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Background Recombinant human (rh) bone morpho-
genetic protein 13 (BMP13) has been shown to induce
the formation of tendon and ligament tissues in animal
experiments. The role of BMP13 in tissue regeneration
in human tendons remains unexplored, however.

Material and methods We collected healthy human
patellar tendon samples for histological examination
and tendon fibroblast culture. The cultured cells were
incubated in the presence and absence of rhBMP13 and
the effect of the protein on cell proliferation was mea-
sured using 5-bromo-2’-deoxyuridine uptake.

Results BMP13 was detectable by immunohisto-
chemical staining in healthy patellar tendon samples,
and was located exclusively in active tenoblasts and
perivascular mesenchymal cells but not in interstitial
tenocytes. The expression of proliferating cell nuclear
antigen (PCNA) and pro-collagen type I showed a simi-
lar distribution. In vitro studies showed that rhBMP13
can increase proliferation of tendon fibroblasts and
increase the gene expression of pro-collagen type I in
tendon fibroblast culture.

Interpretation  Our findings indicate that BMP13
may be involved in the matrix remodeling process in
adult tendon, and that it may play a role in tissue regen-
eration in tendons.

Bone morphogenetic proteins (BMPs) are a family
of highly related molecules that form a subgroup
within the transforming growth factor beta (TGF-

B) superfamily. The BMP family is comprised of
more than 10 proteins, many of which have been
cloned (Celeste et al. 1990). Functionally, most
BMPs are capable of inducing bone and cartilage
formation in animals by influencing the differentia-
tion of mesenchymal progenitor cells along the car-
tilage, or bone lineage (Ducy and Karsenty 2000).
On the other hand, BMP13, also known as growth
and differentiation factor (GDF) 6 or cartilage-
derived morphogenetic protein (CDMP) 2, does
not induce bone or cartilage formation (Wozney
and Rosen 1998). In contrast, intramuscular injec-
tion of BMP13-transfected adenovirus has been
shown to induce the formation of tendon and liga-
ment-like connective tissue rich in collagen I in a
rat model (Helm et al. 2001). Moreover, Forslund
and Aspenberg (2001) reported that injection of
BMP13 could strengthen tendon tensility and also
stimulate tendon healing in injured Achilles tendon
in rats.

Healing of an injured tendon can trigger recon-
stitution of extracellular matrices such as collagens
and proteoglycans, which is similar to the healing
process of other connective tissue such as skin.
However, tendon heals at a much slower rate and
involves many complications (Jozsa and Kannus
1997, Wong et al. 2002). It is thus worthwhile
to study cellular and molecular events in tendon
healing in order to devise strategies to promote
healing, especially the regulation of tendon heal-
ing by cytokines such as BMPs. We studied the
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expression of BMP13 in human patellar tendons
and its involvement in physiological activities in
adult tendon tissues. Although some of the in vivo
effects of BMP13 have been reported, the outcomes
of such studies have provided no information on
how BMP13 mediates the formation of tendon and
ligament-like tissue. We also examined the in vitro
effects of recombinant human BMP13 (rhBMP13)
on cultured human tendon fibroblasts, with respect
to the proliferative response and to the gene expres-
sion levels of extracellular matrix components such
as biglycan, decorin, and pro-collagen types I and
II1, in order to assess whether BMP13 is active in
stimulating proliferation and matrix deposition in
human tendon fibroblast cultures. Decorin and big-
lycan are major core proteins of the proteoglycans
present in the extracellular matrix of tendon tissue.
Decorin is known to inhibit collagen fibrillogen-
esis (Nakamura et al. 2000), while biglycan may
play a role in modulating the biological activities
of decorin, probably through the action of TGF-
. Pro-collagen types I and III are precursor pro-
teins which form the structural scaffold in the early
stages of tendon healing, finally resulting in mature
collagen fibres by matrix remodeling. Thus, inves-
tigation of the effect of BMP13 on the expression
level of biglycan, decorin, and pro-collagen types
I and IIT may reveal its role in the tendon healing
process.

