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Fibromodulin is Expressed by Both Chondrocytes and
Osteoblasts During Fetal Bone Development

Francesca Gori, Erniestina Schipani, and Marie B. Demay*
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3

Abstract Fibromodulin, a keratan-sulfate proteoglycan, was first isolated in articular cartilage and tendons. We
have identified fibromedulin as a gene regulated during BMP-2-induced differentiation of a mouse prechondroblastic
cell line, Because expression of fibromedulin during endochondral bone formation has not been studied, we examined
whether selecied cells of the chondrocytic and osteublastic lineage expressed fibromodulin, Fibromodulin mRNA was
detected in conditionally immontalized murine bone marrow stromal cells, osteablasts, and growth plate chondrocytes,
as well as in primary murine calvarial osteoblasts. We, therefore, investigated the temporo-spatial expression of
fibromodulin in vivo during endochondral bone formation by in situ hybridization. fibromodulin was first detected at
15.5 days post coitus (dpc) in the perichondriurn and proliferating chondrocytes. Fibromodulin mRNA was also detected
at 15.5 dpc in the bone collar and periosteurn. At later time points fibromodulin was expressed in the primary spongiosa
and the endosteum. To determine whether fibromodulin was expressed during intramembranous bone formation as
weil, in siw hybridization was performed on calvariae. Fibromodulin mRNA was present in calvarial osteoblasts irom
15.5 dpc. These results demonstrate that fibromodulin is developmentally expressed in cartilage and bone cells during
endochondral and inttamembranous ossificaticn. These findings suggest that this extracellular matrix protein plays a role
in both endochondral and intramembranous bone formation, ). Cell. Biochem. 82: 46-57, 2001, & 2001 Wiley-Liss, Inc.,
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The skeleton is a specialized class of connec-
tve tissue that provides wmechanical and pro-
tective properties, as well as supporting
tneibolic funciious, oi all verlebrates, The
principal cells of the skeleton, the osteoblasts
and chondroblasts, synthesize the extracellular
matrix (ECM), which is critical for the normal
structure and function of skelelal tissue {Marks
and Hermey, 1996). Although the 'ECM is
composed primarily of collagens, 10% of matrix
proteins are non-collagenous [Marks and Her-
mey, 1996]. It is well known that non-collage-
nous proteins interact with collagens and with
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other matrix proteins to maintain skeletal
indeprity (Robey el ai,, 1992, Robey and Boskey,
1995; Robey, 1996]. Among these non-collage-
awus proleins, is a family of small leucine-rich
repeat proteins (SLRP), which play an impor-
tant role in ECM organization in many con-
nective tissues [Robey, 1996; lozzo, 1998]. To
date, members of this family include biglycan,
decorin, Rbromodulin, lumican, chondroad-
herin, proteoglycan-Lb, ostcoglycin, osteoad-
herin, and keratocan (lozzo, 1998]. Overall
these proteins are characterized by a core
protein containing leucine-rich repeats, flanked
on either side by cysteine residues [lozzo, 1998;
Matsushima et al., 2000]. Fibromodulin, lumi-
can, chondroadherin, osteoglycin, osteocad-
herin, and keratocan carry keratan sulfate
glycosaminoglycan side chains at their N-
termini, while proteoglycan-Lb carries derma-
tan sulfate glycosaminoglycan side chains and
the other members of the family are chondrottin
sulfate proteoglycans [Robey, 1996,  lozzo,
1998]. Decorin and biglycan, are expressed both
in cartilage and bone [Banco et al., 1990; Hobey,
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1996; lozzo, 1998; Matsushima et al, 2000],
whereas osteoglycin, and osteoadherin have
been shown to be rather specific for bone [Bentz
et al., 1989; Wendel et al., 1998]. Fibromodulin
has been detected in embryonic sclerotomes at
9.5 days post coitus (dpe) [Wilda et al., 2000],
however, at later stages of development its
expression was thought to be restricted primar-
ily to articular cartilage and tendon {Nurmins-
kya and Birk, 1996; Wendel et al., 1998; Murphy
et al,, 1999]. The other members of the SLRP
family are expressed in several connective
tissues including cartilage, but not in bone
[{Heinegard et al, 1986; Larsson et al., 1991;
Shinomaura and Kimata, 1992; Hedlund et al.,
1994; Corpuz et al., 1996; Yng et al., 1997].

