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Abstract

 

Little is known about the regulatory signals involved in ten-

don and ligament formation, and this lack of understanding

has hindered attempts to develop biologically based thera-

pies for tendon and ligament repair. Here we report that

growth and differentiation factors (GDFs) 5, 6, and 7, mem-

 

bers of the TGF-

 

b

 

 gene superfamily that are most related to

the bone morphogenetic proteins, induce neotendon/liga-

ment formation when implanted at ectopic sites in vivo.

Analysis of tissue induced by GDF-5, 6, or 7, containing im-

plants by currently available morphological and molecular

criteria used to characterize tendon and ligament, adds fur-

ther evidence to the idea that these GDFs act as signaling

molecules during embryonic tendon/ligament formation. In

addition, comparative in situ localizations of the GDF-5, 6,

and 7 mRNAs suggest that these molecules are important

 

regulatory components of synovial joint morphogenesis. (

 

J.

 

Clin. Invest.
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Introduction

 

Tendons are the tough yet flexible connective tissue straps that
physically bind muscles to skeletal structures. Composed of
bundles of collagen that are held together by a layer of loose
connective tissue, they are well-suited for their role as trans-
ducers, enabling the force of a muscle to be exerted at a dis-
tance from the muscle itself. Ligaments, which are very similar
structurally to tendons, but appear to have more elastic fibers,
attach adjacent bones to one another and maintain them at
their correct anatomical positions during movement. They also
provide structural support around joint capsules, and at sites
where bones make contact with other bones (1–3).

Little is known about the organogenesis of tendons and lig-
aments. Both structures appear as mesenchymal condensa-

 

tions starting in the mouse at day 14 postconception (dpc

 

1

 

 14).
These rudiments lie adjacent to the newly formed cartilages
that become the bones of the skeleton. As tendons and liga-
ments develop, they insert into the surfaces of adjacent bones
using an as of yet uncharacterized positional information pro-
cess (4). There appears to be a transition in cell phenotype at
each insertion site so that when examined morphologically, a
continuum of differentiation stages of connective tissue cells
(fibrocartilage cell to tendon/ligament cell) is present (5, 6).
The recent identification of novel homeobox-containing genes
expressed in embryonic tendons suggests that the patterning
mechanisms important for controlling skeletal development
are likely to affect tendon and ligament formation as well (7–9).

Isolation of the cell populations that differentiate to form
tendons and ligaments has been hindered by the lack of spe-
cific markers that define these tissues. For example, the pri-
mary components of tendons and ligaments are collagen type
I, elastin, and decorin, structural proteins found in the extra-
cellular matrix (ECM) of most connective tissues. The cell
types resident in tendons/ligaments are responsive to a variety
of growth factors, including members of the TGF-

 

b

 

 gene fam-
ily (10, 11, 12). Understanding these and other yet-to-be iden-
tified signals may be useful in designing new treatments for
tendon and ligament injuries that under current medical prac-
tice show poor long-term clinical outcomes. Treatment for
rupture of the anterior cruciate ligament, the most common
knee injury in humans, typically involves replacement of the
anterior cruciate ligament with a tendon autograft from an-
other anatomic site. While providing limited return of function
in most cases, these grafts eventually die and are replaced by
fibrous scar tissue that ultimately leads to permanent instabil-
ity of the knee, impairment of joint function, and increased
likelihood of osteoarthritis (13–16).

