAT 0cc aac TTC 10C SCA o00 CCT T7C CC1 TAC CTC

MIV for A£1 Aop Thr Thr 1r 0.1 11r
COC ACT OCA CAC ACA ACC cac AOC ACC qtatWWecqgt¢4atscc tet9a"actg-ct gawcogacc_ eectvxtqtta4^g

Val 1ly Lou Tyr an
CS CC caCS sc acac

* Aen Pro Clu Al& Sr AaaSr IC Cy-Cy Val Pro Gin AsplA Gu ProA Tat II Lo Tyr TyrVa
CTG Aac CCT 0GM 010 7C07cTee CCT QC TOC1T0 CCC CAG 0AC CTC 000 CCC CSC ACC ATC cTO TAC Tsa OTT

0ly Arg Thr Pro Ly. Val lu Gln Lou 3. 0n Not Val Val Ly7 Sor 1y0 Ly 17s ser
0o0 a00 acc CCC aA£ 0SC 0AG ca CTC 1CC AAC a£1 01 1 £0aac TC7 TCT 0AM TOT ac0 TGA 0011C10T0

CCCT7CTCTCASSTCT1 I W 1 t00010C0 01 C

C0 1T 00SOCASS.0CCOO0CC10GCOCTA

A00cATO170TA. T0ASSTATAAS07 CSS000T£0TTTACTCTCS7 ATCTT£TAT0AAAATAT

SSSTSTTTTO 00CCCTO00T0ASTTTCl7TCt1CSOl110S0STOSSSCA. _I.__SCT0tI0tet9a0t0totatect0t

et al., 1987; Hanks et al., 1988; Madisen et al., 1988).
By analogy with the other two TGFs-f, one can assume

that proteolytic cleavage following this basic tetrapeptide
generates the mature TGF-33 homodimer.

Comparison of the porcine and human TGF-03 precursor

sequences reveals a 90% amino acid identity. The porcine
sequence is one amino acid residue shorter due to a single
deletion in the precursor segment (position 271, Figure 2).
The sequence conservation between both mature TGF-,3
sequences is much stronger since only two conservative

amino acid differences are present. The high degree of

sequence conservation is also apparent at the cDNA level.

However, it is remarkable that both the 5' and 3' untranslated

sequences are also very highly conserved (Figure 1). This

feature is rather uncommon among the known mRNA

sequences and may reflect a relevant biological or regulatory
role for these non-coding sequences.

Sequence comparison of the three human TGF-,B
precursors

The establishment of the sequence of this third type of TGF-(

and of its precursor allows a comparison of all three human

TGF-,B precursor sequences (Figure 3). The sequence

conservation of the mature TGFs-3 includes all nine cysteines
which determine the disulfide bridge formation. TGF-,B3 is

- 80% similar to TGF-f31 and to TGF-32, while TGF-,B2
is 72% similar to TGF-fl1. In contrast, the precursor

sequences for the three TGFs-f are remarkably dissimilar.

Relatively large gaps have been introduced in the sequence

in order to achieve maximal similarity. However, some

structural features and sequences are conserved in all three

precursors, presumably due to their biological significance.
Both the TGF-1 and TGF-f2 precursor contain three

potential N-glycosylation sites, in contrast to the TGF-,3
precursor that has four sites (Figures 3 and 4). Two of these

are found in all three precursors in corresponding positions.
Also conserved in the TGF-31 and TGF-33 precursors is

the tetrapeptide RGDL (residues 259-262 in Figure 1),
which has been detected in several extracellular matrix

proteins that are involved in interaction with the cells

(Pierschbacher and Ruoslahti, 1984a,b; Ruoslahti and

Pierschbacher, 1987). This tetrapeptide is absent in the

TGF-,B2 precursor. A major difference between the three

precursor sequences is their number of cysteine residues.
The TGF-,B3 precursor segment contains five cysteines
versus three in the corresponding TGF-3 1 precursor

sequence and six in the TGF-,B2 precursor segment. Three
of these are in corresponding positions in all three precursors