Fibromodulin, like decorin and biglycan,
binds to TGEF-f81, -2, and -fi3 and is though to
modulate the activity of these growth factors
{Yamaguchietal., 1990; Hildebrand et al., 1994,
Takeuci et al, 1994]. Members of the TGF[f}
superfamily have also been shown to regulate
the expresston and the synthests of decorin and
biglycan {Westergren-Thorsson et al., 1991;
Takeuci et al,, 1993; Lecanda et al.,, 1997;
Takagi et al., 1999; Yamada et al, 1999}
However, the expression and synthesis of
fibromodulin is not regulated by TGF-f {Takagi
et al., 1999] and the ecffect of BMP-2 on
fibromodulin expression has not been studied.

Using differential display PCR, we identified
fibromodulin as a gene regulated as a prechon-
droblastic cell line, MLBI3MYC clone 17,
[Rosen et al., [994] acquires markers of the
osteoblast phenotype in response to BMP-2. As
reported by Rosen et all [1994] upon 24 h of
BMP-2 treatmoent, these cells rapidly lose
chondrocytic markers and express osteohlastic
markers including type [ collagen 4nd osteocal-
cin mENA. Since the BMP-2-induced expres-
sion of osteoblastic markers by MLBI3MYC
clone 17 eells parallels molecular events scen
during endochondral bone formation in vivo,
these culls are o suitable model for studying
genes expressed and regulated during endo-
chondral bonc formation.

Because Abromodulin was regulated during
MLBISMYC clone 17 cell acquisition of the
osteoblastie phenaotype, we examined fibromo-
dulin expressiun in cells of both the chondrocy-
tic and osteoblastic lincage tn vitro and
imvesligated s temporospatial expresswon
viva during endochondral and intramembra.
nous bone formation.

METHODS
Reagents

Tissue culture media, FBS, trypsin-EDTA,
and penicillin--streptomycin  were obtained
from Gibeo/BRL (Grand Island, NY). Molecular
biology reagents, PGEM-T easy vector system
and enzymes were purchased from Promega
(Norwalk, CT). Trizol was obtained from Sigma,
Radioisotopes were purchased from Dupont
New England Nuclear (Boston, MA). The ran-
dom primer labeling kit (Megaprime DNA
labelling systems) was from Amersham (Piscat-
away, NJ). QuikHyb Solution was purchased
from Gibco/BRL (Grand Island, NY). Nylon
membranes were obtained from Biotrans ICN
(Aurora, QH). RNAimage®™ and Message-
Clean™ kits were purchased from GenHunter
Corp (Nashville, TN). NTB2 Photoemulsion was
purchased from Kodak {(Rochester, NY). The
MLB13MYC clone 17 cell line and BMP-2 were
kindly provided by Dr. V. Rosen (Genetics
[nstitute). Conditionally immortaiized murine
bone marrow stromal cells, murine osteoblasts,
and murine chondrocytes were kindly provided
by Dr. F.R. Bringhurst {Massachusctts General
Hospital, Boston, MA),

Cell Culture

The prechondroblastic cell line, MLB13MYC
clone 17, was isolated and characterized by myc
immortalization of embryonic Day 13 mouse
limh bud cells [Rosen et al., 1994 MLEB13MYC
clone [7 cells were maintained as previously
reported [Rosen et al,, 1994] in DMEM supple-
mented with 10% heat inactivated (IID-I'CS
and 1% penicillin/streptomycin. Al conflluence,
the cells were treated with 0, 200, and 500 ng/imd

- BMP-2 in DMEM containing 1% IHI-FCS and

1% penicillin/streptomycin for 8, 16, 24, and 96
h. Untreated cells were used as negative
controls for cach time potnt. Fresh medium
with and withwout BMP-2 was added every 24 b
Conditionally immortalized murine bene mar-
row stromal cells, osteoblasts, and growth plate
chondroeytes were cullured as  previeusly
reported [Divieti et al,, 1998; Liu et al., 1995)
Conditionnally immortalized murine growth
plate chondrocyles were treated with or without
100 ng/ml of BMDP-2 for 96 h [Macl.ean et al.,
L999]. Primary calvarial osteoblasts from L8O
dpe cmbryos were obtained as previously
deacribed  [Diviett oL al, 1998] and  wory
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cultured in aMEM supplemented with 10% HI-
FFCS and 1% penicillin/streptomycin,