We recently identified and expressed the human equiva-
lents of the murine growth and differentiation factors (GDF)s
5, 6, and 7 (Fig. 1; 17, 18). These three molecules form a dis-
tinct subgroup within the TGF-

 

b

 

/bone morphogenetic protein
(BMP) gene family. In light of reports by Storm et al. (19) sug-
gesting the absence of GDF-5 as the cause of the skeletal ab-
normalities seen in the 

 

bp

 

/

 

bp

 

 (brachypod) mouse phenotype,
and by Chang et al. (20) localizing GDF-5 and GDF-6 tran-
scripts to developing cartilage, we expected that these mole-
cules would be osteogenic proteins, and would induce endo-
chondral bone formation when tested in the rat ectopic bone
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formation assay (21). Instead, we found that the human equiv-
alents of GDFs 5, 6, and 7 all induced the formation of a con-
nective tissue rich in collagen type I fibers which, when studied
histologically, displayed a wave form and regular periodicity
resembling embryonic or neonatal tendon and ligament. This
observation lead us to characterize extensively the GDF-
induced tissues, and to conclude that by all criteria currently
available, these tissues can be considered neotendon/ligament.

 

Methods

 

Cloning of human GDFs 5, 6, and 7

 

Degenerate oligonucleotides designed on the basis of regions of high
amino acid conservation between members of the BMP family were
used to generate BMP-related sequences from a human genomic
template using PCR. The sequences of the oligonucleotides used in
the degenerate PCR experiments and the corresponding consensus
amino acid sequences from which they are derived are as follows:
CGGATCCTGVANGAYTGGATHRTNGC (Trp-Gln/Asn-Asp-Trp-
Ile-Val/Ile-Ala) and TTTCTAGAARNGTYTGNACDATNGCRTG
(His-Ala-Ile-Val/Leu-Gln-Thr-Leu). The underlined regions of these
oligonucleotides represent the recognition sequences for the restric-
tion endonucleases BamHI and XbaI, respectively, and have been in-
cluded to facilitate the subcloning of BMP-related PCR products gen-
erated by this approach. Human genomic DNA sheared by repeated
passage through a 25-gauge needle, denatured at 100

 

8

 

C for 5 min, and
then chilled on ice was added to a reaction mixture containing 200

 

m

 

M of each deoxynucleotide triphosphate (dATP, dGTP, dCTP, and
dTTP), 10 mM Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl

 

2

 

, 0.001%
gelatin, 1.25 U Taq DNA polymerase, and 100 pM each of the two
degenerate oligonucleotides. The reaction mixture was incubated at
94

 

8

 

C for 2 min, and was then subjected to thermal cycling: 1 min at
94

 

8

 

C, 1 min at 40

 

8

 

C, 1 min at 72

 

8

 

C for three cycles; 1 min at 94

 

8

 

C, 1 min
at 55

 

8

 

C, 1 min at 72

 

8

 

C for 37 cycles, followed by a 10- min incubation
at 72

 

8

 

C. The 128-bp DNA products generated by this procedure were
subcloned into pGEM-3, and were examined by DNA sequence an-
alysis for the presence of BMP-related sequences. The sequence
derived from one of the subclones was used to design an oligonucle-
otide probe (CCACTGCAGGCCTTTGCGACTTCCCTTTGCGT-
TCGCAC), which was used in screening a human genomic library
constructed in the vector 

 

l

 

FIX (No. 944201; Stratagene Inc., La Jolla,
CA). A single positive recombinant 

 

l

 

HuG-48 was identified, and the
oligonucleotide-hybridizing region was subcloned into pGEM-3. The
partial amino acid sequence of the human GDF-7 gene shown was
derived from this insert. A DNA fragment that encodes amino acids
31–129 of the partial hGDF-7 sequence was hybridized to a human
genomic library under reduced stringency conditions (5

 

3

 

 SSC/5

 

3

 

Denhardt’s solution/0.1% SDS/100 

 

m

 

g denatured salmon sperm
DNA at 60

 

8

 

C; wash 

 

5

 

 2

 

3

 

 SSC/0.1% SDS at 60

 

8

 

C) resulting in the
identification of hGDF-7–related genes. DNA sequence analysis of
one of the positively hybridizing genomic clones defines the partial
sequence of hGDF-6. This sequence was used to derive the amino
acid sequence of hGDF-6 shown here.

