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We have identified a new member of the transforming growth factor-p (TGF-B) superfamily,
growth/differentiation factor-10 (GDF-10), which is highly related to bone morphogenetic
protein-3 (BMP-3). The nucleotide sequence of GDF-10 encodes a predicted protein of 476
amino acids with a molecular weight of approximately 52,000. The GDF-10 polypeptide
contains a potential signal sequence for secretion, a putative RXXR proteolytic processing
site, and a carboxy-terminal domain with considerable homology to other known members
of the TGF-B superfamily. In the mature carboxy-terminal domain GDF-10 is more
homologous to BMP-3 (83% amino acid sequence identity) than to any other previously
identified TGF-B family member. GDF-10 also shows significant homology to BMP-3
(approximately 30% amino acid sequence identity) in the pro- region of the molecule. Based
on these sequence comparisons, GDF-10 and BMP-3 define a new subgroup within the
larger TGF-B superfamily. By Northern analysis, GDF-10 mRNA was detected primarily in
murine uterus, adipose tissue, and brain and to a lesser extent in liver and spleen. In
addition, GDF-10 mRNA was present in both neonatal and adult bone samples, with higher
levels being detected in calvaria than in long bone. These results suggest that GDF10 may
play multiple roles in regulating cell differentiation events, including those involved in
skeletal morphogenesis. Gdf10 was mapped to the proximal region of mouse chromosome
14 close to a region known to contain a spontaneous recessive mutation that is associated
with a craniofacial defect.
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INTRODUCTION

The bone morphogenetic proteins (BMPs) constitute
a family of proteins that are capable of inducing the
aggregation, proliferation, and differentiation of
mesenchymal cells when implanted subcutaneously
or intramuscularly in rats (for review, see Wozney,
1992; Kingsley, 1994; Reddi, 1994). This process
leads to a series of histological transformations that
closely resemble those seen in normal embryonic
bone formation and ultimately result in de novo
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cartilage and bone formation at the site of implan-
tation. Based on their biological activities, their
expression patterns during embryonic development,
and the phenotypes of mice carrying mutations in
these genes, it seems clear that the BMPs are key
regulators of skeletal development in vivo.

The BMPs represent a subset of the larger TGF-
superfamily of growth and differentiation factors. In
mammuals this superfamily includes Mullerian inhib-
iting substance (Cate et al., 1986), the activins and
inhibins (Mason et al., 1985; Forage et al., 1986;
Mayo et al., 1986), nodal (Zhou et al., 1993), GDNF
(Lin et al., 1993), GDF-1 (Lee, 1990), GDF-3/Vgr-2
(Jones et al., 1992; McPherron and Lee, 1993),
GDF-9 (McPherron and Lee, 1993), and the TGF-Bs
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(Derynck et al., 1985, 1988; de Martin et al., 1987;
ten Dijke et al., 1988). Each member of the TGF-B
superfamily is synthesized as part of a larger pre-
cursor protein containing a hydrophobic signal se-
quence, a long, poorly conserved amino-terminal
pro- region, and a shorter, more highly conserved
carboxy-terminal domain. The biologically-active C-
terminal region is generated by proteolytic cleavage
of the precursor protein at an RXXR site located
approximately 110-140 amino acids from the car-
boxy terminus. It is the mature region that contains
the seven positionally conserved cysteine residues
characteristic of most TGF- family members. For
most family members, the biologically active mole-
cule appears to be a homodimer of C-terminal
fragments; however, certain family members, such
as the inhibins (Ling et al., 1986) and the TGF-B’s
(Cheifetz et al., 1987), can also exist as het-
erodimers, and these heterodimers appear to have
different biological properties than the respective
homodimers.

Using degenerate oligonucleotides based on the
sequence of BMP-3 as primers for polymerase chain
reactions, we have identified a novel member of the
TGF-B superfamily that we have designated
growth /differentiation factor-10 (GDF-10). GDF-10
shows significant homology to BMP-3 in the C-
terminal domain (83% amino acid sequence iden-
tity) as well as in the pro- region of the molecule
(30% amino acid sequence identity). Based on these
sequence comparisons GDF-10 and BMP-3 define a
new subgroup within the TGF-B superfamily.

