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ADAM12-S Stimulates Bone Growth in Transgenic Mice by
Modulating Chondrocyte Proliferation and Maturation

Marie Kveiborg,1 Reidar Albrechtsen,1 Lise Rudkjær,1 Guanmei Wen,1 Karen Damgaard-Pedersen,2 and
Ulla M Wewer1

ABSTRACT: ADAM12-S transgenic mice exhibit a pronounced increase in the length of bones, such as femur,
tibia, and vertebrae. The effect of ADAM12-S on longitudinal bone growth involves the modulation of
chondrocyte proliferation and maturation, likely through proteolytic activities and altered cell–extracellular
matrix interactions in the growth plate.

Introduction: The disintegrin and metalloprotease ADAM12 is expressed in both osteoblasts and osteoclasts,
suggesting a regulatory role of ADAM12 in bone. However, thus far, no in vivo function of ADAM12 in the
skeleton has been reported.
Materials and Methods: Transgenic mice expressing the secreted form of human ADAM12, ADAM12-S, or
a truncated metalloprotease-deficient form of ADAM12-S in the circulation were used to study the effects of
ADAM12 on the skeleton. In addition, murine chondrocyte cultures were used to study the effect of
ADAM12-S on cell–extracellular matrix interactions.
Results: ADAM12-S transgenic mice exhibit increased longitudinal bone growth. The increased bone length
is progressive and age dependent, with a maximum increase of 17% seen in the femur from 6-month-old
transgenic mice. The effect is gene dose dependent, being more pronounced in mice expressing higher levels
of the transgene than in a lower-expressing line. Histological analysis revealed no alterations in the growth
plate organization, but mean growth plate width was increased. Both the cellular incorporation of bromode-
oxyuridine and the width of the collagen type X–positive hypertrophic zone were increased in the growth plate
of ADAM12-S transgenic mice. Importantly, mice expressing a truncated form of ADAM12-S that lacked the
pro- and metalloprotease domains showed no alterations in bone length, suggesting that protease activity is
required for the ADAM12-S effect. In vitro studies showed that ADAM12-S inhibits chondrocyte adhesion
to fibronectin and collagen type II.
Conclusions: ADAM12-S stimulates bone growth in mice by modulating chondrocyte proliferation and matu-
ration through mechanisms probably involving both metalloprotease and adhesion activities.
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INTRODUCTION

ADAM12 BELONGS TO the family of ADAMs (a disin-
tegrin and metalloproteases), which are multidomain

transmembrane glycoproteins involved in a variety of bio-
logical processes.(1,2) Mouse ADAM12 (initially called
meltrin �) is a prototype ADAM protein comprising extra-
cellular pro-, metalloprotease, disintegrin, cysteine-rich,
and epidermal growth factor (EGF)-like domains, as well as
a transmembrane domain and a cytoplasmic tail. The hu-
man homolog exists in two splice variants: ADAM12-L, a
transmembrane protein similar to mouse ADAM12, and
ADAM12-S, a shorter secreted form that lacks the trans-
membrane and cytoplasmic domains, containing instead a

unique stretch of 33 amino acids at the C terminus.(3) Both

the transmembrane and the secreted forms of ADAM12

are active metalloproteases. ADAM12-S can cleave IGF

binding proteins (IGFBP)-3 and -5,(4,5) as well as the ex-
tracellular matrix proteins, gelatin, type IV collagen, and
fibronectin.(6) ADAM12-L has been shown to shed hepa-
rin-binding EGF (HB-EGF)(7,8) and placental leucine ami-
nopeptidase(9) from their membrane-anchored forms. In
addition, both forms of ADAM12 exhibit cell adhesion ac-
tivities through the disintegrin and cysteine-rich domains,
which are known to interact with integrin and syndecan cell
surface receptors.(10–12)

During mouse embryogenesis, ADAM12 (meltrin �) is
primarily expressed in mesenchymal condensations in re-
gions of muscle and bone formation, such as cranial mem-
branous bones, ribs, and limbs, and in the bone marrow.(13)
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In addition, several studies have shown a role for ADAM12
in mesenchymal tissues.(8,14,15) ADAM12 (meltrin �)-
deficient mice exhibit 30% mortality within the first weeks
after birth, but viable ADAM12 (meltrin �)-deficient mice
appear normal and are fertile. However, detailed analysis
has revealed that homozygous mutant mice have impaired
formation of neck and interscapular muscles(8) and exhibit
moderate resistance to high-fat diet-induced obesity.(16)