A DNA fragment that encodes amino acids 36–130 of the hGDF-7
sequence was used to screen a mouse genomic library (946308; Strat-
agene Inc.) under reduced stringency (5

 

3

 

 SSC/5

 

3

 

 Denhardt’s solu-
tion/0.1% SDS/100 

 

m

 

g denatured salmon sperm DNA at 60

 

8

 

C; wash
1

 

3

 

 SSC/0.1% SDS at 60

 

8

 

C) to identify clones corresponding to mu-
rine GDF-5, 6, and 7. Probes for in situ localization studies consisted
of a 538-bp fragment of mGDF-5 propeptide-encoding sequence, a
390-bp fragment of mGDF-6 propeptide-encoding sequence, and a
462-bp fragment of mGDF-7 3

 

9

 

 untranslated sequence.

 

Rat ectopic assay

 

Demineralized rat bone matrix particles (DBM) were used as a car-
rier matrix for GDFs and BMPs. Midshaft regions of rat femurs were
cleaned of all bone marrow components, defatted in absolute ethanol

followed by ether, air-dried, frozen, pulverized in liquid nitrogen, and
sieved to obtain bone particles of 75–250 

 

m

 

m. Bone particles were
then extracted with 0.6 M HCl to remove any remaining bone min-
eral, and with 4.0 M guanidine HCl to remove any remaining growth
factors, producing an inert carrier matrix.

Figure 1. Sequences of human GDF-5 (GenBank Accession, No. 
X80915; 17), GDF-6, and GDF-7 and their relationship to other 
members of the BMP/GDF gene family. (A) Partial amino acid se-
quence of human GDF-6 and GDF-7 are deduced from genomic 
clones. Amino acid identity between murine and human GDFs is 
97% for GDF-5, 99% for GDF-6, and 97% for GDF-7. Consensus 
proteolytic processing site, Arg-X-X-Arg, (boxed and shaded) pre-
dicts mature GDF-5 and GDF-6 peptides of 120 amino acids each, 
while the mature GDF-7 peptide anticipated by proteolytic cleavage 
at this site would be 129 amino acids. An alternative processing site, 
defined by the sequence Arg-Arg-Gly-Arg (boxed) present in
hGDF-7 could result in a mature peptide containing an NH2-terminal 
extension of only two amino acids preceding the first conserved cys-
teine residue (the amino terminus of this alternative mature peptide 
is indicated with a rightward arrow). The potential proteolytic pro-
cessing site that is conserved between hGDF-6 and hGDF-7 creates a 
longer NH2-terminal extension of the hGDF-7 mature region, more 
consistent with that reported for BMPs (18). Both forms of rhGDF-7 
(the shorter 104–amino acid form with the NH2-terminal sequence of 
Ser-Arg-Cys, and the 129–amino acid form with the NH2-terminal se-
quence Thr-Ala-Leu) have been expressed in Escherichia coli and re-
folded to form biologically active homodimers that can induce forma-
tion of neotendon/ligament tissue. (B) Relationship of hGDF-5, 
hGDF-6, and hGDF-7 to other members of the BMP/GDF family us-
ing the conserved cysteine region of the COOH-terminal polypep-
tides. The dendogram was generated using the PILEUP program 
(Genetics Computer Group, Madison, WI).
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The GDFs and/or BMPs to be tested were lyophilized onto DBM
particles before implantation at subcutaneous or intramuscular sites,
and the ectopic bone formation assay was performed as described by
Wang et al. (22).

 

Production of recombinant GDF proteins

 

Recombinant human or mouse GDFs 5, 6, and 7 were expressed in 

 

E.

coli

 

, and were refolded to produce active dimers essentially as de-

scribed (23). In brief, the monomeric denatured proteins were iso-
lated from inclusion bodies by acidification and purified oversize ex-
clusion chromatography. The GDFs were refolded into active dimers
at pH 8.5 using 2% 3([3-cholamidopropryl]-dimethylammonio)-1pro-
panesulfonate, 1.0 M NaCl, and a glutathione redox couple. Final
purification was carried out S-Sepharose Fast Flow or Heparin-
Sepharose (Pharmacia LKB Biotechnology Inc., Piscataway, NJ) and
reversed-phase HPLC.