Methods

Sample collection and preparation

All sampling procedures were approved by the
Human Research Ethics Committee of the authors’
institution. All subjects were recruited from this
institution. 12 anterior cruciate ligament (ACL)
deficient patients (8 men) with an average age of
31 (16-38) were operated using the healthy patel-
lar tendon as an autograft. None of the subjects
had a previous history or clinical signs of patel-
lar tendon injury. After being thoroughly informed
as to the procedures involved, all subjects com-
pleted consent forms prior to operation. A piece of
healthy patellar tendon measuring 0.2 x 0.5 x 0.2
cm was removed from the remnant of the patellar
tendon autograft during ACL reconstruction. All
patellar tendon biopsies were taken within the deep

layers of the tendons in its central portion to avoid
region variation (Abrahamsson and Lohmander
1996, Kang and Kang 1999). All specimens were
cleansed in sterile saline, fixed in buffered forma-
lin and then used to prepare 5 um-thick paraffin-
embedded sections.

Tendon fibroblasts were prepared from samples
taken from 10 other patients (7 men) undergo-
ing reconstruction of the ACL using the patellar
tendon as healthy autograft (mean age 23.8 (17—
40)). Immediately after surgical removal, the fresh
samples were stored in sterile phosphate-buffered
saline (PBS) for primary fibroblast culture.

Immunohistochemical staining

5-um-thick consecutive sections of healthy patel-
lar tendon tissues were mounted on 3-aminopro-
pyl-triethoxysilane (Sigma-Aldrich, St Louis, MO)
coated slides and dried overnight at 40°C. After
removal of paraffin and dehydration, consecutive
paraffin sections from each sample were quenched
with 0.5% hydrogen peroxide for 20 min and trans-
ferred to 10 mmol/L citrate buffer solution (pH 6)
and boiled in a microwave oven (700 W) for 1 min.
After brief digestion with 0.05% trypsin for 5 min
and neutralization with 1% bovine serum albumin
(BSA) in PBS for 20 min, the sections were incu-
bated with primary antibody in a humid chamber
at 4°C overnight. Mouse monoclonal antibodies
against human BMP13 (provided by Genetic Insti-
tute, Cambridge, MA), against human proliferating
cell nuclear antigen (PCNA) (Oncogene Research
Products, Boston, MA) and against human pro-col-
lagen type I (Oncogene Research Products, Boston,
MA) were used at a dilution of 1:500, 1:400, and
1:400, respectively. Negative controls for non-spe-
cific staining were prepared by omitting the pri-
mary antibody. After thorough washing with PBS,
the sections were incubated with biotinylated anti-
body against mouse IgG (DAKO, Glostrup, Den-
mark) prepared in goat. After 3 washes in PBS the
sections were incubated in avidin-biotin complex
(DAKO) for 60 min. Finally, 3,3'-diaminobenzi-
dine tetrahydrochloride was used as substrate in
the presence of H,O, and the reaction was allowed
to proceed for 3 min at room temperature. The sec-
tions were rinsed in distilled water, counterstained
in Mayer’s hematoxylin, dehydrated through
graded alcohol, and mounted with p-xylene-bis-
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Table 1. PCR primers used in the study

Target genes Primer sequences
Forward primer

Size of PCR
Reverse primer product

p-actin 5-TGAAGTACCCCATCGAGCACG-3'
biglycan 5-TCTGAAGTCTGTGCCCAA-3'
decorin 5-CATGAAGGCCACTATCATCC-3’

pro-collagen type |  5-CTGGAATGAAGGGACACA-3
pro-collagen type Il 5-TGGATCAGATGGTCT TCCA-3’

5'-CAAACATGATCTGGGTCATCTTCTC-3’ 174bp

5-TCTGAGATGCGCAGGTA-3’ 394bp
5-CGTTCCAACTTCACCAAAGG-3’ 199bp
5-CCATTGGCACCTTTAGCA-3’ 400bp
5-TCTCCATAATACGGGGCAA-3’ 599bp

pyridinium bromide (DPX) (Sigma-Aldrich). Light
microscopy was then performed at a final magnifi-
cation of 400x.