(Figures 3 and 4). Recently, it has been shown that,
following cleavage from the mature TGF-,31 sequence, the
TGF-3 1 precursor segment remains hydrogen-bonded with
mature TGF-31 (Miyazono et al., 1988; Wakefield et al.,
1988). The 'latent' or inactive TGF-fll stored in platelets
(Pircher et al., 1986) and presumably also the 'latent'
TGF-f1 secreted by cells in culture may correspond to this
complex. If TGF-02 or TGF-,B3 are also made in 'latent'
form, it is possible that these inactive complexes are

significantly different from each other and from 'latent'

Fig. 5. Partial nucleotide sequence of the human TGF-f33 gene. The

asterisk marks the 5' most residue of the cDNA (Figure lb). The

incomplete intron sequences are in small letter type. The last
nucleotide of the 3' untranslated region in capitals marks the presumed

polyadenylation site. The mature TGF-3 sequence is overlined.
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Fig. 6. Northern blot analysis of TGF-B1, TGF-,B2 and TGF-,3
mRNA from cultured cells. The cell types are: HK, secondary cultures
of human foreskin keratinocytes; HFF, secondary cultures of human
foreskin dermal fibroblasts; the rodent fibroblastic cell lines AKR-2B,
AKR-MCA, C3H/MCA58 and NRK49F; BALB/MK, a murine
keratinocyte cell line and BSC-1, a monkey epithelial cell line.

Table I. Differential expression of TGF-,B mRNAs in tissues and
cultured cells

TGF-,1 TGF-,32 TGF-03

Epithelial cell lines

A431 +++ + -

SW480 + - -

SW620 + - -
BSC-1 + +++ -

BALB/MK + + 4 -

Mesenchymal cell lines

HT-1080 +++ ++ ++

NRK-49F ++ + + ++

AKR-2B ++ + + +

AKR-MCA ++ i +

C3H/MCA-58 + + 4 +

Cell strains and tissues

Human keratinocytes (HK) + 4 4

Human foreskin fibroblasts (HFF) + 4 +

Rat liver + + -

Dog kidney + + +

The cell lines examined and not illustrated in Figure 6 are derived
from a human bronchio-alveolar carcinoma (A-431; Moses et al.,
1981), human colon carcinomas (SW480 and SW620; Coffey et al.,
1986) and human fibrosarcoma (HT1080; Moses et al., 1981).
Estimation of band intensities were made relative to positive controls,
which were AKR-2B cells (TGF-,B1 and TGF-,B3) and BSC-1 cells
(TGF-,B2) and range from a weak (+) to an exceptionally strong
(+ + + +) signal. The rating of + indicates the presence of definite
bands only after prolonged (2-week) exposures, but not with shorter
(1-4 day) exposures.

TGF-131. This is suggested by the structural dissimilarity
between the three TGF-,B precursor sequences. It is
conceivable that several of the sequences conserved in all
three precursors may play an important role in the in-
activating interaction between the precursor segment and the
mature TGF-,B. This could certainly be the case for the
largest conserved continuous sequence in the precursor
segment, located at positions 34-55 in the TGF-133 sequence
(Figures 1, 2 and 3). This sequence is rich in basic residues.
The TGF-133 stop codon in the cDNA sequence is followed
by - 1080 bases of 3' untranslated sequence (Figure 1). The
porcine sequence ends with a poly-A tail which is preceded
by the hexanucleotide AATAAA that presumably functions
as the polyadenylation signal (Proudfoot and Brownlee,
1976). The stop codon of the TGF-131 cDNA sequence is
immediately followed by a very G-C rich sequence that may
play a role in transcriptional or translational control (Derynck
et al., 1985). A similar sequence also follows the stop codons
for inhibin-3A and -,BB, which are structurally related to
TGF-3 (Mason et al., 1985). Such a G-C rich sequence is
absent in the 3' untranslated region of the TGF-13 and -132
precursor cDNAs.