 

Light and electron microscopy

 

At death, ectopic or quadriceps implants were removed from each
animal and fixed with 4% paraformaldehyde for light microscopy
(LM) or Karnovsky’s fixative, and were postfixed in 1% OsO

 

4

 

 in
0.1 M cacodylate buffer (pH 7.4) for electron microscopy (EM; 24).
LM samples were embedded in JB4 resin (PolyScience, Warrington,
PA) and 5-

 

m

 

m sections were collected and stained with toluidine blue
before microscopic observation. EM samples were dehydrated in a
graded series of alcohols, and were embedded in Spurr’s resin (25).
Thin sections (60 nm) were collected on formvar-coated grids, stained
with uranyl acetate and Sato’s lead citrate, and viewed (300 transmis-
sion electron microscope; Philips, Eindhoven, The Netherlands) at
60 kV (26).

 

Table I. Summary of Histological Analysis of Subcutaneous 
GDF and BMP Implants at 10 d

 

Total No.
implants

Implants with
tendon/ligament

Implants with
bone/cartilage

 

Control 54 0 0

hGDF-5 12 12 0

hGDF-6 18 18 0

hGDF-7 135 133 0

hBMP-2 54 0 54

Figure 2. Histology of 
subcutaneous GDF-7 im-
plants at 10 d. (A) Im-
plant containing 25 mg of 
human GDF-7 shows a 
highly organized cellular 
response, with both cells 
and ECM arranged in a 
linear manner and dis-
playing a crimped appear-
ance. (B) Control implant 
showing a typical wound-
healing response in 
which cells and ECM are 
randomly oriented. (M 
denotes DBM carrier). 
(C) Higher magnification 
of the GDF-7–induced 
tissue in A. (D) Higher 
magnification of the con-
trol tissue in B.
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For measurement of collagen fibers, 10–15 cross-sectional profiles
were measured to reflect the range of fiber diameters present for
each tissue shown. Measurements were made using a photomicro-
graphic scale marker (Dunn Scientific, Pacific Palisades, CA).

 

Northern analysis, PCR, and in situ hybridization

 

RNA extraction.

 

Total RNA was extracted using guanidine thiocya-
nate according to the methods described by Sambrook et al. (27).

 

RNA and DNA probe selection.

 

The mRNAs chosen are known
to be expressed in embryonic tendons (

 

Six 1

 

, 

 

Six 2

 

; Oliver et al. [7]),
adult connective tissues including tendon and ligament (elastin, deco-
rin, and collagen type I); and bone (alkaline phosphatase and osteo-
calcin).

 

Northern analysis.

 

10 

 

m

 

g total RNA from each sample was frac-
tionated on denaturing agarose/Mops gels, transferred to nitrocellu-
lose, and hybridized with 

 

32

 

P random primed probes specific for elas-
tin, decorin, alkaline phosphatase, osteocalcin, and 

 

Six 1

 

,

 

 Six 2.

In situ hybridization studies.

 

13.5, 14.5, and 15.5 dpc mouse em-
bryos were fixed, embedded in paraffin, and hybridized according to
the methods of Lyons et al. (28) to sense and antisense RNA probes
(2.5 

 

3

 

 10

 

5

 

 cpm 

 

m

 

m

 

2

 

1

 

) for mouse GDFs 5, 6, and 7. Slides were coated
with Ilford K5 emulsion, developed after 10 d of exposure time, and
stained with toluidine blue before being photographed.

 

PCR analysis of implants and tendon tissues.