Differential Display (dd) PCR

Total RNA, isolated from MLB13MYC clone
17 cells treated with BMP-2 (0, 200, and 500 ng/
ml) for 8, 16, or 24 h, was first treated with
RNase-free DNase [ to eliminate contaminating
chromosomal DNA. Two independent ddPCR
reactions were performed according to the
manufacturer’s instructions. The radiocactive
PCR products were resolved on denaturating
6% polyacrylamide sequencing gels. After over-
night autoradiography, differentially expressed
bands were identified by eomparison of ddPCR
products representing mRNA species from
BMP-2 treated and untreated cells. ddPCR
products that were reproducibly differentially
expressed were rearnplified according to the
manufacturer’s instructions, subcloned into
PGEM-T easy and subjected to DNA sequence
analysis.

Northern Blot Analysis

Total RNA was isolated from MLB13MYC
clone 17 cells treated with BMP-2 (0, 200, and
500 ng/ml) for 8, 16, or 24 h. Ten miecrogram of
total RNA were resolved on a 1% agarose/
formaldhehyde gel and transferred to a nylon
membrane by capillary blotting. Probes were
radiolabeled with [x-**I’] dATP to a specific
activity of >10® cpm/pg DNA. Control hybridi-
zation with an 185 rRNA antisense oligonucleo-
tide verified that equal amounts of RNA were
loaded.

In Situ Hybridization

Hind limbs and calvariae from 14.5¢0 18.5 dpe
embryos and from neonatal mice weré fixed in
10% buffered formalin followed by dehydration
and paraffin embedding. Tissue blocks were cut
into 6 pm sections, deparaffinized, and rehy-
drated. After rehydration the slides were fixed
in 4% paraformaldehyde, digested with 10 pg/f
mlof proteinase K and incubated with 0.2 N [HCI
for 10 nvin. After 10 ymin in a solution of 0.1 M
tricthanolamine and acetic anhydride, the
shides were dehydrated through graded ethanol
snenthations and aordried Riboprobes were
radiolubeted with "*S-UT'P 1o a specific activity
of at least 107 epmyjyr of riboprobe leraplate.
Hybridization was performed at 55 °C for 20 h
e 50% formamide, 10 mdt Trs-UCY pll 7.8,
200 pg/mi tRNA, 1X Denhardt’s solution, 10%

dextran sulfate, 600 mM NaCli, 0.25% SDS, and
50 mM DTT. Sequential washes with graded
stringency were performed, following which
slides were dipped in photoemulsion and
exposed at 4°C, After developing, the slides
were counter stained with hematoxylin and
eosin to identify the cellular source of the signal.
Control experiments using fibromnodulin sense
riboprobes were performed to insure specificity
of the signal.

RESULTS '

Total RNA, isolated from MLB13MYC clone
17 cells treated with 0, 200, or 500 ng/ml of
BMP-2 for 8, 16, and 24 h, was used for ddPCR
experiments. As previously reported, in
response to BMP-2 stimulation, these cells
acquire markers of the osteoblast lineage
including expression of type [ collagen and
osteocalein [Rosen et al., 1994]. After overnight
autoradiography bands, representing differen-
tially expressed mRNAs, were identified. One of
the differentially expressed PCR products,
induced within 16 h of BMP-2 treatment
(Fig. 1, arrow), was a 210 base pair product
whose sequence was 99% identical to the 3
untranslated region of mousc fibromodulin
mRNA (bases 2502 -2712) (Genebank X94998).

Northern analyses, using total RNA isolated
from MLBI3MYC clone 17 cells probed with the