Culture of human patellar tendon fibroblasts

In brief, immediately after surgical removal the
patellar tendon samples were cut (under sterile
conditions) into small pieces of approximately 1
mm?. They were trypsinized at 37°C for 5 min, and
the enzyme activity was then neutralized with 10%
fetal bovine serum (FBS) in Dulbecco’s modi-
fied Eagle medium (DMEM). The tissue explants
were placed in a 35-mm culture dish (Corning,
NY) in medium with 10% FBS and incubated at
37°C, 95% O,, and 5% CO,. After the fibroblasts
had migrated out from explant tissues and formed
confluent monolayers (in approximately 4 weeks),
they were harvested by trypsinization and centri-
fuged at 1 500 rpm for 5 min. For further culture,
the tendon fibroblasts were resuspended in medium
with 10% FBS and 2 x 10° cells were seeded onto
a 25 cm? culture flask. Cell proliferation assay was
performed at the second passage (see below).

Proliferation assay

Tendon fibroblasts were seeded onto a 96-well
microtiter plate at a density of 3000/well with
serum-free DMEM and with or without 5, 25 and
50 ng/mL rthBMP13 (provided by Genetic Insti-
tute, Cambridge, MA). They were examined after
48 h. The effect of thBMP13 on cell proliferation
was quantified using the 5-Bromo-2’-deoxyuridine
Labeling and Detection Kit III (Roche Molecu-
lar Biochemicals, Indianapolis, IN), which uses
5-bromo-2’-deoxyuridine (BrdU) to measure the
number of dividing cells. At the end of the 48-h
incubation period, cells were washed 3 times with
PBS and BrdU labeling reagent was introduced in
the cultures at 37°C for 5 h. After washing for 3

times in PBS, the cells were then fixed and labeled
with anti-BrdU-Peroxidase for 60 min at room
temperature. BrdU incorporated into the DNA of
the proliferating cells was identified and quantified
by enzyme-linked immunosorbent assay (ELISA)
with tetramethylbenzidine (TMB) substrate. Opti-
cal density (OD) was measured at 450 nm.

Optimization of PCR

After 48 h of incubation (see above), total RNA
from tendon fibroblasts (both treated withrhBMP13
and untreated) was isolated using TRIzol reagent
(Invitrogen, Carlsbad, CA). This RNA was then
reverse transcribed to cDNA using the First Strand
cDNA kit (Promega, Madison, WI). The conditions
for PCR were optimized to suit each primer pair
using various annealing temperatures (55-60°C)
in a conventional PCR machine (GeneAmp 9700,
Applied Biosystems, Foster City, CA). The primer
sequences are given in Table 1.

The sizes of PCR products expected from the
biglycan, decorin, pro-collagen type I and type III
cDNAs are given in Table 1. PCR products were
separated in a 2% ethidium bromide prestained
agarose gel and the signals were analyzed with the
Image Documentation System (Ultra-Violet Prod-
ucts, Cambridge, UK). The optimized results were
transferred with the following real-time quantita-
tive PCR protocol to quantitate cDNAs correspond-
ing to the specific mRNAs of interest (for biglycan,
decorin, pro-collagen type I and type III).

