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Abstract Osteotesticular protein tyrosine phosphatase (OST-PTP; OST), is a signaling molecule which catalyzes the
removal of phosphates from tyrosine residues. It is known to be highly regulated in bone cells and has been shown to be
important for the in vitro progression from a preosteoblast to a mature, mineralizing cell. However, the in vivo expression
of this phosphatase during skeletogenesis has not been examined. Using Northern analysis and in situ hybridization (ISH),
we have observed that this gene is strongly expressed early during the formation of the mouse skeleton. By 12.5 days post-
coitum (dpc), expression of OST mRNA transcripts increases and is localized within the mesenchyme of craniofacial
bones, ribs, limbs, and Meckel’s cartilage. Following initiation of chondrogenesis, OST mRNA becomes restricted to the
perichondrium of all endochondral elements. With ossification, this gene is also expressed by cells, presumably osteo-
blasts, at the chondro-osseous border and along cortical and trabecular bone surfaces. Unlike other bone markers
examined such as Osterix and type II collagen, OST transcripts do not appear to be expressed by chondrocytes of
epiphyseal cartilage or by non-hypertrophic or hypertrophic chondrocytes. Because the temporal expression patterns of
OST and Runx2 were similar suggesting a potential interrelationship in bone regulation and function, OST expression was
examined in transgenic mice lacking a functional Runx2/Cbfa1 protein (Runx2/Cbfa1 delta C (DC)) and possessing a
cartilaginous skeleton. Interestingly, the OST gene was expressed with localization similar in wild-type, homozygous, and
heterozygous embryos. These studies suggest that the expression of the OST gene may be important during skeletogenesis,
potentially from commitment of mesenchymal cells to the ossification of new bones. Early in embryogenesis, regulation of
OST expression may be independent of Runx2/Cbfa1. J. Cell. Biochem. 93: 761–773, 2004. � 2004 Wiley-Liss, Inc.
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The skeleton serves many functions in the
vertebrate: it gives an organism the ability to
move, provides support, maintains a storage
site for minerals, and serves a critical role in
hematopoiesis [Karaplis, 2002]. Accordingly,
the specialized bone tissue which comprises
the skeleton must offer rigidity, strength, and
elasticity. During embryogenesis, the develop-
ment of this complex tissue is accomplished
through either endochondral or intramembra-
neous ossification and these two types of bone
formation provide the classification for the
hundreds of individual bones of the skeleton
[Olsen et al., 2000]. The multistep process of
endochondral ossification begins with the
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migration and condensation of mesenchymal
stem cells to form the cartilage model of each
bone, followed by the eventual deposition of a
rigid, calcifiedmatrix. In contrast, bones formed
by intramembraneous ossification do not deve-
lop from a cartilage template, but form directly
from condensing mesenchyme.

These bone forming processes are dependent
on the continual interaction of specific cell popu-
lations which arise from mesenchymal and
hematopoietic progenitors to become the differ-
entiated, specialized types of chondrocytes,
osteoblasts, and osteoclasts [Aubin, 1998; Taka-
hashi et al., 2002]. As for all cells, their function
is modulated by a myriad of hormonal and
adhesion signals that ultimately result in chan-
ges in phosphorylation-dependent intracellular
signaling cascades [Hunter, 2000]. Protein
tyrosine phosphorylation is one mechanism of
regulating such cascades which is dependent on
the relative activities of protein tyrosine kina-
ses and protein tyrosine phosphatases (PTPs).
PTPactivity, the catalytic removal of phosphate
from tyrosine residues, can serve to activate or
inhibit signaling resulting in the modulation of
processes such as cell growth, differentiation,
and adhesion [Hunter, 1998]. For most of the
members of this enzyme family, determining
the specific cellular substrates of the PTPs and
the signaling pathways they regulate has re-
mained elusive. One particular member of this
family, osteotesticular protein tyrosine phos-
phatase (OST-PTP; abbreviated as OST), is a
distinctivemolecule in its structure, expression,
and regulation and, as such,maybean essential
player in the development of the skeleton.

OST is a member of the ‘classical’ tyrosine
phosphatase subfamily, originally cloned from
primary osteoblasts and osteoblast-like cell
lines and predominantly expressed in bone,
testis, and ovary [Mauro et al., 1994; Lee et al.,
1996]. It is a transmembrane receptor PTP
containing two tandem catalytic domains, with
the membrane proximal domain containing the
enzymatically active signature motif [Mauro
and Dixon, 1994; Petrone and Sap, 2000]. The
unique extracellular region of this molecule
contains ten fibronectin type III-like (FN-III)
domains which shares sequence homology to
several adhesion proteins including fibronectin,
tenascin, and type VII collagen. Although
there is no known ligand for this protein, this
‘‘adhesive-like’’ structure and our recent studies
showing transcriptional regulation of this gene

via cell–cell interactions [Mauro et al., 2001;
Wheeler et al., 2002] may be indicative of a role
for this molecule during adhesion events.