Time (h) 0 16
BMP-2 (ng/ml) = 200 500

alkel . i

Fig, 1. Dateseanal display PR presdunds o MUBEIMYC
clone 107 ceils, (il were tealed oo b6 bowatin 4, 2, or SO0
npfmi ot BMP 2. RT-PCR reactions were pertorined using .1
pe ol tatal RNAD The resultant feer st ot cDINA wan
amphiied usng an oligo dF penter ancharad wath o uoeque 3
Bas IAAGE T Aland a degzenerote 57 obponne leonicde pamernm
the prosenee of 2 pCr la UP1dATE tae al (vt The radhioactive
POR products swere resolved on o 6% potyacylomide sequen:
g pel Arrow indicates the Candidote CLNA Thal apgrears 1o T
diterennally exprsseald
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Fig. 2. Northern analysis. Total RNA isofated  from
MLB13IMYC clone 17 cells treated or nod with 200 ng/mi of
BMP-2, was transferred to nylon membxanes and hybridized 1o
an o} P labeled cNA probe for fibramodutin (2.7 kb). A: Time
course for fibromodulin expression (FMOD). B: Effect of
cyclaheximide (CHX) on the induction of fibromodulin expres-

c¢DNA for fibromodulin, detected a single mRNA
transcript of 2.7 kb (Fig. 2A). Fibromodulin
mRNA expression was induced 2.4-fold and 5-
fold at 16 and 24 h of BMP-2 treatment,
respectively. Since fibroinodulin expression
was induced early in MLB13MYC clone 17 cells,
before classical markers of osteoblast differen-
tiation [Rosen ct al., 1994], cycloheximide
{CHX} experiments were performed to address
whether new protein synthesis was required for
fibromodulin induction. Previous studies in our
laboratory have demonstrated that 1 pg/ml of
CHX inhibits greater than 90% of new protein
synthesis in the MLB13MYC clone 17 ¢ells, as
assessed by ™S methionine incorporation
[Kearns and Demay, 2000]. Therefore, for these
experiments CHX, at this dose, was added 2 h
before BMP-2 (200 ng/ml) and for the duration
ol BMP-2 treatment (24 h). As shown in Figure
213, CHX inhibited inductien of fihromodulin
mRNA, suggesting that new protein synthesis
is required for this response.

Since MLBIIMYC clone 17 cells have fea-
tures of prechondroblastic cells and, upon BMP-
2 treatment acquire features of osteoblasls, we

sion, CHX {1 pp/ml} was added 2 b before BMP-2 (200 ng/inl)
and continued for the doration of BMP-2 treaunent (24 h). The
experiments were carried out at least three times, and a
representalive blot s shown. Control hybridization with an
185 rRNA probe verified the amount of RNA loaded.

next investigated whether selected chondrocyte
and osteoblast cell lines express fibromodulin,
Fibromodulin mRNA was detected in condition-
ally immortalized murine osteoblasts and hone
marrow stromal cells isolated from 18.5 dpe
embryos, as well as in primary calvarial osteo-
blasts from 18.5 dpe embryos (Iig. 3A). Fibro-
modulin expression was also detected in
conditionally immortalized murine growth
plate chondrocytes, and 96 h of BMP-2 treat-

~ment (100 ng/ml) increased fibromodulin

mRNA levels by 2.4-fold in these cells as well
(Fig. 3B).

Since fibromodulin was expressed in vitro by
cells of the chondrocytic and osteoblastic line-
age, we performed in situ hybridization to
determine whether osteoblasts and growth
plate chondrocytes express fibromodulin in
vivo, [n tibiae of newborn mice, Abromodulin
mRNA was detected in articular and proliferat-
gz chondrocytes (g 4A and B). As shown in
Figure 41, fibromodulin expression decreased
toward the distal part of the growth plate, such
that prehypertrophic and hypertrophic chon-
drocyles were negative for libromodulin (Fig. AA
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FMOD
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fig. 3. Northern analyses. Total RNA, 1sofated from cells of the
asteoblast and chondreblast ineage, was transferred to nylon
membranes and hybridized with an a'?P-labeled cDNA probe
for tibromodulin (MOD). Ar Lane 1: conditionally immaorta-
el prinary osteoblasts odn 185 dpc embryes; Lane 2:
conchuonally unmonabsed munme marrow  stromal cells:

and 1%). Fibromodulin was aiso detected in the
osteoblasts of the primary spongiosa, the peri-
osteum, and the endosteum (IMig. 4A and B). As
shown in Figure 4C no signal was detected when
sense probe was used, conflirming specihicity of
the signal.