The human TGF-/83 gene: intron - exon structure
Using the porcine TGF-13 cDNA as hybridization probe,
we have isolated several recombinant genomic phage from
a human genomic liver DNA library (Lawn et al., 1978).
Detailed analysis and nucleotide sequence determination led
to the characterization of the exons and intron-exon
junctions in the TGF-13 gene (Figure 5). As shown in
Figures 3 and 5, the TGF-133 gene contains seven coding
exons, while there are no introns in the 3' untranslated
region. It cannot be excluded that there may be one or more
introns in the 5' untranslated region, which is incomplete
in the cDNA. We have previously reported that the human
TGF-,(1 gene is also spread over seven exons (Derynck et
al., 1987b). Comparison of the sequences of both the
TGF-11 and -133 genes indicates that all intron-exon
junctions are localized at exactly corresponding nucleotide
positions, with the exception of the first intron (Figure 3).
The location of this first intron-exon boundary in the coding
sequences of the TGF-B1 and -133 precursors differs by only
three nucleotides. This striking conservation of the splice
junctions stands in marked contrast to the relatively low
degree of sequence similarity of the precursor segments.
Areas with high sequence conservation are not encoded in
separate exons, as is best illustrated in the fifth exon which
contains a segment of the divergent precursor sequence and
the beginning of the conserved mature TGF-,B. The
conserved exon configuration indicates that the existence of
genes for both TGF-131 and -133 (and also TGF-132) is a result
of an ancestral duplication of the entire gene. Recent
chromosomal mapping studies (Brissenden et al., 1985;
Barton et al., 1988) have localized the three TGF-13 genes
to three different chromosomes. These data nrle out a tandem
duplication as has been suggested for many gene clusters.
It is likely that the TGF-13 genes have been duplicated in
very early times and that the structural similarities at

the polypeptide level have been maintained by functional con-

straints.

Synthesis of mRNA for the three TGF-,B precursors
In order to evaluate possible cell sources for TGF-13
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better, Northern hybridizations were done using the human

TGF- 1, -,B2 and -fl3 cDNAs as probe (Figure 6, Table I).
Under the stringency conditions used, there was no cross
hybridization of the different cDNA probes (data not shown).
The major TGF-fll mRNA species was -2.5 kb long and

could be found in all cell lines tested. The ubiquitous
presence of TGF-,B1 mRNA in cell lines is consistent with

previously reported data (Derynck et al., 1985, 1987a).
TGF-g2 transcripts were present in several but not all cell
lines and had major transcript sizes of - 4 and 6 kb. These
mRNA sizes conform with the previously reported sizes of
TGF-,B2 mRNA (de Martin et al., 1987; Madisen et al.,
1988). TGF-33 is encoded by a single mRNA species of

-3.2 kb, indicating that the cDNA sequences shown in

Figure 1 are close to full length. TGF-03 mRNA could be

detected in several of the cell lines tested, mainly cell lines

of mesenchymal origin (Table I). No TGF-,B3 mRNA was

detected in many cell lines from epithelial origin [Table I;
also the cell lines KB, HBL100, MDA-MB 436 and T24

(for references see Derynck et al., 1987a)] and in the

hematopoietic cell lines CEM and Raji (data not shown).
In related studies, TGF-33 mRNA has been detected in

relatively high abundance (+ +) in freshly isolated rat

testicular myoid and Sertoli cells (M.Skinner et al., unpub-
lished). TGF-j3 mRNA was also present in freshly isolated
bovine ovarian theca cells (+), but not in granulosa cells
(M.Skinner et al., in preparation). Our data may reflect the
possibility that tissues of mesodermal origin are the primary
source for TGF-33 synthesis in vivo. Many of the cell lines
tested contain several species of TGF-,B mRNA.
We have thus established the existence and the structure

of a third type of TGF-,B mRNA and have derived the
amino acid sequence of the mature form and its precursor.
TGF-f3 mRNA is synthesized by various cell lines,
chiefly of mesenchymal origin. Considering the structural
differences among these three types of TGF-3, it will be

important to explore their differential expression and their
regulation in cell populations in vivo. Such evaluation will

require specific tools, due to the high degree of sequence
conservation of the mature TGFs-f and it is unlikely that
detection based on polyclonal antisera will discriminate
between the different species. Additional studies will also
be needed to evaluate the biological role of all three TGFs-3
in relation to each other, especially since the various cell
sources may secrete several types of TGF-,B.

After submission of this manuscript, ten Dijke et al. (1988)
reported the human TGF-f33 cDNA sequence. Their

sequence is in agreement with ours, although they chose the
ATG at position 254 (Figure 1) as initiator codon. There
are several differences in the alignment of the sequence
conservation between the three TGF-3 precursors by ten
Dijke et al. (1988) and by us (Figure 3).