At present, this phosphatase is the only PTP
known to be highly regulated in bone cells and
essential for the progression from a preosteo-
blast to amature,mineralizing cell. The expres-
sion of OST has been shown to be: (1) necessary
for osteoblast differentiation and mineraliza-
tion [Mauro et al., 1994; Chengalvala et al.,
2001]; (2) modulated in response to known
regulators of osteoblast function, including
parathyroid hormone (PTH) and vitamin D3

[Mauro et al., 1994, 1996]; (3) uniquely regu-
lated during osteoblast differentiation in com-
parison to otherPTPs [Wheeler et al., 2002]; and
(4) transcriptionally activated during osteo-
blast differentiation [Wheeler et al., 2002]. This
growing body of evidence supports the potential
importance of this gene in bone formation yet all
these studies have relied on in vitro cell models.
In this report, we describe the first studies to
establish the spatial and temporal expression of
this PTP during skeletogenesis in the mouse.
Using Northern blot analysis and in situ hybri-
dization (ISH), we have shown that the in vivo
expression of OST is expressed not only by
mature osteoblasts, as suggested by previous
cell studies, but by mesenchymal progenitor
cells early during thedevelopment of all skeletal
elements. In addition, early in skeletogenesis,
the regulation of this expression may be inde-
pendent of Runx2/Cbfa1, potentially expressed
upstream of this transcription factor or via an
independent signaling pathway.

EXPERIMENTAL PROCEDURES

RNA Extraction and Northern Blot Analysis

Total RNA was isolated from whole mouse
embryos (strain CD-1) at 11, 12.5, 14, 16 days
post coitum (dpc) and from 19 dpc heads,
forelimbs, and hindlimbs. In addition, RNA
was also isolated from 1 and 3-week-old neona-
tal limbs, brain, and liver tissues. Extraction of
RNA (Trizol; Invitrogen, Carlsbad, CA) and
subsequent poly Aþ-enrichment of samples
(PolyATract kit; Promega, Madison, WI) were
conducted according to manufacturer’s proto-
cols as previously described [Mauro et al., 1994,
1996]. Standard molecular biology protocols
were used for the Northern blot analysis with
modifications as described [Mauro et al., 1996].
DNA probes encoding the murine OST and the
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rat alkaline phosphatase (AP), osteocalcin (OC),
and cyclophilin genes were radiolabeled with
32P by random-priming (Prime-a-Gene Label-
ing System; Promega). The properties of these
probes have been previously reported [Mauro
et al., 1994, 1996].

Tissue Preparation

Timed pregnant CD-1 mice (Charles River
Laboratories,Wilmington,MA)were ordered at
least 2 days prior to the desired time point of
gestation. Pregnant females were anesthetized
with Isoflurane (Halocarbon Laboratories) and
humanely sacrificed at 12.5, 14, 16, and 19 dpc
using protocols approved by the University of
Minnesota’s Institutional Animal Care and Use
Committee. The embryos were dissected free of
all extra-embryonic membranes in ice cold 1�
phosphate buffered saline (PBS) containing
10% fetal calf serum (FCS). Tissues were then
transferred to freshly prepared, cold 4% paraf-
ormaldehyde/1�PBS, fixed overnight at 48C,
and paraffin embedded. Neonatal mice were
humanely euthanized as above and calvaria (at
birth) and limbs at 2 weeks of age were collected
and processed.
The Runx2/Cbfa1 delta C mutant embryos

were produced as previously described where
chimeric animals were obtained via microinjec-
tion of clonal embryonic stem cells containing
the truncated form of Runx2 (delta C; DC) [Choi
et al., 2001]. Heterozygous mice (Runx2 wild
type/DC) were interbred to obtain wild-type,
heterozygote, and homozygotemutant animals.
Embryos were collected and processed at 12.5
and 14 dpc as described above. The genotype of
these embryos was verified by PCR detection as
previously published [Choi et al., 2001].
All tissues were cut into 4 mm sections, moun-

ted on Superfrost Plus slides (Fisher Scientific,
Fairlawn, NJ) and stored at room temperature
until use.