METHODS

Analysis of Polymerase Chain Reaction (PCR)
Products

GDF-10 was identified from a mixture of PCR pro-
ducts obtained with primers NSC1 (5'-CGGAA-
TTCAAA/G)YGT(G/A/T/C)GA(T/C)TT (T/C)GC-
(G/A/T/OGA(T/C) AT(T/C/A)GG(G/A/T/C)T-
GG-3’), which encodes the amino acid sequence
KVDFADIGW, and NSC2 (5'-CGGAATTC(A /G)C-
A(G/A/T/C)GC(A/G)YCAA/G)CT(C/T)TC(G/A/
T/OAC (G/A/T/C)GTCAT-3") and NSC3 (5'-
CCGGAATTC (A/G)CA(G/A/T/C)GC(A/G)CA-
(G/A/T/C)YGA(C/T)TC(G/A/T/C)AC(G/A/T/C)
GTCAT-3’), the reverse complements of which en-
code the amino acid sequence MTVESCAC. PCR
using primers NSC1 with NSC2 or NSC1 with

NSC3 was carried out with cDNA prepared from
0.25 pg of lung or brain mRNA at 94°C for 1 min,
50°C for 2 min, and 72°C for 2 min for 35 cycles.
PCR products of ~300 base pairs were gel-purified,
digested with EcoRI, gel purified again, and cloned
in the Bluescript vector (Stratagene). Of 11 clones
that were sequenced, 9 corresponded to murine
BMP-3, and two represented a novel sequence,
which was designated GDF-10.

RNA Isolation and Northern Analysis

All murine tissue samples were obtained from the
strain CD-1 (Charles River). Human uteri were
obtained from the International Institute for the Ad-
vancement of Medicine (Exton, PA). RNA isolation
and poly A selections were carried out as previously
described (Lee, 1990). Two and a half micrograms of
poly (A)™ RNA were electrophoresed on formalde-
hyde gels, transferred to Gene Screen Plus (Dupont),
and hybridized with the 300 base pair (bp) GDF-10
PCR product probe essentially as described (Lee,
1990), except that the hybridization was done in 5X
SSPE (50 mM sodium phosphate, pH 7.0, 5 mM
Na,EDTA, 0.9 M NaCl), 10% dextran sulfate, 50%
formamide, 1% SDS, 200 pg/ml salmon sperm
DNA, and 0.1% each of bovine serum albumin,
ficoll, and polyvinylpyrrolidone. For the bone North-
ern blots, 12 pg total RNA were electrophoresed on
formaldehyde gels, transferred to Gene Screen Plus,
and hybridized and washed as above except that the
probe was the full length GDF-10 cDNA.

Isolation and Sequencing of cDNA Clones

Oligo (dT)-primed cDNA libraries were preparec
from 3 pg of murine or human uterine poly (A)
RNA in the lambda ZAP II vector according to the
instructions provided by Stratagene. The libraries
were screened without amplification. Filters were
hybridized as described (Lee, 1991). DNA sequenc-
ing of both strands was carried out using the
dideoxy chain termination method (Sanger et al.,
1977) and a combination of the S1 nuclease

exonuclease III strategy (Henikoff, 1984) and syn

thetic oligonucleotide primers.

Interspecific Backcross Mapping

Interspecific backcross progeny were generated by
mating (C57BL/6] x Mus spretus) F, females and
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C57BL/6] males as described (Copeland and Jen-
kins, 1991). A total of 205 N,-mice were used to
map the Gdf10 locus (see text for details). DNA
isolation, restriction enzyme digestion, agarose gel
electrophoresis, Southern blot transfer and hybrid-
ization were performed essentially as described (Jen-
kins et al., 1982). All blots were prepared with
Zetabind nylon membrane (AMF-Cuno). The probe,
an ~500 bp EcoRl/BamHI fragment of mouse GDF-
10 ¢cDNA, was labelled with [a*?P]dCTP using a
nick translation labelling kit (Boehringer Man-
nheim); washing was done to a final stringency of
0.5xSSC, 0.1% SDS, 65°C. A fragment of 5.2
kilobase pairs (kb) was detected in Sphl digested
C57BL/6] DNA, and a fragment of 9.8 kb was
detected in Sphl digested M. spretus DNA. The
presence or absence of the 9.8 kb M. spretus-specific
Sphl fragment was followed in backcross mice. A
description of the probes and restricion fragment
length polymorphisms (RFLPs) for the loci linked to
Gdf10, including plasminogen activator, urokinase
(Plau), and SP-A pulmonary surfactant protein
(Sftp1), has been reported previously (Moore et al.,
1992). One locus not previously reported is retinol
binding protein interstitial (Rbp3). The probe was an
~2.2 kb EcoRI fragment of human cDNA that
detected major Sacl fragments of 4.4, 1.9, and 1.6 kb
(C57BL/6]) and 5.4 kb (M. spretus). Recombination
distances were calculated as described (Green, 1981)
using the computer program SPRETUS MADNESS.
Gene order was determined by minimizing the
number of recombination events required to explain
the allele distribution patterns.