Moreover, transgenic mice overexpressing human
ADAM12-S or ADAM12-L show increased adipogen-
esis(15) and improved pathology of dystrophic muscle when
bred into the dystrophin-deficient mdx background.(17)

In agreement with the observed effects in mesenchymal
tissues such as muscle and fat, several in vitro studies have
shown a regulated expression of ADAM12 (meltrin �)
in murine bone cells, including osteoblasts and osteo-
clasts.(18–22) Also, both ADAM12-S and ADAM12-L
mRNA expression have been shown in human osteoblasts,
whereas only the short form was detected in human osteo-
clasts.(23) In contrast, the expression of ADAM12 in chon-
drocytes has not been described. In terms of function, it has
been suggested that ADAM12 plays a role in the fusion of
multinuclear osteoclasts.(18,23) However, no skeletal abnor-
malities have been reported for ADAM12 (meltrin �)-
deficient mice, which may likely be caused by compensa-
tory functions of other ADAM proteins.(24)

In certain situations characterized by excessive growth,
such as during pregnancy and in cancer, ADAM12-S is
present in high amounts in body fluids, including serum(25–

27) and urine.(6) Thus, to study in vivo functions of
ADAM12 in bone, we examined the skeletal phenotype in
transgenic mice expressing full-length ADAM12-S or a
truncated metalloprotease-deficient form of ADAM12-S in
the circulation.

MATERIALS AND METHODS

ADAM12-transgenic and -deficient mice

Transgene constructs encoding the full-length human
ADAM12-S or a truncated form of ADAM12-S, lacking
the pro- and metalloprotease domains (ADAM12-�PM),
under control of the muscle creatine kinase (MCK) pro-
moter, were used to generate transgenic mice.(15) Two dif-
ferent transgenic founder lines expressing high (A12-high,
32 transgene copies) and low (A12-low, 4 transgene copies)
levels of secreted ADAM12-S (68 kDa) in serum, as well as
a single founder line (A12-�PM) expressing the truncated
protein ADAM12-�PM (45 kDa) in serum, were used in
this study (Fig. 1A).(15) The A12-high founder line was
maintained on a B6CBAF1 background, whereas the A12-
low and A12-�PM founder lines were backcrossed to
C57BL/6. All mice were bred as heterozygotes to obtain
littermate controls. Genotyping of the mice was done by
PCR using primers specific for human ADAM12 on DNA
derived from mouse tails as described.(15) Transgenic mice
and control littermates were weighed once a week until
killed at 5, 7.5, 10, or 26 weeks of age to isolate bone
samples. For bromodeoxyuridine (BrdU) incorporation, 2-,
4-, or 7.5-week-old mice were injected intraperitoneally

with BrdU (50 �g/g body weight) 1.5 h before death.
ADAM12 (meltrin �)-deficient mice were kindly provided
by Dr A Sehara-Fujisawa, Kyoto University, Kyoto, Japan,
and were generated and genotyped as described.(8) In ad-
dition, lack of ADAM12 transcripts in the homozygous
knockout mice was confirmed by RT-PCR, as previously
described.(17) All animal experiments were done in accor-
dance with the guidelines of the Animal Inspectorate, Den-
mark.

Antibodies and recombinant protein

Mouse monoclonal antibodies recognizing the ADAM12
disintegrin domain (6E6, 8F8, 6C10) and polyclonal rabbit
antiserum (rb122) that binds the cysteine-rich domain of
ADAM12 were generated and characterized as previously
described.(3,28) The polyclonal antibody against mouse �1
integrin was kindly provided by Dr S Johansson, Uppsala
University, Uppsala, Sweden.(29) Mouse monoclonal anti-
body to BrdU was obtained from Roche (Indianapolis, IN,
USA), mouse monoclonal antibody to collagen X was ob-
tained from Laboratory Vision (Fremont, CA, USA), and
secondary antibodies were obtained from Dako A/S (Glos-
trup, Denmark). Recombinant full-length ADAM12-S and
ADAM12-S with a E351Q catalytic site mutation were pro-
duced in EBNA-293 cells, purified, and shown to be bio-
logically active in protease and cell adhesion assays as pre-
viously described.(5,12)

Bone length measurements, histology,

and immunohistochemistry

Whole body X-ray analysis of ADAM12-S transgenic
mice and control littermates was performed using a Sie-
mens Mammomat 3000 with exposure parameters of 25 mA
and 27 kV. The X-ray images were documented by an