In Situ Hybridization

To monitor expression of the OST gene and
other bone markers, ISH analysis to detect
specificmRNAtranscriptswas chosen.Thiswas
the optimal methodology considering the very
low abundance of OSTmRNA and the lack of an
effective, high affinity antibody for the OST
protein. Probes for ISH analysis were produced
by designing a set of PCR primers to amplify a
250–350 bp primer product. For the OST anti-
sense probe, primers were designed to span

286 bp from nt #4777–5035 of the mouse cDNA
which encodes the amino terminal region of the
divergent second catalytic domain (DII), anarea
with low homology to other PTPs. For the
Runx2/Cbfa1 and the Type II collagen (Col II)
probe, the cDNAs were kindly provided by G.
Karsenty (Baylor College ofMedicine) andB. de
Crombrugghe (MD Anderson Cancer Ctr), res-
pectively. To detect Osterix (Osx) transcripts,
RNA harvested from 16 dpc embryos was
reverse-transcribed using the RETROscript
kit (Ambion, Austin, TX) and used to amplify a
portion of the coding region of the Osterix gene.
Sense and antisense riboprobes were single or
double labeled using the Riboprobe In Vitro
Transcription System (Sp6/T7; Promega) with
35S-labeled UTP (Osx, Col II) or UTP/CTP
(Runx2, OST).

Sections were treated according to published
protocols [Pelton et al., 1990;Mauro et al., 1994;
Alvarez et al., 2001]. Following hybridizations,
slides were dipped into Ilford K-5 photoemul-
sion (1:1 solution in 2% glycerol; Polysciences)
and dried overnight. Exposure was carried out
from 3 days (Type II collagen) to up to 3 weeks
(OST). Slides were developed and counter-
stained with hematoxylin and eosin (H&E)
according to standard histological procedures.
Brightfield and darkfield images were captured
using a Olympus BH2 compound scope fitted
with a Nikon DXM 1200 digital camera. Images
were processed and pieced together with Adobe
Photoshop 6.0 (Adobe Systems, Inc.) and Can-
vas 7 (Deneba) imaging and graphics software
programs.

RESULTS

Temporal Expression of OST mRNA
During Embryogenesis

To determine the temporal expression pat-
tern of OST during skeletal development, the
relative levels of the OST mRNA transcripts
were examined by Northern blot analysis and
compared to the transcripts of established
markers of bone formation. Levels ofOST trans-
cripts increase dramatically in day 12.5 embr-
yos and aremaintained throughout gestation as
shown in Figure 1A. Just prior to parturition at
19 dpc, expression of this gene is evident in the
head and forelimbs, with the highest levels
observed in the hindlimbs. Analysis of 1-week-
old neonate limbs showed decreased transcript
levels in comparison to day 19 limbs.Expression
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of alkaline phosphatase (ALP), which is expres-
sed primarily by differentiating osteoblasts and
hypertrophic chondrocytes [Tuckermann et al.,
2000], also increases at 12.5 dpc, with peak
expression seen in heads from 19 dpc embryos.
As expected, transcripts encoding the matrix
protein OC, a gene expressed by mature,
mineralizing osteoblasts, are evident later in
development.

The spatial patterns of OST were determined
by ISH of embryo sections. A dramatic, highly
localized expression of this phosphatase is
observed at 16 dpc, within most endochondral
skeletal elements as well as within the me-
senchyme of intramembraneous elements
(Fig. 1B,C). Examination of the head of the
day 16 embryo shows discrete distribution of
OST transcripts in the developing calvaria and

the vertebrae (Fig. 1B, #1,3). Expression is also
evident in cartilaginous models of many cranio-
facial bones including the basisphenoid bone
and Meckel’s cartilage (Fig. 1B, #2,4). A photo-
montage darkfield image shows OST mRNA
within the ribs, the mandible, and the nasal
sinuses as well as the long bones and digits of
the limbs (Fig. 1C).