RESULTS

Identification and Expression of GDF-10

In order to isolate a cDNA clone encoding murine
BMP-3, we designed degenerate oligonucleotides
corresponding to the known human BMP-3 amino
acid sequence and used these oligonucleotides for
polymerase chain reactions on cDNA prepared from
murine brain and lung mRNA. Nucleotide sequence
analysis of individual cloned PCR products showed
that in addition to BMP-3, a sequence related to
BMP-3 but distinct from other known members
of the TGF-B superfamily had been amplified in

these reactions. This novel sequence was designated
GDF-10.

To determine the pattern of expression of GDF-
10, Northern analysis was carried out using poly
(A)" RNA prepared from a number of adult mouse
tissues. As shown in Fig. la, the GDF-10 probe
detected an approximately 2.7 kilobase transcript
expressed at highest levels in uterus, adipose tis-
sue, and brain and at lower levels in liver and
spleen. An identical blot probed a murine BMP-3
probe revealed a completely different pattern of
bands (data not shown) consistent with the
previously-reported pattern of BMP-3 expression
(Ozkaynak et al., 1992); hence, under these hy-
bridization and washing conditions, there was no
cross-hybridization between the GDF-10 and BMP-
3 probes. Because GDF-10 is highly related to
BMP-3 (see below), we also examined the expres-
sion of GDF-10 mRNA in bone. As shown in Fig.
1b, GDF-10 mRNA was detected in various bone
samples with higher levels being detected in calva-
ria than in femur, both in neonatal and in adult
animals.

Sequence of Murine GDF-10

In order to isolate a full-length cDNA clone encod-
ing GDF-10, a uterine cDNA library consisting of 3
million independent recombinant phage was con-
structed in the lambda ZAP II vector. From this
library seven phage were isolated that hybridized
to a probe derived from the original GDF-10 PCR
product. The entire nucleotide sequence of the
longest of these cDNA clones is shown in Fig. 2.
The 2322 base pair sequence contains a single long
open reading frame beginning with a methionine
codon at nucleotide 126. The encoded polypeptide
is 476 amino acids in length with a predicted
molecular weight of approximately 52,500, as
determined by nucleotide sequence analysis. The
predicted GDF-10 amino acid sequence contains a
core of hydrophobic amino acids near the N-
terminus suggestive of a signal sequence for secre-
tion. GDF-10 contains four potential N-linked
glycosylation sites at asparagine residues 114, 152,
277 and 467.

The predicted GDF-10 sequence contains two
potential proteolytic processing sites, one at amino
acid residues 283-286 (RVRR) and another at amino
acid residues 331-334 (RTAR). Cleavage of the
GDF-10 precursor at the first site would generate a
mature GDF-10 protein 190 amino acids in length
with a predicted nonglycosylated molecular weight
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FIGURE 1. Expression of GDF-10 mRNA. (A) 2.5 micrograms of
poly (A)" RNA prepared from each adult tissue were electro-
phoresed on a formaldehyde gel, transferred to Genescreen, and
probed with GDF-10 ¢cDNA. (B) Twelve ug total RNA prepared
from calvaria or long bone of neonatal day 2 or adult animals
were electrophoresed on a formaldehyde gel, transferred to
Genescreen, and probed with GDF-10 ¢<DNA. Following autora-
diography, this blot was stripped and probed with a tubulin
cDNA to demonstrate equivalent loading,.
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of ~22,000; cleavage at the more distal site would
generate a mature GDF-10 protein 142 amino acids
in length with a predicted nonglycosylated molecu-
lar weight of ~16,000. Verification of which pro-
cessing site is actually utilized will have to await
N-terminal sequencing of mature GDF-10; however,
by analogy with BMP-3 (see below), we presume
that the more distal site is the one that is used in
vivo. Several other TGF-f family members have
been shown to contain multiple RXXR sites in the
pro- region (Ozkaynak et al., 1992).