FIG. 1. ADAM12 proteins in serum and bone marrow from
transgenic mice. (A) Western blot analysis using polyclonal rabbit
anti-serum (rb122) to detect ADAM12 protein in serum from
transgenic mice (TG) or littermate control mice (LC), from
founder lines expressing high (A12-high) or low (A12-low) levels
of full-length ADAM12-S (68 kDa), or a truncated form of
ADAM12-S, lacking the pro- and metalloprotease domains (A12-
�PM; 45 kDa). (B) Immunoprecipitation using a mix of mono-
clonal antibodies (6E6, 8F8, 6C10) and subsequent Western blot-
ting using polyclonal rabbit antiserum (rb122) was used to detect
ADAM12-S (68 kDa) in the bone marrow from transgenic mice
expressing high levels of ADAM12-S (TG) or littermate control
mice (LC).
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ADC system (Analog to Digital Converting System-
AGFA 70 8 × 10�). The images were stored in the PACS
system (Picture Archiving and Communicating System
AGFA), and the length of the extremity bones were mea-
sured digitally on the screen. Alternatively, the femur and
tibia were removed, fixed in 4% formaldehyde, and mea-
sured manually using a Callimax. Bone samples were de-
calcified in 10% EDTA, processed, and embedded in par-
affin. Deparaffinized sections (5 �m thick) were stained
with hematoxylin/eosin, Alcian blue/Van Gieson, or used
for immunohistochemistry. Apoptotic cells were detected
using ApoTag reagents according to the manufacturer’s in-
structions (Invitrogen A/S, Taastrup, Denmark). For colla-
gen type X immunohistochemistry, deparaffinized sections
were blocked for endogenous peroxidase activity with 1%
hydrogen peroxide in methanol, treated with 0.4% pepsin
in 0.01 M HCl and 1% bovine testicular hyaluronidase
(Sigma-Aldrich A/S, Brøndby, Denmark) to unmask anti-
gens, blocked in 2% BSA, and incubated with primary an-
tibodies diluted in 2% BSA overnight at 4°C. To detect
BrdU+ chondrocytes, deparaffinized sections were incu-
bated for 20 minutes in 4N HCl and then treated with 0.1%
trypsin and 0.1% CaCl2 in 0.05 M Tris, pH 7.6. Endogenous
peroxidase activity was blocked with 1% hydrogen perox-
ide in methanol before incubating with primary anti-BrdU
antibody overnight at 4°C. For all immunohistochemistry,
primary antibody detection was performed using the Chem-
Mate kit (Dako A/S), and stained sections were examined
using a Zeiss Axioplan microscope equipped with an Ax-
ioCam camera. The AxioVision 4.4 software was used to
measure the width of the total growth plate in the proximal
tibia and distal femur on both hematoxylin/eosin and Al-
cian blue/Van Gieson-stained sections. Collagen type X is a
marker of hypertrophic chondrocytes(30) and collagen type
X-stained sections were used to determine the width of the
hypertrophic zone relative to the proliferative zone of the
growth plate. The mean width was calculated as the average
of several digital measurements from at least five different
animals in each group.

Immunoprecipitation, Western blot,

and immunocytochemistry

Mouse serum and bone marrow samples, as well as total
cell lysates, were examined by immunoprecipitation and
subsequent Western blot analysis or by direct Western blot-
ting as described previously.(15,28) A mix of mouse mono-
clonal antibodies (6E6, 8F8, 6C10) coupled to protein G
Sepharose was used for ADAM12 immunoprecipitation,
and rabbit polyclonal antiserum (rb122) was used for
ADAM12 Western blotting together with horseradish per-
oxidase–conjugated secondary antibodies and the chemilu-
minescence ECL Plus detection system (Amersham Biosci-
ences, Hilleroed, Denmark). Immunocytochemistry using
polyclonal antibodies against �1 integrin and ADAM12
(rb122) was performed on either adherent cells or cells in
suspension as previously described.(15,28)