OST Expression in Skeletal Elements Formed
by Endochondral Ossification

The process of endochondral bone formation
involves early chondrogenesis to form the
cartilaginous template followed by osteogenesis
to ossify the final bone [Karsenty and Wagner,
2002]. To determine the changes in the localiza-
tion ofOST throughout this process, chondrified
skeletal elements at various developmental

Fig. 1. OST expression is regulated both temporally and
spatially during murine embryogenesis. Embryos were processed
for RNA extraction (A) and in situ hybridization analysis (ISH; B &
C). A: Tissues were collected, polyadenylated RNA isolated and
Northern blot analysis (3–5 mg Poly (Aþ) RNA/lane) performed
using DNA probes for OST (osteotesticular protein tyrosine
phosphatase), ALP (alkaline phosphatase), OC (osteocalcin), and

Cyc (cyclophilin). Representative blot shown with brain and liver
RNA and Cyc as a control for RNA integrity and concentration.
B: Sagittal section of the head of a 16 dpc embryo. Tissue were
hybridized with 35S labeled anti-sense riboprobes. White
granules indicate the localization of OST mRNA in: (1) calvaria,
(2) basisphenoid bone, (3) vertebrae, and (4) Meckel’s cartilage.
C: Photomontage of a 16 dpc embryo. Scale bar¼1 mm.
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ages were initially selected and OST expres-
sion patterns were compared. Examination of
the sequential expression of this phosphatase
mRNA within the ribs of CD-1 embryos shows
that OST transcripts become localized to the
perichondrial layers of the ribs as the embryo
matures (Fig. 2A). By day 19, expression is
observed in the periosteal/perichondrial layer
as well as in the center of the rib within the
ossified matrix. A similar spatial distribution is
observed at 12 and 14 dpc in two other chon-
drified elements found in the shoulder region of
the embryo (Fig. 2B). At 12.5, OST expression is
diffuse and localized to the outer region of the
mesenchymal condensation. In contrast, at
14 dpc, OST transcripts are highly localized
within the perichondrium of the skeletal ele-
ment and the signal is more intense suggesting
a greater amount of mRNA. The vertebrae of

16 and 19 dpc embryos also express OSTmRNA
in the perichondrium (Fig. 2C). A heavy con-
centration of granules is seen over an area of
ossified matrix in the 19 dpc vertebrae (Fig. 2C;
boxed area magnified at right).

By examining OST localization during the
process of endochondral ossification, we deter-
mined if this gene was expressed in a variety of
chondrogenic and osteogenic cell types through
ISH analysis of developing long bones. First, a
comparison of OST expression with that of
established chondrocyte and osteoblast marker
genes was conducted. Limbs from 16 dpc embr-
yos were utilized because of the ease of acquir-
ing high quality longitudinal sections through a
single bone. These sections were hybridized
with probes for OST, Runx2 (Cbfa1/AML3),
Osterix (OSX), and type II collagen (Col II)
and probe localization was analyzed (Fig. 3).

Fig. 2. During endochondral ossification, OST transcripts are detected in perichondrium surrounding
cartilaginous elements. A: Ribs. ISH images where numbers indicated days post coitum (bar¼200 mm).
White arrow points to the periochondrial layer. B: Skeletal elements in the shoulder region. Darkfield and
corresponding H&E image at 12.5 and 14 dpc (bar¼200mm). Vertebral elements at 16 and 19 dpc. Darkfield
(bar¼ 100 mm) and H&E stained images (boxed right; bar¼20 mm).
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Similar localization patterns are observed for
the transcription factors, Runx2 and Osterix.
Both of these genes are necessary for osteoblast
commitment and thought to be expressed by
‘osteochondrocyte’ progenitor cells as well as
differentiated osteoblasts [Ducy et al., 1997;
Komori et al., 1997; Nakashima et al., 2002].
Transcripts can be detected in the hypertrophic
zone, in the primary ossification center, and

along the perichondrium/periosteum of these
embryonic long bones (Fig. 3; panel 3 and 4 from
top). Type II collagen mRNA, an abundant ex-
tracellular matrix protein secreted mainly by
non-hypertrophic chondrocytes [Scheven et al.,
1988; Oshima et al., 1989; Karaplis, 2002], is
strongly expressed in chondrocytes within the
epiphyseal region of these bones (Fig. 3; bottom
panel). Sense probes for these marker genes
showed little non-specific signal similar to the
OST sense probe (see Fig. 5).

In contrast to these marker genes, OST is
expressed in a unique population of cells in the
embryonic long bones (Fig. 3; top two panels).
Granules are observed in the bony collar and
along the shaft of the bone in both layers of the
perichondrium/periosteum as seen previously.
This localization is different from that of the
other genes, particularly as compared to the
type II collagen signal. Punctate distribution of
granules is noted in the primary ossification
center, expressed presumably by ossifying os-
teoblasts. In addition, a very strong OST signal
localizes to the cells of a tendon connecting this
bone to an adjacent muscle.