 

RT-PCR was per-
formed using GeneAmp RNA PCR kit (Perkin-Elmer Corp., Nor-
walk, CT) according to the manufacturer’s instructions. In brief, 10 ng
of DNase-treated total RNA from the patellar tendons of 6-wk-old
rats was reverse transcribed and used for PCR amplification. Oligo-
nucleotide primers were designed based on published sequences for

 

Six 1

 

, 

 

Six 2

 

, collagen type I, decorin, and aggrecan. RT-PCR condi-
tions used were 42

 

8

 

C for 15 min, 99

 

8

 

C for 5 min, and 5

 

8

 

C for 5 min;
then 30 cycles of 95

 

8

 

C for 1 min, 55

 

8

 

C for 1 min, 72

 

8

 

C for 1 min, fol-
lowed by 10 min at 72

 

8

 

C. PCR products were separated on a 1% aga-
rose gel containing ethidium bromide, and were visualized under UV
illumination.

 

Results

 

LM and EM studies.

 

Ectopic implants have traditionally been
useful in the evaluation of the osteogenic potential of BMPs,
yet we failed to observe bone formation with implants contain-
ing levels of GDFs 5, 6, or 7 20-fold higher than normally
needed for bone induction with an osteoinductive protein (21,
22; data not shown). Instead, in 163 of 165 implants

 

 

 

performed

Figure 3. Subcutaneous implantation of GDF-7 (25 mg) alone (A) or BMP-2 (5 mg) alone (B) or GDF-7 (25 mg) 1 BMP-2 (5 mg; C). The tissue 
formed in response to GDF-7 shows the highly organized linear arrangement of cells before deposition of large amounts of ECM. (A) T denotes 
neotendon/ligament tissue. In contrast, the tissue formed in response to implantation of BMP-2 shows large areas of new endochondral bone for-
mation with osteoblasts (bone-forming cells; arrows), chondroblasts (cartilage-forming cells; C) and abundant bone marrow. When implants 
contain GDF-7 1 BMP-2, both tendon/ligament and bone tissues are present at 10 d postimplantation. (T, neotendon/ligament; C, cartilage; ar-

row, osteoblasts.) (D) GDF-7 implant (at day 10) viewed with polarizing light. GDF-7–induced tissues have polarizing light patterns like those of 
tendons and ligaments.
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with human GDF-5, GDF-6, or GDF-7, we observed the for-
mation of a connective tissue rich in type I collagen fibers that
displayed a wave form and a regular periodicity resembling
that of embryonic or neonatal tendon (Table I and Fig. 2).
Furthermore, when we coimplanted an osteogenic protein
(BMP-2) with human GDF-7, the resulting implants contained
both bone and neotendon/ligament-like connective tissue. Dis-
crete areas of each tissue were distributed throughout each im-
plant, suggesting that these molecules have different inductive
capabilities (Fig. 3).

We used LM and EM to characterize further the connec-
tive tissue induced by these GDFs, and to compare its struc-
ture to that of native rat tendon and ligament. While 10-d
GDF implants are highly cellular (see Fig. 2), after 21 d in vivo
the implants had undergone remodeling to become largely
acellular. Maturing implants consisted of a densely packed con-
nective tissue composed of collagen fibers that under polariz-
ing light showed the intensity of birefringence and the regular
periodicity characteristic of tendons and ligaments (Fig. 3).
When examined by EM, the GDF-7–induced tissues, like those
of tendon and ligament, showed a highly ordered arrangement
of collagen bundles (29; Fig. 4). In cross-section, these fascicles

were composed of areas of large and small diameter fibrils, a
characteristic morphological feature that distinguishes tendon
and ligament ECM from the fibril pattern seen in fibrosis that
accompanies scar formation (30). For example, collagen bun-
dles made in response to ectopic implantation of GDF-7 are
comprised of both large and small diameter fibrils (range of
20–100 nm), in good agreement with bundles found in tendon
(25–100 nm) and ligament (20–130 nm) of young rats. In con-
trast, collagen fibrils in control implants are poorly organized,
and of fairly uniform size (45–75 nm) with little resemblance to
the pattern seen in dense connective tissue (31).