Quantitative RT-PCR

Total RNA was isolated using the TRIzol Reagent (In-
vitrogen), according to the manufacturer’s protocol. One

microgram of RNA was treated with DNase I (Invitrogen)
and reverse transcribed using the Transcriptor First Strand
cDNA Synthesis Kit (Roche). The quantitative PCR
(QPCR) was performed using the LightCycler FastStart
DNA Master SYBR Green I and the LightCycler QPCR
machine (Roche). Primers targeting the reference gene 18S
rRNA (forward: 5�-CGCCGCTAGAGGTGAAATTC-3�

and reverse: 5�-TTGGCAAATGCTTTCGCTC-3�) pro-
duced a 62-bp band.(31) Primers targeting mouse ADAM12
(forward: 5�-TGTGGAAATGGCTATGTGGA-3� and re-
verse: 5�-CAGGTGGTAGCGTTACAGCA-3�) produced
a 89-bp band. QPCR products were sequenced and checked
for the expected sizes on a 2% agarose gel. The data were
analyzed using the 2−��Ct method.(32)

In vitro assays

Murine �1 integrin–deficient chondrocytes (�1−/−) and
control chondrocytes (�1+/+), kindly provided by Dr R
Fassler, Max Planck Institute of Biochemistry, Martinsried,
Germany, were generated and cultured as described.(10,33)

To examine the effects of ADAM12-S on chondrocyte pro-
liferation, cells were treated with 2 �g/ml recombinant
ADAM12-S or vehicle in serum-free media for 24 h, fol-
lowed by 60-minute incubation at 37°C with 10 �M BrdU.
BrdU+ cells were subsequently detected using a mouse
monoclonal antibody to BrdU as described by the manu-
facturer (Roche). In addition, DNA content in ADAM12-
S- and control-treated cells was examined by flow cytom-
etry. In short, cells were trypsinized, digested with RNase A
for 30 minutes at 37°C, stained with propidium iodide for 30
minutes at room temperature, and analyzed with a FACS-
calibur machine (BD Biosciences, Palo Alto, CA, USA).
For cell attachment assays, 96-well plates were first coated
with 10 �g/ml fibronectin or collagen type II. Cells that had
been treated with 2 �g/ml recombinant ADAM12-S,
ADAM12-S with a catalytic site mutation, or vehicle for 1
h in serum-free media were allowed to attach for 1 h at
37°C in the presence of recombinant protein. Adherent
cells were fixed, stained, and examined at OD 590 nm, as
previously described.(34) Each assay was carried out in six
separate wells and was repeated in three independent ex-
periments.

Statistical analysis

All data are expressed as means ± SD. The Student’s
t-test or Mann-Whitney U–Wilcoxon rank sum W-test was
used to compare two groups of data, with p < 0.05 consid-
ered statistically significant.

RESULTS

Longitudinal bone growth is increased in

ADAM12-S transgenic mice

To study the functional role of ADAM12 in bone tis-
sue, we examined transgenic mice expressing human
ADAM12-S under control of the MCK promoter(15) that
directs transgene expression to striated muscle.(35) Because
ADAM12-S is a secreted protein, it is released into the
circulation and can be detected in serum from transgenic
mice (Fig. 1A). Moreover, ADAM12-S protein can access
bone tissues as shown by immunoprecipitation and
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subsequent Western blot analysis of bone marrow flushed
from long bones of transgenic mice and littermate controls
(Fig. 1B). Up to 25 weeks of age, no overall difference in
the size or total body weight of transgenic mice expressing
high levels of ADAM12-S was observed compared with
control littermates (Fig. 2A). However, older mice have
previously been reported to exhibit increased total body fat
mass(15) and some transgenic mice (especially females) de-
veloped kyphosis, a characteristic bending of the vertebral
column. Both digital X-ray analysis and manual measure-
ments of the length of tail vertebrae as well as the femur
and tibia revealed a marked increase in longitudinal bone
growth in ADAM12-S transgenic mice compared with lit-
termate controls at 6 months of age (Fig. 2B). The increase
in bone length is progressive and age dependent, rising
from an 8% increase in femur length at 5 weeks of age to
9% at 10 weeks and 17% at 6 months of age (Fig. 2C).
Moreover, comparing femoral length in independent
ADAM12-S transgenic founder lines expressing high (A12-
high) and lower (A12-low) levels of ADAM12-S in the cir-
culation showed that the effect is gene dose dependent; that
is, longitudinal bone growth was increased in both trans-
genic lines compared with littermate controls, but more so
in mice expressing the higher ADAM12-S levels (Fig. 2D).