The C-terminal region of GDF-10 following the
putative proteolytic processing site shows significant
homology to the known members of the TGF-p
superfamily (Fig. 3). The predicted GDF-10 se-
quence contains most of the highly conserved amino
acids present in the other family members, includ-
ing the seven cysteine residues with their character-
istic spacing. A tabulation of the sequence
comparisons between GDF-10 and the other family
members in the C-terminal region is shown in Fig.
4. Among the known mammalian TGF-B family
members, GDF-10 is most homologous to BMP-3
(83% amino acid sequence identity beginning with
first conserved cysteine residue). GDF-10 also shows
significant homology to BMP-3 (~30% amino acid
sequence identity) in the pro- region of the mole-
cule. Based on these sequence comparisons, GDF-10
and BMP-3 define a new subfamily within the larger
superfamily.

Comparison of Human and Murine GDF-10

Members of the TGF-f3 superfamily typically show
extensive conservation across species. To isolate
human GDF-10, a human uterine ¢cDNA librar
consisting of 16.2 million independent recombinant
phage was constructed in lambda ZAP II and
screened with the full length murine GDF-10
probe. From this library, 20 hybridizing clones
were isolated. Partial nucleotide sequence analysis
of the longest clone showed that human and
murine GDF-10 are highly homologous; the pre
dicted amino acid sequences are 97% identica:
beginning with the first conserved cysteine residue
following the predicted cleavage site (Fig. 3). This
high degree of conservation of GDF-10 across spe-
cies supports the notion that GDF-10 may play an
essential regulatory role in embryos and/or in
adult animals.
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1 TGGGGTCATCCGGGCTGTCCGAGTCCCACAGGGACAACTCCAGCCGCGGACGAGGTGCAC 60
61 AGCCAACACTGAGCCCTCCTTGTCTGTTCTCCTGGGCTCAGACCCTTCACCACCGTTACT 120
121 CAGCCATGGCTCCAGGTCCTGCTCGGATCAGCTTGGGGTCCCAGCTGCTGCCCATGGTGC 180
M A P G P AR I S L G 8 QL L P M VYV P
181 CGCTGCTCCTGCTGCTGCGGGGCGCAGGCTGCGGCCACAGGGGCCCCTCATGGTCCTCAT 240
L L L L L R G A G C G HU R GUP S W S 8 L
241 TGCCCTCGGCAGCTGCCGGTCTGCAGGGGGACAGGGACTCCCAGCAGTCACCCGGGGACG 300
P 8 A A A G L Q 6D R D 8§ Q Q@ S P G D A
301 CAGCAGCCGCTCTGGGCCCAGGCGCCCAGGACATGGTCGCTATCCACATGCTCAGGCTCT 360
A A AL G P G A Q D M V A I HM UL R L Y
361 ATGAGAAGTACAACCGAAGAGGTGCTCCACcGGGAGGAGGCAACACCGTCCGAAGCTTCC 420
E R YNRU BRGAPUZPGG G GNTVT R 8 F R
421 GTGCCCGGCTGGAAATGATCGACCAAAAGCCTGTGTATTTCTTCAACTTGACTTCCATGC 480
A R L B M I DG QIKU©P VY P P 8 M Q
481 AAGACTCAGAAATGATCCTCACAGCCGCCTTCCACTTCTACTCAGAACCTCCACGGTGGC 540
D 8 BE M I L T A AUV PHUP Y S B P PIRUWUP