The novel observation that fibromoedulin was
expressed in growth plate chondrocytes and
osteoblasts in vitro and in vivo led us to examine
the temporad expression of ibromoduhin during
endochondral bone formation {(embryome Days
[4.5--18.5 pc). As shown in Figure 5, fibromo-
dulin was first detected at Day 15.5 pe. At this
stage, fibromodulin was expressed in the pro-
lileraling chondrocyiles, perichendrium, and
bone collar (Fig. 58 and G). AL 16.5 dpe (Iig.
30 and 1) hbromedulin was also seen in the
articular chondrocytes. As shown in Figure 50},
i, I andJ, at 17.5 and 18.5 dpe the expression of
(ibromodulin is highest in the periarticular and
proiiferating chondrocytes and absent in the
hypertrophic chondrocvtes. No  signal was
detected when fibromodulin sense probe was
used. confirming specificity of the signal (data
not shown,

To determine the coll tvpes expressing fibra-
modulin, relative to that of spectfic cartilage
markers, in sitn hvbhndization was performed in

18S

Lane 3: pumary cabvanal ostecblasts from 18.5 dpe embryos.
B: Conditiorally tmmortahized munne growth plate chondro-
oytes treated (Jane 2) and untreated {lane 1) with 200 ng/ml
BAP-2 for 96 h. The expeniments were cartied aut twice, and a
representalive blod s shown, Cuatral hybadiz ation wath an 185
TRNA probe venhed the amount of RNA toaded.

parallel sections of tibiae and femaora from 14.5
to 18.5 dpec embryos. Aithough fibromodulin was
nof detected at 14.5 dpe, aggrecan, fype 11
collagen, and matrix Gla protein (specific
cartilage markers) were abundantly expressed
in the proliferative chondrocytes (data not
shown). Indian tedgehog and patched, genes
which play a critical role in the regulation of
endochondral bone formation |Heoper and
Scott, [989; Bitgood and McMahon, 1995
Vortkawmp et ual., 1996}, were also detected at
14.5dpe (datanot shown). At Days 16.5and 18.5
pe, agprecan was expressed throughout the
growth plate (Fig. 6E and ., whereas fibromo-
dulin expression was hmiwed o periarticular
chondrocytes and chondroevtes of the prolifer-
aling zone, overlapping the expression of
patched (Fig. 68, C, G, and th As chondrocytes
differentiate along the growth plate, fbromo-
dulin expression decreased and both prehyper-
trophic and hyperirophic chondrocytes, which
express Indian Hedgehog i(Fi 61 and [) and
BMP-2 (data not shown! were negative for
fihromodulin at all timne points

We next examined the Lemporo-spatial
cxpression of fibromoduling relitive to that of
spectfic osteoblastic markers including Chfal,
type Leollagen, and osteocalen [Stetn and Lian,
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Fig, 4. [ihromnodim imRNA evoressnn s neselsoam e
tlnae, Sense and antsense blaoiedutan ehoproles seene
radiolabeled with SSUTP 10 0 sisere activety of ar least 10"
cpm/ppy onremplate, Light Aedd (AS pletosraph o1y ser fon ana
newtorm mouse tibia: dark-dreld photographs of serml soections
probed with anteense (BY o wense (C) Tilromodulin siboprolxes

199:3;, Ducy and Karsenty, 1996, Ducy et al.,
1997, Kamuori et al., 1997, Otto et al, 1997] in
parallel sections of tibiane and femora from 14.5
to 8.5 dpe embryos. [ike fibromodulin, type {
collagen, a gene expressed by preostenblastic
cells [Stetnand Lian, 199:3], was first detected at
15.5 dpe (data nol shown), whereas Cbhfal, a
transcription fuclor wvolved in commibent
and dilfereatiation of cells Lo the vsteoblast
tneape [Ducy et al, 1997, Komon el al., 1997,

Olto et al., 199%], was present moareas of

mesemchymal condensation (data not showns
at 4.5 dpe. AL day 16,5 pe fibromodulin (I
701, exprossion overlapped that of Chial in the
primary spongiosa and periosteam (K 700
and that of type | eollapgen i the bone collag,
primary sponglosa, and periostelm (Fig. 70h
These findings supyaest that fibromoduling hke

hyberdizaion was poedommed on sectioms from Do hilnge angd
sepeesemtalive photoprapdin gre shoswn, Serow andrcates Blo
merdulin expression in the endesteura and arewdicad indicates
fibrenodluling expressien o the peacsteun Mapgnia
len - 10X,