ADAM12-S–induced bone growth requires the pro-

and metalloprotease domains

The findings of increased bone length in ADAM12-S
transgenic mice raised the question of whether ADAM12
metalloprotease activity is involved. To address this issue,
we analyzed transgenic mice expressing a truncated form of
ADAM12-S that lacked the entire pro- and metalloprote-
ase domains (ADAM12-�PM). No change in longitudinal
bone growth was observed in 6-month-old ADAM12-�PM
transgenic mice compared with littermate controls (Fig.
3A), indicating that the effect of ADAM12-S on bone
growth is metalloprotease dependent. To determine wheth-
er ADAM12 is essential for proper growth of long bones,

we examined femoral length in 10-week-old mice with a
targeted deletion of the ADAM12 gene. No difference was
observed when comparing ADAM12-deficient mice with
mice heterozygous for the targeted allele or wildtype mice
(Fig. 3B).

ADAM12-S modulates proliferation and maturation

of growth plate chondrocytes

Longitudinal bone growth is regulated at the growth
plate formed between the diaphysis and epiphysis by the
segregation of chondrocytes at different stages of differen-
tiation.(36,37) To examine the increased bone length associ-
ated with ADAM12-S expression in more detail, we per-
formed a histological analysis of the growth plate in the
proximal tibia from 5-, 7.5-, or 10-week-old ADAM12-S
transgenic mice and littermate controls. ADAM12-S trans-
genic mice were found to have an apparently normal orga-
nization of the growth plate; however, the overall width of
the growth plate was statistically significantly increased in
ADAM12-S transgenic mice compared with littermate con-
trol mice (Figs. 4A and 4B). Furthermore, immunohisto-
chemical staining of the growth plate in transgenic and lit-
termate control mice for collagen type X showed no
obvious change in either staining pattern or intensity (Figs.
4C and 4D). However, digital measurements of collagen
type X–stained sections revealed an increased width of the
collagen type X–positive region, representing the prehyper-
trophic and hypertrophic zones, in transgenic mice, whereas
no change in the collagen type X-negative region (including
the proliferative and resting zones) was observed (Figs. 4C,
4D, and 4G).

Because hypertropic chondrocytes are terminally differ-
entiated cells, derived from the maturation of proliferating
chondrocytes, expansion of the hypertrophic zone may be
caused by enhanced proliferation and maturation of chon-
drocytes. To test this possibility, we examined chondrocyte
proliferation by the incorporation of BrdU. The number of
BrdU+ cells in the proliferative zone of the growth plate

FIG. 2 . Increased bone length in
ADAM12-S transgenic mice. (A) Total body
weight of female and male transgenic mice
expressing high levels of ADAM12-S (TG)
versus female and male littermate controls
(LC), up to 6 months of age (n > 5 in each
group). (B) Digital measurements of the
length of femur, tibia, and three consecutive
tail vertebrae in 6-month-old transgenic mice
expressing high levels of ADAM12-S (TG)
or littermate controls (LC). (C) Femoral
length at 5, 10, or 26 weeks of age in trans-
genic mice expressing high levels of
ADAM12-S (TG) or littermate controls
(LC). (D) Femoral length in 6-month-old
mice from two independent ADAM12-S
transgenic founder lines expressing high
(A12-high) or low (A12-low) levels of
ADAM12-S. For B-D, n > 7 in each group.
ap < 0.005, bp < 0.001 when comparing trans-
genic vs. control mice; cp < 0.001 when com-
paring the two transgenic founder lines.
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was increased in 7.5-week-old ADAM12-S transgenic mice
compared with control littermates (Figs. 4E, 4F, and 4H).
However, counting the number of cells per column revealed
no significant difference (data not shown). In addition, de-
tection of apoptotic cells in the growth plate by ApoTag-
staining showed only a few apoptotic cells, and no differ-
ence between transgenic mice and littermate controls was
detected (data not shown).

To examine the effect of ADAM12-S on chondrocyte
proliferation in vitro, we treated murine chondrocytes with
purified recombinant ADAM12-S or vehicle control. How-
ever, no effect of ADAM12-S treatment on cell prolifera-
tion was observed by either BrdU incorporation or by flow
cytometry of propidium iodide–stained cells (data not
shown), indicating that the effect of ADAM12-S on chon-
drocyte proliferation involves additional factors present
only in vivo.