541 CCCGGGCTGGTGAGGTATTCTGCAAGCCCCGAGCTAAGAACGCATCCTGCCGCCTCCTGA 600
R AGEVP FCEKTPRAMLNCE KI[NASCcCRLL T
601 CCCCAGGGCTGCCTGCACGCTTGCACCTAATCTTCCGCAGTCTTTCCCAGAACACCGCCA 660
P G L P A RL HULTIU PU RGSTUL 8 Q N T A T
661 CTCAGGGGCTGCTCCGCGGGGCCATGGCCCTGACGCCTCCACCACGTGGCCTGTGGCAGG 720
Q 6 L L R G A MA L TP UP P RGTIL W Q A
721 CCAAGGACATCTCCTCAATCATCAAGGCTGCCCGAAGGGATGGAGAGCTGCTTCTCTCTG 780
K DI 8 S I I KA ARUERUDGTETLULTUL S &
781 CTCAGCTGGATACTGGGGAGAAGGACCCCGGAGTGCCACGGCCCAGTTCCCACATGCCCT 840
Q L DT GG E KD P G V P R P S S HMUP Y
841 ATATCCTTGTCTACGCCAATGACCTGGCCATCTCCGAACCCAACAGTGTAGCAGTGTCGC 900
I L. VY A NDULA ATI S E PN S V AV § L
901 TACAGAGATACGACCCATTTCCAGCTGGAGACTTTGAGCCTGGAGCAGCCCCCAACAGCT 960
Q R Y D P P P A G D VP E P GC A A P
961 CAGCTGATCCCCGCGTGCGCAGGGCGGCTCAGGTGTCAAAACCCCTGCAAGACAATGAAC 1020
A D PRV R RIA A Q V 8 K P L Q D N E L
1021 TGCCGGGGCTGGATGAAAGACCAGCGCCTGCCCTGCATGCCCAGAATTTCCACAAGCACG 1080
P G L D ERUPAUPATLUEHA AOQONTEFHTE KHE
1081 AGTTCTGGTCCAGTCCTTTCCGGGCACTGAAACCCCGCACGGCGCGCAAAGACCGCAAGA 1140
F W 8 B RI K D R K K
1141 AGAAGGACCAGGACACATTCACCGCCGCCTCCTCTCAGGTGCTGGACTTTGACGAGAAGA 1200
K D Q DT PF T A A S S Q VL DFDTETKT
1201 CGATGCAGAAAGCCAGGAGGCGGCAGTGGGATGAGCCCCGGGTCTGCTCCAGGAGGTACC 1260
M QK A RRPROQWDUEZPU RV C SR RURYTL
1261 TGAAGGTGGATTTTGCAGACATCGGGTGGAATGAATGGATCATCTCTCCCAAATCCTTTG 1320
K vV D F A DTIGWNUEWTITISUPIEK SV FD
1321 ACGCCTACTACTGTGCTGGGGCCTGCGAGTTCCCCATGCCCAAGATTGTCCGCCCATCCA 1380
A Y Y C A G A CEVF P M P K I VRUP S N
1381 ACCATGCCACCATCCAGAGCATCGTCAGAGCTGTGGGCATTGTCCCTGGCATCCCAGAGE 1440
H A T I @ 8 I V RA YV 6 I VP G I P E P
1441 CATGCTGTGTTCCAGACAAGATGAACTCCCTTGGAGTCCTTTTCCTGGATGAAAATCGGA 1500
¢ ¢V PDIKMNGSL 66 VL FL DETNTZ RN
1501 ATGCGGTTCTGAAGGTGTACCCCAATATGTCCGTAGAGACCTGTGCCTGTCGGTAAGATG 1560
AV L K V Y P V E T C A C R *~
1561 GCTTCAAGATAGAAGACAGACCTGCTTCATCCCTGCCCTGCAGAGTGGCAATCTTGGAGC 1620
1621 CAGGGACTTGACTCGGGGAGGTTCCAGGTGCTAGACAGAGCTTACAGGCAGCCCTGCTGG 1680
1681 GACCAAGAAAGATCTGCCCACCACATCGCAATTCTTCAGTTCTTCCGTGCTGGTGGTAGC 1740
1741 TCTGTAAAGACGTGTTGAGTTCCTGGAAGAAATCTGGAATTAACTGTGGTCTGCAATTTG 1800
1801 CCCATCATCCCTGCCCACACTTTTCAAGGCCTAGAAATAACGTGTGTCCTCAAATGTCAA 1860
1861 CTCCAGGCATTTGTCCTCTCAAAACCTAGAAAGACTATGCAAATCTTGGGGTACTCCCCC 1920
1921 CCCCCATGGCAGTTTAAATGCTGTTTTAAAACCCTCAGGCTGCATTCTAGAAACAGGGCC 1980
1981 TAACCCATGGCACGAGTGAGTATTTTCTCT TACGTTTCACTACACGTGCTTTTATACATG 2040
2041 CAGTATGCACATGTAATCACGGTTGATTTCTTCTTTTAATATATGTATTTCTATTTCAAA 2100
2101 GCAAAACGGAGAGAGTCGATCCCATCCCCTGCAGAGGTAATAATGCAAGTTAGGTGTGGG 2160
2161 TTGTCTAAGCATGTGTATGGAAATAATACATACAGTAATATGCTGGAATACTAAAAAAGT 2220
2221 AACCAAGATTTTATATTTTTGTAAATTATACTTTGTATACTGTAGATTGTGAGTGTTCTG 2280