Measurement of gene expression using real-
time PCR

The real-time PCR machine (LightCycler, Roche
Diagnostics, Penzberg, Germany), the reaction kits
and the software used in the following procedures
were purchased from Roche Diagnostics (Penz-
berg, Germany). The master mix for each real-time
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Figure 1. Expression of BMP13 in healthy human patellar
tendon as detected by immunohistochemistry. A: Perivas-
cular mesenchymal cells (PMC) near blood vessel (BV); B:
Active remodeling regions (ARS). C: Interstitial tenocytes
are BMP13-negative (Bar is 50 ym).

quantitative PCR was prepared using 6.7 uL water,
0.8 uL. MgCl, (4 mM), 0.25 pL of forward primer
(0.5 uM), 0.25 pL of reverse primer (0.5 uM) and
1.0 uL Fast Start DNA Master SYBR Green in glass
capillaries. 1 pL of 2 ng sample cDNA was then
added to 9 uL master mix as the PCR template. The

following PCR protocol was used: denaturation at
95°C for 10 min, each amplification and detection
cycle at 95°C for 2 s, at 55°C for 5 s, and at 72°C
for 20 s for 40 cycles, and finally a melting curve
analysis program with a heating rate of 0.1°C per
second (60-95°C) and a continuous fluorescence
measurement and a cooling step to 40°C. The sizes
of the PCR products were confirmed by agarose
gel electrophoresis. The results of real-time PCR
were analyzed using relative quantification soft-
ware and expressed as ratios of cDNA copies rela-
tive to B-actin.

Statistics

We used SPSS software version 11.0 (SPSS Inc.,
Chicago, IL) for all statistical tests. The results
from the BrdU assay and real-time quantitative RT-
PCR were analyzed using non-parametric Kruskal-
Wallis tests. P-values of less than 0.05 were con-
sidered statistically significant.

Results
Immunohistochemistry

The expression of BMP13 in human patellar tendon
samples was located in perivascular mesenchymal
cells and tenoblasts in the regions of active remod-
eling, while the interstitial tenocytes were BMP13-
negative (Figure 1).

Cell proliferation (Figure 2)

It was found that rhBMP13 could stimulate the cell
proliferation of human tendon fibroblasts. Addition
of 25 ng/mL or 50 ng/mL rhBMP13 significantly
increased BrdU incorporation into the DNA of pro-
liferating cells (p < 0.001), but no statistically sig-
nificant difference was detected between 5 ng/mL
BMP13 and serum-free control.

Gene expression of biglycan, decorin, and
pro-collagen types | and Il

The gene expression of biglycan, decorin, pro-col-
lagen type I and pro-collagen type III in terms of
RNA synthesis, under the stimulation of 1 or 10
ng/mL rhBMP13, was analyzed by real time PCR.
The relative gene expression level of pro-collagen
type I was increased by the presence of 1 ng/mL
rhBMP13 (p = 0.015) in human tendon fibroblasts,
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Figure 2. Increased cell proliferation of human tendon
fibroblasts when cultured in the presence of recombinant
human BMP13, as detected by BrdU proliferation assay.
The data are expressed in O.D. units (450 nm) and mea-
sure BrdU incorporation into the DNA of proliferating cells
(p < 0.05 by Kruskal Wallis test).

but thBMP13 had no significant effects on the
expression of biglycan, decorin and pro-collagen
type III (Figures 3 and 4).
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Discussion

The apparent expression of BMP13 in healthy
patellar tendons, exclusively at clustered tenoblasts
in active remodeling sites and perivascular mesen-
chymal cells, indicates that BMP13 takes part in
physiological processes in human tendons. Peri-
vascular mesenchymal cells, also known as peri-
cytes, are located in the endotenons. Their role has
not been fully elucidated, but it has been suggested
that they may act as stem cells for the healing pro-
cess in connective tissues (Doherty and Canfield
1999). Tenoblasts are defined as ovoid tendon cells
occurring in clusters between the collagen bundles
in tendons; these are morphologically distinct from
the elongated tendon cells known as tenocytes. We
have suggested that clustered tenoblasts may rep-
resent active remodeling sites in healthy tendons
(Fu et al. 2004). In the active remodeling sites and
perivascular mesenchymal cells, we also detected
the expression of PCNA and pro-collagen type I
at active remodeling sites and perivascular mesen-
chymal cells (data not shown). This suggests that
the effects of BMP13 in human tendons may be
related to cell proliferation and collagen deposi-
tion. It is further supported by the in vitro findings
that thBMP13 can stimulate the proliferation of
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Figure 3. The effects of rhBMP13 on the gene expression of (A) pro-collagen type | and (B) type Il by real-time quantita-
tive PCR. The relative gene expression level of pro-collagen type | was significantly increased in human tendon fibroblasts
by the presence of rhBMP13 in the medium (p = 0.015 by Kruskal Wallis test). The data are expressed as relative ratio