We then changed the implantation site, and inserted the
GDF-containing capsules into the quadriceps muscle of 4-wk-old
rats. In 18 out of 18 implants, GDFs produced larger amounts
of neotendon/ligament-like tissue than that seen when an
equal amount of protein was implanted at the subcutaneous
site. In contrast, BMP-2 implants resulted in only endochon-
dral bone formation (data not shown). Upon ultrastructural
analysis, the GDF-7 implants contained the same fibril mor-
phology as we observed at the subcutaneous site. Frequently
elastin was dispersed among the fibrils (Fig. 5), a feature of in
situ tendon and ligament tissue. The cells in this dense connec-

Figure 4. Ultrastructural analysis of the ECM made in response to subcutaneous implantation GDF-7 at 21 d. (A) GDF-7 implantation induces 
the formation of tissue filled with collagen fibrils organized in bundles containing both large and small diameter fibrils (inset, fiber diameters
20 → 100 nm). Collagen-synthesizing cells are fibroblastic in appearance, with abundant rough endoplasmic reticulum and mitochondria (MI). 
Cell processes are seen frequently (arrow). (B) Control implants show the maturation of a wound-healing response. The collagen fibrils (inset,
fiber diameter 45 → 75 nm) are organized poorly, and are of fairly uniform size. (C) Tendon from a 2-mo-old rat, taken at the muscle/tendon in-
terface, has characteristic collagen bundles composed of large and small diameter fibrils (inset, fiber diameter 25 → 100 nm) exhibiting a high 
degree of organization. (D) Ligament from the same rat. The collagen bundles occur in many orientations, creating a woven or braided 
morphology. The collagen fibrils are also of varying diameters (20 → 130 nm) as seen in the tendon and GDF-7–induced tissue. On the ultra-
structural level, the GDF-7–induced tissues (A) have both tendon and ligament-like characteristics. Magnification bar, 1 mm. For insets, magnifi-
cation is 43 that of B and D.
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tive tissue matrix were highly synthetic in nature, containing
large amounts of rough endoplasmic reticulum, many mito-
chondria, and a well-developed Golgi complex. The overall
morphology of these cells was similar to that observed with
tenocytes and ligament fibroblasts.

Northern analysis and PCR. To characterize further the
GDF-induced tissues on a molecular level, we assembled a
battery of probes for genes expressed in developing mus-
culoskeletal tissues, including the newly identified tendon-
expressed homeobox-containing genes Six 1 and Six 2. We
performed Northern and PCR analysis on total and poly(A)1

RNA collected from GDF-7–induced subcutaneous implants,
and compared this marker profile to control implants, to im-
plants induced by BMP-2, and to the gene expression pattern
seen in embryonic and adult tendons and ligaments. In addi-
tion, we examined the implants for the presence of mRNAs for
matrix proteins known to be expressed in mature tendon, liga-
ment, bone, and cartilage. These included aggrecan (which is
highly expressed in cartilage and is found in tendon/ligament
at low levels) elastin, decorin, and collagen type I (which are
present in tendon and ligament), and alkaline phosphatase and
osteocalcin, proteins that are abundant in bone (21, 32). A
compilation of these data is shown in Table II and Fig. 6.

RNAs collected from GDF implants had few similarities
with those containing bone induced by BMP-2. Most notably,
we found no evidence of osteocalcin, a matrix protein thought
to be exclusive to bone and hypertrophic cartilage, or alkaline
phosphatase, an enzyme made by bone cells. Some overlap in
expression was observed with the cartilage marker aggrecan.
Aggrecan mRNA was present in GDF-5, -6, or 7–induced tis-
sue, a finding consistent with the ability of cells resident in ten-
dons and ligaments to produce a fibrocartilaginous ECM when
placed under physiological stress (33–36); and was also found
in BMP-2–induced tissues during the cartilage phase of endo-
chondral bone formation. Matrix proteins known to be abun-
dant in adult tendon/ligament were present in the GDF im-