103

2281 TGTTTTTATGGAAAGCTAATAAATTAAAGGTGCGGAGGTATC

FIGURE 2. Nucleotide and predicted amino acid sequence of GDF-10. The entire
single cDNA clone is shown with the predicted amino acid sequence below. The poly

2322

nucleotide sequence of GDF-10 derived from a
(A) tail is not shown. Consensus N-glycosylation

signals are denoted by open boxes. The putative RXXR processing sites are denoted by shaded boxes. Numbers indicate nucleotide

position relative to the 5" end of the clone.
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PGRAQRSAGATAADGPEALRELSVDL -
LRLLORPPEEPAAHANZHRVALNISF -
RRRRGLECDGKV-~NIZCKKQFFVSF -
IRKRGLECDGRT--NLECRQQFFIDF~
WGRRQRRHHLPDRSQLZRRVKFQVDF -
NSRGKGRRGQRGKNRGLVLTAIHLNV -
RALDTNYCFSSTE-KNECVRQLY IDFR
RALDAAYCFRNVQ-DNECLRPLY IDFK
RALDTNYCFRNLE-ENZCVRPLYIDFR

-SNHATIQSIVRA-VGIVPGIPEP
~SNHATIQSIVRA-VGIIPGIPEP
~SNHATIQSIVRA-VGVVPGIPEP
-TNHAIVQTLVNS - - -VNSKIPKA
-TNHAIVQTLVNS---VNSSIPK
-TNHAIVQTLVHL--MFPDHVPK
-TNHAIVQTLVHL-~-MNPEYVPKP
-TNHAIVQTLVHF--INPETVPKP
-TNHAILQSLVHL--MKPNAVPKA
-TNHAVIQTLMNS~-MDPESTPP
-TNHAIIQTLMNS~-MDPGSTPPS
-TNHAIIQTLLNS--MAPDAAPAS
ALNHAVLRALMHA--AAPGAADL
-SNYAFMQALMHM- - -ADPKVPK
-PVHTMVONIIYE--KLDSSVPRP;
-GNHVVLLLKMQA--RGAALARPP(
-PGAPPTPAQPYS~----LLPGAQ

-SFHSTVINHYRMRGHSPFANLKS!
-SFHTAVVNQYRMRGLNPGT-VNS!
-TNHAY IQSLLKR-~YQPHRVPSTL
-LKNLSRNRRLVS~~~-~- DKVGQA!

v

-TQHSRVLSLYNT- - INPEASASPL
-TTHSTVLGLYNT--LNPEASAS

FIGURE 3. Alignment of the COOH-terminal sequence of GDF-10 wi
of murine and human GDF-10 with corresponding regions of human BMP-3 /osteogenin, BMP-2 and BMP-4 (Wozney et al., 1988),
human BMP-5, human Vgr-1 (BMP-6) (Celeste et al., 1990), human OP-1 (BMP-7) (Ozkaynak et al., 1990), human OP-2 (BMP-8)
(Ozkaynak et al., 1992), human GDF-5 (CDMP-1), human GDF-6 (CDMP-2) (Chang et al., 1994), murine GDF-7 (Storm et al., 1994),
human GDF-1 (Lee, 1991), murine GDF-3/Vgr-2 (Jones et al., 1992; McPherron and Lee, 1993), murine GDF-9 (McPherron and Lee,
1993), human MIS (Cate et al.. 1986), human inhibin @, human inhibin BA, human inhibin BB (Mason et al., 1985), murine nodal
(Zhou et al,, 1993), human GDNF (Lin et al., 1993), human TGF-B1 (Derynck et al., 1985), human TGF-B2 (de Martin et al., 1987),
and human TGF-B3 (Derynck et al., 1988; ten Dijke et al., 1988). The conserved cysteine residues are shaded. Dashes denote gaps
introduced in order to maximize alignment.