Materials and methods

Isolation and characterization of cDNAs and gene fragments
About 6 x 105 plaques of a XgtlO based porcine ovary library were

hybridized with the 32P-labelled (Taylor et al., 1976), 1050 bp long human

TGF-,Bl cDNA from >43C1. The hybridization took place in 5 x SSC, 20%

formamide, 50 mM sodium phosphate pH 6.8, 0.1 % sodium pyrophosphate,
5 x Denhardt's solution, 50 ug/ml salmon sperm DNA at 42°C for 15 h.

The filters were washed at increasing stringency: 2 x SSC, 0.5 x SSC,

0.2 x SSC and 1 x SSC (all at 42°C). Autoradiography was performed
following the washes at a given stringency. The human cDNAs were obtained

by hybridizing a human ovary, an A 172 glioblastoma and a human placenta

library (_ 1 x 106 plaques each) with the porcine TGF-(33 cDNA.

Hybridizations were at 42°C in 50% formamide, 5 x SSC, 50 mM sodium

phosphate pH 6.8, 0.1% sodium pyrophosphate, 5 x Denhardt's solution,

50 jig/ml salmon sperm DNA and subsequent washes were in 0.2 x SSC

at the same temperature. Using the same hybridization conditions and probes,

1.5 x 106 recombinant phage from a human genomic liver DNA library

(Lawn et al., 1978) were screened. This led to the isolation of 48 phage

which were further characterized by hybridization to different TGF-133 cDNA
restriction fragments. Restriction fragments containing all human TGF-03
precursor exons were derived from the two phage X,83-24 and X>43-5. The

DNA fragments were subcloned into M13 phage derivatives (Messing et

al., 1981) and were sequenced using the dideoxy sequencing methods (Smith,

1980).

Northern hybridization
RNA was prepared from the following cell sources: HK, secondary cultures

of human foreskin keratinocytes (Tucker et al., 1984); HFF, secondary

cultures of human foreskin dermal fibroblasts (Tucker et al., 1984); AKR-2B,
continuous line of nontransformed mouse embryo-derived fibroblastic cells
(Moses et al., 1981); AKR-MCA, a chemically-transformed derivative of

the AKR-2B cells (Moses et al., 1981); C3H/MCA-58, a chemically-
transformed derivative of the C3H/1OT mouse embryo derived fibroblastic
line (Moses et al., 1981); BSC-1, African green monkey kidney epithelial
cell line (Hanks et al., 1988); NRK-49F, rat kidney-derived fibroblastic

cell line (Assoian et al., 1983); and BALB/MK, a mouse skin keratinocyte

cell line (Coffey et al., 1988). HT1080, a human fibrosarcoma cell line

(Moses et al., 1981); A43 1, a human bronchio-alveolar carcinoma (Moses

et al., 1981) and the human colon carcinomas SW480 and SW620 (Coffey
et al., 1986). RNA was extracted as described (Schwab et al., 1983).

Polyadenylated RNA (4 ,ug) was electrophoresed into a formaldehyde/1.2%
agarose gel (Dobner et al., 1981) and blotted onto nitrocellulose (Thomas,

1980). The nitrocellulose filters were hybridized with 32P-labelled (Taylor
et al., 1976) cDNA probes in 50% formamide, 5 x SSC, 0.1% SDS,
1 x Denhardt's, 250 itg/ml salmon sperm DNA and 50 Ag/ml poly(A) at

43°C for 18-24 h. Washings were done in 0.1 x (TGF-431) or

1.0 x (TGF-(2 and TGF-,B3) SSC, 0.1% SDS, and 1 mM EDTA at 430C.
The TGF-fll probe consisted of the 1050 bp cDNA of XCIC1 (Derynck et

al., 1985). The 2.2 kb EcoRI fragment of human TGF-,B2 cDNA (Madisen
et al., 1988) was used to probe for TGF-f32 mRNA. The human TGF-,B3

cDNA, shown in Figure lb but starting at position 712, was used in Nor-

thern hybridization for the TGF-33 mRNA.
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