Figure 5. Implantation of GDF-7 for 10 d at a muscle site induces 
neotendon/ligament-like tissue. (A) Light micrograph of cells at the 
GDF-7 implantation site. The cells have a crimped appearance (ar-

rows) and are surrounded by a proteoglycan-rich matrix (pink). M, 
muscle. (B) Electron micrograph of these cells showing an extensive 
Golgi complex (g), rough endoplasmic reticulum (r), and numerous 
mitochondria (arrows). (C) Ultrastructural analysis of the collage-
nous matrix induced by GDF-7 reveals areas containing elastin (e) 
closely apposed to cell processes (p). Scale marks 5 100 mm in A and 
1 mm in B and C.

Table II. Expression of Connective Tissue Markers in Ectopic 
Tissues Induced by GDF-7 and BMP-2

Marker
T/L

embryonic
T/L
Ad

GDF-7

BMP-2
10 d

Control
10 d3 d 10 d

Six 1/Six 2 17 1 6 6 2 2

Elastin 132 13 1 1 2 2

Decorin 133 1 1 1 1 1

Collagen I 132, 33 1 1 1 1 1

Aggrecan 633 1 2 6 2 2

Alphos 2* 2 2 2 1 2

OCN 231 2 2 2 1 2

The level of expression of mRNAs found in developing tendons (Six 1

and Six 2), adult connective tissues including tendon and ligament (elas-

tin, decorin, and collagen I), cartilage (aggrecan), and bone (Alphos, al-

kaline phosphatase; OCN, osteocalcin) are compared in GDF-7 and

BMP-2–induced tissues. T/L, embryonic tendon/ligament; Ad, adult

tendon/ligament; 3 d, 3 d postimplantation; 10 d, 10 d postimplantation;

Control, tissue induced in response to implantation of the carrier matrix

used to deliver GDF-7 and BMP-2. 1, strong signal; 6, weak signal; 2,

no signal. References for published expression data are denoted by su-

perscript numbers. *Hattersley, G., unpublished observations.
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plants with elastin, collagen type I, and decorin showing high
levels of expression. Except for elastin, these RNAs were also
present in BMP-2 and control implants, reflecting the abun-
dance of structural proteins in all types of connective tissues.
Some of the mRNAs reported to be present in embryonic ten-
don were expressed in the GDF-7 implants. These included
the matrix proteins aggrecan, collagen type II (data not
shown), collagen type I, decorin, elastin, and the homeobox-
containing genes Six 1 and Six 2. When we examined mature
tendons for the presence of tendon-associated markers using
PCR analysis, we also found the expression of collagen type I,
decorin, aggrecan, Six 1, and Six 2, similar to the pattern of ma-
trix proteins expressed in GDF-7 implants.

Localization of GDFs 5, 6, and 7 in developing joints. We used
in situ hybridization techniques to determine if GDF-5, -6, or
-7 transcripts were present in areas consistent with their in-
volvement in embryonic tendon and ligament formation. As
shown in Fig. 7, GDFs 5, 6, and 7 have distinct patterns of ex-
pression during connective tissue morphogenesis. At 13.5 dpc,
GDF-5 is expressed at the interface between mesenchymal
condensations in the developing limbs. This expression do-
main corresponds to the region that will ultimately form sy-
novial joints between skeletal elements. By 15.5 dpc, expres-
sion of GDF-5 has become restricted to the periarticular
surface of the joint, and is most likely expressed by developing
articular chondrocytes. Expression at this stage is also seen in a
small region of the perichondrium adjacent to the zone of
chondrocyte proliferation. GDF-5 transcripts are not only de-
tected within the appendicular skeleton, but also between mes-
enchymal condensations within the axial skeleton that consti-
tute the vertebral column (data not shown). GDF-6 transcripts
show a more restricted pattern of expression to that of GDF-5.
Unlike GDF-5, which is expressed in all joints within the limbs,
GDF-6 is expressed only in the carpal/metacarpal and tarsal/

metatarsal joints. No detectable coexpression of GDF-7 with
either GDF-5 or GDF-6 has been observed. Instead, GDF-7
hybridization is seen in the region of the developing shoulder
(see Fig. 7). GDF-7 is also expressed at the most distal tips of
the digits, adjacent to the forming tendons at this site.