AALPGTMRPLHVRTTSDGGYSFKYETVPNLLTQH!

FPMPKIVRP---
FPMPKIVRP-~--

FPLDSCMNA--~
FPLRSHLEP---
FPLRSHLEP---
FPLRSHLEP---
PVALSGSGGPP

---RAERSVLIPETYQANNEQGVEGWPQSDRNPRY - -
QELGWERWIVYPPSFIFHY@HGG@GLHIPPNLSLFV—
KDIGWNDWIIAPSGYHANYGEGEZLP
RLIGWNDWIIAPTGYYGNY:
NLIGWGSWIIYPKQYNAYR
--TDLGLGYETKEELIFRY:
KDLGWK -WIHEPKGYHANF!
RDLGWK-WIHEPKGYNANF:
QDLGWK-WVHEPKGYYANF:

--PDKMNSLGVLFL~DENRNAVLKVYPNMSVET
--PDKMNSLGVLFL-DENRNVVLKVY PNMSVDTE,
--PEKMSSLSILFF-DENKNVVLKVYPNMTVES
~--PTELSAISMLYL~DENEKVVLKNYQDMVVEG
--PTELSAISMLYL-DEYDKVVLKNYQEMVVEG
--PTKLNAISVLYF-DDSSNVILKKYRNMVVR
--PTKLNAISVLYF-DDNSNVILKKYRNMVV
--PTQLNAISVLYF-DDSSNVILKKYRNMVVRA
~-PTKLSATSVLYY-DSSNNVILRKARNMVVKA
--PTRLSPISILFI-DSANNVVYKQYEDMVVES!
~-~PTKLTPISILYI-DAGNNVVYNEYEEMVVE
--PARLSPISILYI-DAANNVVYKQYEDMVVEA
-~-PARLSPISVLFF-DNSDNVVLRQYEDMVVDE!
~-PTKLSPISMLYQ-DSDKNVILRHYEDMVVDE
--PAKYSPLSVLTI-EPDGSTAYKEYEDMIATR!
--PTAYAGKLLISLSEER-~ISAHHVPNMVATE!

--PTKLRPMSMLYY -DDGONI IKKDIQNMIVE
--PTKLSTMSMLYF -DDEYNIVKRDVPNMIVEEC!
--PVKTKPLSMLYV--DNGRVLLEHHKDMIVEE!
--PIAFDDDLSFL--DDNLVYHIL-~RKHSAK
--PQALEPLPIVYY-VGRKPKV-EQLSNMIVR
--SQDLEPLTILYY-IGKTPKI-EQLSNMIVK
--PODLEPLTILYY-VGRTPKV-EQLSNMVVKS;
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FIGURE 4. Amino acid homologies among different members of the TGF-B superfamily. Numbers represent percent amino acid
identities between each pair calculated from the first conserved cysteine to the carboxy-terminus.

Chromosomal Localization of GDF-10

The mouse chromosomal location of Gdf10 was
determined by interspecific backcross analysis using
progeny derived from matings of [(C57BL/6] x Mus
spretus)F; x C57BL/6]] mice. This interspecific back-
Cross mapping panel has been typed for over 1500
loci that are well distributed among all the auto-
somes as well as the X chromosome (Copeland and
Jenkins, 1991). C57BL/6] and M. spretus DNAs
were digested with several enzymes and analyzed
by Southern blot hybridization for informative re-
striction fragment length polymorphisms (RFLPs)
using a mouse cDNA probe. A 9.8 kb M. spretus Sphl
RFLP (see Materials and Methods) was used to
follow the segregation of the Gdf10 locus in back-
ross mice. The mapping results indicated that
Gdf10 is located in the proximal region of mouse
¢hromosome 14 linked to Plau, Rbp3, and Sftp1.