with respect to p-actin.
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Figure 4. The effects of rhBMP13 on the gene expression of (A) decorin and (B) biglycan by real-time quantitative PCR.
Recombinant human BMP13 had no significant effect on the gene expression of biglycan and decorin (p = 0.471 for deco-
rin and p = 0.509 for biglycin by Kruskal Wallis test). The data are expressed as relative ratio with respect to f3-actin.

cultured tendon fibroblasts, and can significantly
increase the gene expression of pro-collagen type
I. These results imply that BMP13 may be active
in adult human tendon to trigger proliferation and
collagen synthesis in tendon fibroblasts.

Active remodeling represents a repair process in
tendon healing where fibrogenesis occurs (Gelber-
man et al. 1990, Harwood et al. 1998, Rodeo et al.
2000). It has not been described in healthy tendons.
Histologically, we have examined 111 healthy
tendon samples from remnants of grafts used in
ACL reconstruction with hematoxylin and eosin
staining (Fu et al. 2004). A few patches of active
remodeling sites—including perivascular mesen-
chymal cells—could be observed in nine-tenths of
tendon samples. These tendon samples were clini-
cally diagnosed as being healthy, and the patients
had no previous tendon problems. It is possible that
normal tendons are under constant “‘remodeling”
with localized healing responses to microtrauma,
resulting in localized hypercellular regions. The
expression of BMP13 in these regions suggests
that BMP13 may play a role in mediating local-
ized responses to microtrauma. On the other hand,
the expression of BMP13 was nearly undetectable
in the elongated interstitial tenocytes. Tenocytes
and active tenoblasts are regarded as tendon cells
within the same lineage in adult tendon tissues.

Since BMP13 is expressed in tenoblasts but not in
tenocytes, BMP13 may be involved in the differen-
tiation processes of these tendon cells.

It is widely accepted that normal tendon healing
is accomplished in 4 phases: inflammation, prolif-
eration, granulation and remodeling. At the early
stage, extracellular matrices such as fibronectin,
proteoglycan and type III collagen synthesized by
fibroblasts appear sequentially. Later, type III col-
lagen is replaced by type I collagen, which forms
the ground substance of tendon to provide mechan-
ical strength. Recombinant human BMP13 can
increase the expression of the pro-collagen type I
gene in tendon fibroblasts, but it does not affect the
expression of RNAs for pro-collagen type III, deco-
rin and biglycan. This indicates that BMP13 may
play a less important role in reconstitution of pro-
visional matrix, mainly composed of type III colla-
gen and proteoglycans, in the early healing phases.
The effect of BMP13 in inducing the formation of
tendon and ligament-like tissue in animal models
may thus be attributable to enhanced expression of
pro-collagen type I, and hence deposition of type
I collagen in the late phase of tendon healing, for
example, the finding that injection of adenovirus-
BMP13 inside tendon can stimulate the formation
of tendon and ligament-like tissue in rats, and the
finding that injection of BMP13 can strengthen the
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Achilles tendons of rats (Forslund 2003)). With a
better understanding of the molecular mechanisms
behind the activities of BMP13, it may be possible
to use BMP13 to encourage tendon repair in vari-
ous traumatic and pathological conditions.
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