Chfal and type | collagen, is expressed by earvly
osleoblastic  precursors  including  preosteo-
blasts. As shown in Figure 7, osteocalein, a
gene expressed only in malure esteoblasts
IStein and Lian, 1983), was undetectable at
6.5 dpe. At Day 18.5 pe fibromodulin expres-
sion persisted in the bone collar, the primary
spongiosa, the endosleam, and the periosteum
i, 7GY once again overlapping Lhe expresswn
of Chfal in the primary spongiosa and the
periostenm (i THD, of type | collagen in
the bone collar, the primary aponpiosa and the
periosteum (Fiyr 70 and of osteacalein in the
perigstoum (b 75 Overall these datademon:
strate that fibromodulin is expressed in carly
vsivoblast precursors, includmyp preesteoblants
as well as m terminally dilferentiated osteo-

Diaols.
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Fig. 5. Dibwernoduhny cxpessen dunng, endocbondnal e
tortation. Fibromodulin antisense nbogrole was radiolabeled
werth 7CUTR (0 sl achnaly of at least 1" oo g of
rtheprabe emplate Light Gicld phatepraghs (A-E), dark-field
(F-)) photopraphs of seoal secnons of  doveloping, mice
proximnal tbiae (145 185 dix embeyos) probed with

Since fAbromodulin mMRNA was expressed
during endochondral bone formation, we next
investigated whether fibromodulin was also
expressed during intramembranous bone for-
mation, For this purpose, we examined calvar-
ia¢ in which ossification occurs via direct
differentiation of mesenchymal precursor cells
into esteoblasts, and we compared ibromodulin
axpression to that of type b collagen. Type ]
collagen was detected at 14.5 dpe in calvarial
nstenblasts (data not shown! whereas fibromo-
dulin mRNA was first detected at 15.5 dpe (Fig.
8. As shown io Figure 88 and E fibromodulin
expression overlapped that of type I collagen
bath at 15 5 Mg 8O and 186 dpe (Fig. 8F).

DISCUSSION
Our investigations demonstrate that fibro-

maodulin s exopressced in cells of both the
chondrocytic and osteoblastic lineage, and that

fii 1 rlulin antsense siboprolwe A o B LS dlpcs Bl
Gol5.5dpc Cand M 105 dp, Dand 1175 dpw Band 2 185
din . Pivheielizations was perionned an secions Trom at least
three hinhs and representatie <ecnnns are <hown Mapgmiiica
fon — 10X

its expression is regulated by BMP-2 in vitro. In
vivo, fibromodulin mmRNA is expressed during
both endochondral and intramembranous bone
formation. We speculate that the etfect of BMP-
2 on fibromodulin gene expression in vive is
likely to be similar to that scen in vitro. The
temporal expression of BMP-2 and fibromodulin
in the developing prowth plate supports this
contention, as does the observation that the
cells that express fibromodulin are adjacent 1o
those that express BMP-2 Similar spatial
relationships are seen between other regulatory
molecules and thetr targets or receptors in the
developing growth plate, such as that between
[ndian hedgehog and tts receplor, patched, as
well as one of its tacget genes, PTHrD tVort-
kamp et al., 1996],

Although we have shown that fibromedulinis
expresscdd in the developing prowth plate and in
maturinyr osteoblasts, these novel observations
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pravide litthe insight into the rote of this protein
during endachondral hone formation Recently,
fibromodulin null mice have been m{ncmted and
their phenotype analyzed [Svensson et al,
1999]. Although no overt skeletal phenotype
wias abserved, ultrasteuctural and tnomechani-
cal analyses revealed abnormalities in collagen
fibril urganization in tendons [ Svetssan ot al,
1999]. The lack ol apparent skeletal phenotype
in the abscence of a gene that s developmentally
expressed in chondroeytes and osteoblasts may
be explained by ene of several hypothicaos. One
possible explanation s that, stnce Ghromaodulin
mexpresszed carly, o delay in endochandrat bone
formation may be present durtng ermbrvogen-
ests, but nat evident i the adult skelcion due w
the marked skeletal remadeling that eccurs
during prowth and developmuoent. Aiconatively,

and femorn of TH 5 dpe emibevos (G ) Fibromaozuhn B aed €0
prac B (C oned H), dacim Bietdgehog (0 amd 1 e o 08
and I expression, Fiybrdizahion was perfonmed on secnons
fromn ot least three limbs and representatoe wec ions e sbean