Although 142 mice were analyzed for every marker
and are shown in the segregation analysis (Fig. 5),
up to 179 mice were typed for some pairs of
markers. Each locus was analyzed in pairwise com-
binations for recombination frequencies using the
additional data. The ratios of the total number of
mice exhibiting recombinant chromosomes to the
total number of mice analyzed for each pair of loci
and the most likely gene order are: centromere-
Plau-17 /179-Gdf10-0/154-Rbp3-2/154-Sftp1. The
recombination frequencies [expressed as genetic dis-
tances in centiMorgans (cM) * the standard error]
are -Plau-9.5 + 2.0-[Gdf10, Rbp3}-1.3 * 0.9-Sftp1.
No recombinants were detected between Gdf10 and
Rbp3 in 154 animals typed in common suggesting
that the two loci are within 1.9 ¢M of each other
(upper 95% confidence limit). The proximal region
of mouse chromosome 14 shares a region of homo-
logy with human chromosome 10q (summarized in
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Fig. 5). In particular, Rbp3 has been placed on DISCUSSION
human 10q11.2. The tight linkage between Rbp3

and Gdf10 in mouse suggests that Gdf10 will reside

The present study describes a novel member (GD
on 10g, as well.

10) of the transforming growth factor-B superfamily,
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maintenance of cartilage and bone cell phenotypes
in vitro. For example, BMP-2 (Takuwa et al., 1991)
and BMP-3 (Vukicevic et al., 1990) can stimulate
alkaline phosphatase activity and collagen synthesis
in fetal rat calvarial periosteal cells and osteoblasts.
Similarly, in cultures of chick limb bud mesenchy-
mal cells, BMP-3 and BMP-4 can stimulate the
differentiation of mesenchymal cells to cells of the
chondrocytic lineage as assessed by type II collagen
synthesis, proteoglycan profiles, and alcian blue
staining (Carrington et al., 1991; Chen et al., 1991).
Finally, genetic studies have demonstrated that at
least some of these factors play essential roles in
regulating skeletal development in vivo. In particu-
lar, the BMP-5 and GDF-5 genes have been shown
to be mutated in short ear and brachypodism mice,
respectively (Kingsley et al., 1992; Storm et al.,
1994). Because the specific skeletal abnormalities
observed in short ear and brachypodism mutants
differ, it seems likely that specific aspects of skeletal
morphogenesis may be regulated by individual
members of the BMP family.

Roles other than those involving cartilage and
bone formation have been suggested by analysis of
the expression patterns of BMPs during mouse
embryogenesis. In sity hybridization studies have
detected BMP-2 transcripts in a variety of embry-
onic epithelial and mesenchymal tissues, including
developing heart, whisker follicles, and tooth buds,
as well as in the developing limb bud (Lyons et al.,
1989b, 1990; Vainio et al., 1993). BMP-4 mRNA has
been detected in developing limb buds, nervous
system, heart, and craniofacial tissues (Jones et al.,
1991; Vainio et al., 1993). And Vgr-1 has been
shown to be expressed in developing squamous
epithelia and nervous system (Lyons et al.,, 1989b;
Jones et al., 1991). The expression of these genes at
sites unrelated to bone development suggests that
the BMPs have a more wide-spread function in vivo
than originally appreciated and may play multiple
regulatory roles during embryogenesis.

Gdf10 maps to a region of mouse chromosome 14
known to contain a spontaneous recessive mutation
termed pugnose (pn). Mice homozygous for pugnose
display craniofacial defects that involve abnormali-
ties in the growth and development of skull bones
(Kidwell et al., 1961; Green, 1989). Examination of
the skeletons from these animals revealed that
Parietal, frontal, and nasal bones were shorter and
wider than normal and slightly misshapen to pro-
duce the characteristic facial appearance. Moreover,
fertility is markedly reduced in pugnose females

(Kidwell et al., 1961); in particular, many of the
mutant females either fail to conceive or fail to
deliver their young, and mutant females that do
deliver at term have a high incidence of uterine
prolapse. The chromosomal location of Gdf10, the
high degree of sequence homology between GDEF-
10 and a known bone inducing factor, and the high
level of GDF-10 expression in the uterus and in
calvaria all suggest that GDF-10 may be a reason-
able candidate for the gene mutated in pugnose
mice. The BMP-2/BMP-4 type I receptor gene also
maps to this location and is therefore also a possible
candidate for pugnose (Mishina et al., 1995). Because
the pugnose mutant strain appears to be extinct,
however, definitive proof that either GDF-10 or the
BMP-2/BMP-4 receptor is involved in regulating the
specific processes that are affected in pugnose mice
will await the development of knock-out mice in
which these genes have been disrupted by homol-
ogous recombination.
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