Discussion

When compared to our current understanding of the cell types
and signaling molecules required for skeletal morphogenesis,
little is known about the regulatory factors important for ten-
don and ligament formation. GDFs 5, 6, and 7, three members
of the TGF-b gene superfamily, are able to induce formation
of a dense connective tissue when implanted ectopically or in-
tramuscularly in rats. By all existing criteria available for com-
parison, histological and morphological analysis of the tissue,
and Northern analysis and PCR of the mRNAs induced, the
characteristics of the GDF-induced tissue are the same as
those seen in tendon and ligament (5, 7, 8, 15, 29, 33, 34).
These data suggest that progenitor cells capable of synthesiz-
ing dense connective tissue are present in adult animals at both
subcutaneous and intramuscular sites, and that these cells can
be influenced to differentiate in the presence of an appropriate
stimulus, GDF-5, -6, or -7, along a tendon/ligament pathway.

Our results highlight the complex lineage relationship that
exists between skeletal progenitor cells and their connective
tissue counterparts. During embryogenesis, tendons and liga-
ments appear to convert to fibrocartilage at their sites of at-
tachment to bones (4). This ability to alter their phenotype re-
mains in adults, where central areas of tendon/ligament begin
to produce cartilage matrix proteins when subjected to high
load or stress as they pass over bony surfaces, perhaps reflect-
ing the common ancestry of connective tissue progenitors and
cartilage-forming cells (5, 6, 35, 36).

Abnormal tendon patterning has been shown to occur in
mouse limbs when skeletal patterning is disrupted through loss
of Wnt-7a, and in chick limbs when the apical ectodermal ridge
is removed prematurely (37–39). This is also the case in bp/bp

mice in which the loss of GDF-5 results in deformed or missing
skeletal and connective tissue structures at the same anatomi-
cal locations (40). The connective tissue defects seen in all of
these animals may be secondary events, linked to skeletal mal-
formations. Alternatively, the skeletal and connective tissue
abnormalities observed in these systems may be independent
developmental events affected by common regulatory signals.
The current lack of phenotypic markers for connective tissue
precursor cells makes it difficult to distinguish experimentally
between these possibilities. It is likely that both tendon/liga-
ment and cartilage precursor cells are found within early con-
densations, and are influenced by similar or related signaling
molecules during the morphogenetic events that determine limb
formation. The absence of these signals after adult tendon/lig-
ament injury may preclude functional healing of these tissues,
and be responsible for the scar tissue that forms instead.

Our studies add further support to the central role that
members of the TGF-b gene superfamily play during morpho-
genesis and tissue formation (21). We suggest, based on our in
vivo experiments and the localization of GDF transcripts dur-
ing mouse development (19, 20), that one function of GDFs 5,
6, and 7 is to influence the differentiation of connective tissue
precursors into tendon/ligament-forming cells. As is the case
for the osteogenic BMPs, where roles in embryonic skeletal

Figure 6. Northern 
analysis of tissues in-
duced by ectopic im-
plantation of BMP-2 (5 
mg), GDF-7 (25 mg), or 
control, and probed 
with cDNAs for (a) 
elastin, (b) decorin, or 
(c) alkaline phos-
phatase.
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formation translate into an ability to repair adult bone, GDFs
5, 6, and 7 may prove to be useful in the repair and regenera-
tion of tendon/ligament injuries in adults. Evaluation of in vivo
experiments aimed at testing the ability of GDFs to repair
adult tendons and ligaments is currently underway.
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