Endogenous ADAM12 interacts with integrins

in chondrocytes

Chondrocytes express several different members of the
integrin family,(38) and chondrocyte proliferation and dif-

ferentiation is highly dependent on the contact between
these cell surface receptors and the surrounding ECM.(39)

ADAM12 is known to mediate some of its biological func-
tions through a direct interaction with integrins, including
�1 and �3 heterodimers.(11,12,40) To study whether the de-
scribed effects of ADAM12 on chondrocytes may also be
mediated through integrin-dependent pathways, we exam-
ined the expression of ADAM12 in chondrocytes derived
from mice with a targeted deletion of �1 integrin in carti-
lage and control chondrocytes.(33) Western blot analysis
showed that ADAM12 is expressed in apparently equal
amounts in �1 integrin–expressing chondrocytes and �1 in-
tegrin–deficient chondrocytes; however, quantitative RT-
PCR analysis showed an ∼4-fold higher level of ADAM12
mRNA in control chondrocytes compared with chondro-
cytes lacking �1 integrin (data not shown). As expected, �1
integrin expression was detected at the surface of control
chondrocytes (Fig. 5A), whereas no �1 integrin was ob-
served in �1 integrin–deficient chondrocytes (Fig. 5B). In-
triguingly, ADAM12 immunocytochemistry of both perme-
abilized adherent chondrocytes (Figs. 5C and 5D) and
unpermeabilized cells in suspension (Figs. 5E and 5F)
showed a clear staining at the surface of �1 integrin–
deficient chondrocytes (Figs. 5D and 5F), whereas
ADAM12 was only weakly detected in cells with intact �1
integrin expression (Figs. 5C and 5E). Because ADAM12
mRNA and protein were clearly detected in both control
and �1 integrin–deficient chondrocytes, the difference in
ADAM12 immunocytochemical detection is most likely
caused by an endogenous interaction between �1 integrin
and ADAM12 changing the ADAM12 immunoreactivity in
situ.

ADAM12-S reduces chondrocyte attachment on

extracellular matrix components in vitro

The perceived interaction between ADAM12 and inte-
grins in chondrocytes led us to test whether ADAM12-S
affects integrin-mediated chondrocyte attachment on ECM
components. For this purpose, we treated murine chondro-
cytes with recombinant ADAM12-S and studied the effect
on cellular attachment to collagen type II and fibronectin in
vitro. Interestingly, ADAM12 acts as a disintegrin, reducing
cellular attachment on collagen type II and fibronectin by
46% and 36%, respectively (Fig. 6A). On the contrary,
ADAM12-S with the catalytic site mutated did not show
any significant effect on chondrocyte attachment (data not
shown). Previous findings have shown that, although
ADAM12 interacts primarily with �1 integrin, in its ab-
sence, �3 integrin can act as its binding partner.(41) This
mechanism is supported by our findings that, similar to the
effect in �1 integrin-expressing control chondrocytes,
ADAM12-S inhibited the cellular interaction with collagen
type II by 17% and with fibronectin by 38% in cells lacking
�1 integrin (Fig. 6B).

DISCUSSION

Several studies have reported a regulated expression of
ADAM12 in bone cells in vitro.(18–23,42) Here, we describe

FIG. 3. The increase in bone length requires the pro- and me-
talloprotease domains. (A) Femoral length in 6-month-old trans-
genic mice (TG) expressing high levels of full-length ADAM12-S
(A12-high) or a truncated form of ADAM12-S, lacking the pro-
and metalloprotease domains (A12-�PM) vs. the respective lit-
termate controls (LC). (B) Femoral length in 10-week-old
ADAM12-deficient mice (A12−/−), mice heterozygous for the tar-
geted allele (A12+/−), or littermate wildtype controls (A12+/+). In
both panels, n > 7 in each group. bp < 0.001.
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for the first time an in vivo analysis of the role of ADAM12
in the skeleton using a transgenic mouse model. Overex-
pression of human ADAM12-S under control of the MCK
promoter leads to high levels of secreted ADAM12-S in
serum, which can therefore access bone tissue through the
blood stream. Interestingly, longitudinal bone growth is
markedly increased in ADAM12-S transgenic mice com-
pared with littermate controls. The effect is gene dose de-
pendent and occurs in a progressive and age-related man-
ner.