Maprmfication 10X,

a potentially more plausible explanation is that
fibromodulin s lunctionally redundant inends
chondral and intramembranous bone (orma-

“Lion. In this scenario, other members of the

family of the SLRI’s would compensate for the
lack of Bbromodulin during skeletal develop:
ment, and substitute for fibromodulin in the
molecular interactions  reguaired (o mato
orgamzation and formation. [n the tendons of
fibromodulin null mice, lumican synthes- -
increased suggesting that lumican can assumn
some of Gbhromedulin® s roles n collagen Gibrd
organizativn [ Svensson et al. 1999 However,
rnechanteal and ultrastructural abnormalite -
are still deteeted o these tendons. Perhaps, m
are analogous {ashion, lunmucan or anotibers
family member is upregulated in the skeleton
of Gbromodulin nudl mee and subtie deroct
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Fip. 7. 0 soa hvbndizeton usimg osteoblast mackers, Hibro:
meefubo, Chli tppe 1 ocollagen, and osteacalan antranse

nboprobes were radiataloted with "S-UTF 10 8 specific acivity

nlat least UY cnmfpg of template. Light freld phatogeaphs ar
proxanal iac ol 165 dpxc {(A) and femora of 18,5 dpe embryos
(H} Dark held phatopraphs of proxanal Obsac of 16,9 dpc (8-F)

could be unmasked in the skeleton of mature
Kuockout mice by formal biomuchani;:z-l] an-
[yses The observation that, although hoth
humean and fibromuodudin are expressed i the
skeleton, targeted disruption of eitber of them
fls o reveal a skeletal phenotype [Chakra-
varti et al. 1998, Svensson et al., 1999,
sugpests that these peplides can substitute {ur
one another in skeletal matrix organization. In
@ simular fashion, although decorin s abun-
dantly expressed incartilage and bone, targeted
deletion ot its pene results in skin fraglity due
to lack of cotlagen fibril organization [Danielsan
et al, 1997 Radhopraphie studies in two manth
old decornn knockoul mice fail to demonstrate
any abnormabity ineartilage or bone [ Danelion
et ul . 19971 Like decorin, glycan s also
expres~ed e cartilage and bone, however,

ard temera e 18 5 dpy emboves (G )). Fibromaedulin, 18 and £
Chrab (€ and V1 Tagwe Teatlagen (L andd 1B and osleosalom i
and 1} expression Hybadization was perforined on sectons
freameat lead three b and representabive seCnoos are <hewn
Mapmficanon 10X

biglycan mice do demonstrate a skeletal pheno-
type charactorizind by reduced bone formation,
resulting i an osteoporesis-like phenotype by
s gt ol ape [Xo et all, 15681

[t is possible, therefore, that several members
of the family of SERP:s can substitute {or one
another in the maintenance of skeletal home-
vstusis. It has been reported that decorin,
biglyean, and fibromodulin can all bind to
TGE-BL 2, and 33, and regulate their
activities by sequestering them in the ECM
IWWamaguchi et al, 1990; Hildebrand et al., 1994
Takeuci et al | 19941 Thus, by analogy fibromo-
dulin tor other SLRPs) and BMDP-2 maght
repatlate cach other’s actions at sites of bone
formation ducing =keletal development. Since
the higlycan knockaul mice suggest that this
postulate docs not uniformly hold true, ather



Developmental Expression of Fibromodulin 55

Fig. 8 In siu hybndizatuen of calverae. Bibromoedulin and
type | collagen antisense nboprobes wire radiolabeled with 5.
UTP 1o a specilic activity of at Jeast 10" cpm/fup of template.
Light freld {(A) and dark-tield (B—C pheaographi of calvariae at
15.5 dpe. BY fibeomaodelin and C1 ype | callagen expresaon,

investigations will be necessary Lo dissect the
moechanism of the potential functional redun-
dancy of some of these molecules. Studies of the
temporo-spatial expression of these molecules
tn the developing and maturing skeleton may
help to clucidate why targeted ablation of some
of these genes seems Lo result i no apparent
skeletal phenotype. Based on similar temporo-
spatial expresston profiles of members of the
small leucine-rich repeat proteoglycan fomily,
the generation of setected double knockout
mouse lines may ultimately be required to
demonstrate the role and lunctional redun-
dancy of these matrix proteins in the developing
and maturing skeleton.
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