The regulation of postnatal bone growth is a complex
process,(30) involving a multitude of hormones and growth
factors.(43,44) Thus, the observed increase in bone growth in
ADAM12-S transgenic mice may likely implicate changes
in some of these regulatory factors, either systemically or
locally in bone tissue. For instance, ADAM12-S acts as an
IGFBP protease in vitro,(5) and although no difference in
the level of total IGF-I in serum from ADAM12-S trans-
genic mice and littermate controls was observed (unpub-
lished results), it is possible that the amount of IGF-I bound
to IGFBPs, and thereby free to act on bone cells, is altered.
In addition, sex steroids, such as estrogens, may play a role
in the effect of ADAM12 on longitudinal bone growth.
Estrogen receptor �–deficient female mice have been re-
ported to exhibit increased femoral length.(45,46) However,
this effect is somewhat smaller than in ADAM12-S trans-
genic mice, and in contrast to the increased bone growth in
ADAM12-S transgenic mice, which is progressive, the in-
crease in bone length in young estrogen receptor � null
mice is reversed in older animals.

In many ways, the observed bone phenotype in
ADAM12-S transgenic mice resembles that of mice with a

loss-of-function mutation in the fibroblast growth factor re-
ceptor 3 (Fgfr3). Like mice overexpressing ADAM12-S,
mice lacking Fgfr3 function exhibit a marked increase in the
length of the vertebral column and long bones, character-
izing Fgfr3 as a negative regulator of bone growth.(47) As in
the Fgfr3 null mice, the kyphosis in ADAM12-S transgenic
mice is most likely caused by overgrowth rather than a
collapse of the vertebral body, yet detailed BMD studies
are under preparation to clarify this. Also, the enhanced
growth in both these mouse models is accompanied by ex-
pansion of the epiphyseal growth plates.

The growth plate is formed between the diaphysis and
epiphysis by the segregation of chondrocytes at different
stages of differentiation.(37) Subsequent longitudinal bone
growth is strictly regulated by the balanced proliferation
and differentiation of growth plate chondrocytes. The width
of the hypertrophic zone is maintained by the rate at which
chondrocytes enter the hypertrophic phase, as well as by
the rate of invasion at the chondro-osseous junction. Nei-
ther TRACP staining of bone sections or preliminary bone
histomorphometry revealed any difference in the number
of osteoclasts in the proximal tibia of ADAM12-S trans-
genic mice compared with littermate controls (unpublished
results). However, an increase in the number of chondro-
cytes incorporating BrdU, an established marker of cell
proliferation, was observed and may well explain the ex-
pansion of the hypertrophic zone in ADAM12-S transgenic
mice.

To study the effect of ADAM12 on chondrocyte prolif-
eration in more detail, we tested the effect of treating mu-
rine chondrocytes with purified recombinant ADAM12-S
protein in vitro. However, no difference in proliferation was

FIG. 4. ADAM12-S modulates proliferation and maturation of growth plate chondrocytes. (A and B) Alcian blue/Van Gieson–
stained growth plates in the proximal tibia of 5-week-old transgenic mice expressing high levels of ADAM12-S (TG) or littermate
control mice (LC). (C and D) Collagen type X immunohistochemistry in the growth plate of 7.5-week-old transgenic mice expressing
high levels of ADAM12-S (TG) or littermate control mice (LC). (E and F) BrdU incorporation in proliferating chondrocytes in the
tibial growth plate from 7.5-week-old transgenic mice expressing high levels of ADAM12-S (TG) or littermate control mice (LC). Bars
in A–D are 80 �m and bars in E and F are 40 �m. (G) Digital measurements of the width of the total growth plate (total GP), the
collagen type X-negative region of the growth plate, including resting and proliferative zones (PZ), or the collagen type X-positive
region of the growth plate, including the prehypertrophic and hypertrophic zones (HZ) in the proximal tibia from 7.5-week-old
transgenic mice expressing high levels of ADAM12-S (TG) or littermate controls (LC). (H) Percentage BrdU+ cells in the growth plate
of 7.5-week-old transgenic mice expressing high levels of ADAM12-S (TG) or littermate control mice (LC). For G and H, n � 5 in each
group. ap < 0.05, bp < 0.01.
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detected when comparing ADAM12-S– and vehicle-treated
cells. This discrepancy between in vivo and in vitro findings
may indicate that the effect of ADAM12-S on chondrocyte
proliferation seen in the growth plate of ADAM12-S trans-
genic mice requires additional factors present only in vivo.
ADAM12-S is an active metalloprotease(5); thus, it is pos-
sible that in the ADAM12-S transgenic mice, ADAM12-S
stimulates chondrocyte proliferation indirectly by cleaving
IGFBPs or other unidentified substrates, thereby stimulat-
ing growth factors.

The indication that ADAM12 may mediate its effect on
the skeleton, at least in part, through its metalloprotease
activity is strongly supported by the observation that ex-
pression of a truncated form of ADAM12-S, lacking the
entire pro- and metalloprotease domains, caused no differ-
ence in bone length. Moreover, ADAM12 does not seem to
be essential for proper regulation of bone length, because
no abnormal femur length was seen in ADAM12–deficient
mice. However, a certain redundancy between different
ADAM proteins has previously been shown(24) and may
account for the apparently normal bone growth in
ADAM12-deficient mice.

ADAM12-S exhibits other functions beyond its proteo-
lytic activity. For example, it is known to interact with cell
surface adhesion molecules, including syndecans and inte-
grins.(10–12,41) Integrins are highly expressed on chondro-
cytes, where they mediate adhesion to cartilage matrix pro-
teins.(38) Cell-ECM interactions in the growth plate are
believed to regulate, in concert with growth factors and
cytokines, chondrocyte proliferation and maturation.(30,39)

Accordingly, specific inactivation of the �1 integrin gene in
chondrocytes causes a severe chondrodysplasia and short-
ening of the long bones, due in part to loss of adhesion to
collagen type II and fibronectin, as well as decreased chon-
drocyte proliferation.(33) Interestingly, the decreased chon-
drocyte proliferation in these mice is partially caused by
overexpression of Fgfr3. With this in mind, we tested
whether ADAM12 may mediate its effect on chondrocytes
by modulating integrin functions. Both RT-PCR and West-
ern blot analysis revealed the expression of ADAM12 in
murine chondrocytes; however, little ADAM12 was de-
tected by immunocytochemistry. In contrast, clear immu-
nostaining was observed in chondrocytes derived from mice
with a targeted deletion of �1 integrin, indicating that an

FIG. 5. Endogenous ADAM12 interacts with integrins in chon-
drocytes. (A and B) Immunocytochemical staining of �1 integrin
in nonpermeabilized �1 integrin–expressing chondrocytes (�1+/+)
or �1 integrin–deficient (�1−/−) chondrocytes in suspension. (C
and D) Immunocytochemical staining of ADAM12 in permeabi-
lized adherent �1 integrin-expressing chondrocytes (�1+/+) or �1
integrin-deficient (�1−/−) chondrocytes. (E and F) Immunocyto-
chemical staining of ADAM12 in nonpermeabilized �1 integrin–
expressing (�1+/+) chondrocytes or �1 integrin–deficient (�1−/−)
chondrocytes in suspension.

FIG. 6. Recombinant ADAM12-S inhibits chondrocyte attach-
ment in vitro. Attachment of (A) �1 integrin–expressing chon-
drocytes (�1+/+) or (B) �1 integrin–deficient chondrocytes (�1−/−)
after 1-h treatment with 2 �g/ml purified recombinant
ADAM12-S (rA12-S) or vehicle control, followed by 1-h attach-
ment on plates coated with 10 �g/ml fibronectin (FN) or collagen
type II (Col II). The quantitations represent the average measure-
ment at OD 590 nm of six different wells after crystal violet stain-
ing and a representative of three independent experiments is
shown. bp < 0.01.
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endogenous interaction between ADAM12 and �1 integrin
somehow regulates the bioavailability of ADAM12 in
chondrocytes and thereby possibly its functions.

The hypothesis that ADAM12 may exert integrin-
dependent functions in the growth plate is supported by in
vitro studies showing that ADAM12-S inhibits cell adhe-
sion on both fibronectin and collagen type II. No significant
effect was seen when cells were treated with a catalytically
dead ADAM12-S mutant, suggesting that ADAM12 pro-
tease activity is somehow involved. �1 integrin het-
erodimers are thought to serve as receptors for fibronectin
and collagen type II in chondrocytes.(38,48) However,
ADAM12 still inhibited adhesion to both fibronectin and
collagen type II in �1 integrin-deficient chondrocytes, indi-
cating that other cell adhesion receptors are involved. This
confirms our recent findings showing that loss of �1 inte-
grin–ADAM12 interactions in �1 integrin–deficient chon-
drocytes can be compensated for by other integrins, includ-
ing �3 integrin.(41)

In conclusion, the naturally occurring soluble form of
human ADAM12 stimulates longitudinal bone growth in
mice by mechanisms requiring an intact metalloprotease
domain. In addition, molecular interactions between
ADAM12 and �1 integrins may likely change cell–matrix
contacts in the growth plate, which can modulate both
chondrocyte proliferation and differentiation, and conse-
quently, longitudinal bone growth.
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