Developing bone tissue from 2.5-week-old
neonates was also examined. As shown in
Figure 4, OST expression is very intense with a
high concentration of granules observed within
the bony collar, the periochondrium and along
the chondro-osseous junction (Fig. 4A). At this
junction and within the primary spongiosa,
OST mRNA is observed as punctate clumps of
granules as well as long ‘chains’ along the tra-
becular surface of new bone. Due to this
localizationalong thebony collar and trabecular
bone, these OST-expressing cells are probably
osteoblasts. Closer examination of the perios-
teum adjacent to the developing cortical bone
indicates that OST is also expressed within the
outer fibrous layer of the periosteum (Fig. 4B; *),
the inner perichondrial layer (Fig. 4B; **) and
the compact cortical bone (Fig. 4B; #). In
contrast to these structures, white granules
are strikingly absent from the epiphyseal car-
tilage at the end of the bone and the cells of the
epiphyseal growth plate suggesting that this
gene is not expressed by these types of chon-
drocytes (Fig. 4A; *). Analysis of a joint space
shows intense expression within the perichon-
drium of both articulating surfaces and in the
ligament connecting these developing bones
(Fig. 4C,D). Again, no expression is observed
within the epiphyseal regions.

Fig. 3. OST expression patterns are unique when compared to
other markers of bone formation. Serial sections of a long bone
from 16 dpc mouse embryos were processed for ISH. OST
localization is depicted in top two panels—H & E stained and
darkfield montage of the same section (bar¼0.5 mm). Labeled
structures are: arrow pointing to tendon; ‘H’ indicating the zones
of hypertrophic cells. The subsequent panels are darkfield images
indicating localization of other markers of bone formation
including Runx2 (Cbfa1/AML3), Osterix (OSX), and type II
collagen (Col II).
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OST Expression in Skeletal Elements Formed
by Intramembraneous Ossification

The expression of this molecule was also
followed during the development of the skull
and theMeckel’s cartilage, both arising without
a cartilaginous template through the direct
differentiation of mesenchymal stem cells to
ossifying osteoblasts [Ishizeki et al., 1999;
Opperman, 2000; Wilkie and Morriss-Kay,
2001]. Interestingly, the same pattern of increa-
sed specificity of expression and greater relative
amount of signal, noted during endochondral
ossification, is also observed during the intra-
membraneous ossification of these bones. With-
in the developing skull from 12.5 to 19 dpc,
the expression of OST becomes tightly localiz-
ed to the band of developing mesenchyme that
is to become the ossified skull (Fig. 5A,B).
Corresponding stained images of boxed area
show dark granules over mesenchymal cells at
all days post coitum (Fig. 5B). In addition, on 14

and 19 dpc, granules are observed within the
osteoid of the developing skull. Upon examina-
tion of Meckel’s cartilage and the surrounding
condensing mesenchyme, the striking absence
of OST mRNA within the cartilage is most
notable (Fig. 5C,D).White granules ondarkfield
images outline the nodule of Meckel’s cartilage
and are also present within the mesenchyme
that surrounds Meckel’s cartilage. By day 16,
OST mRNA expression was highly localized to
themesenchymal cell population, and a distinct
boundary of expression could be drawn between
the mesenchyme and the surrounding tissue.
The darkfield and stained images (labeled
SENSE) show a representative OST sense
control indicating the low background present
for these ISHs (Fig. 5C,D, last panel on right).

OST Expression in the Delta C Runx2
Functional Knockout

Knowing that Runx2/Cbfa1 is essential for
osteoblast commitment and maturation and

Fig. 4. Localization of OST during primary ossification of 2 week neonate long bones. A: Montage labeled
structures are: (*) indicating epiphysis lacking OST expression; arrow pointing to bony collar (bar¼0.5 mm).
B: H&E enlargement. Dark granules indicate localization of OST mRNA Labeled structures are: (*) the outer
fibrous layer of the perichondrium, (**) the inner perichondrial layer and (#) the compact cortical bone
(bar¼ 20mm). C: Joint region. Developing bones of the distal hindlimb. Darkfield ISH (bar¼100mm). D: H &
E image. Facing black arrows indicate the articulating surfaces of adjoining bones.
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considering the expression of both OST and
Runx2 early in skeletogenesis, it seemed rea-
sonable that there might be a dependence of
OST expression on the presence of the tran-
scription factor, Runx2. To address this possi-
bility, we wished to determine if the OST gene
would be expressed in embryos lacking func-
tional Runx2. The transgenic mice utilized in
our experiments were generated to contain a

Runx2 gene lacking the C terminal region
(Runx2/Cbfa1 delta C (DC)) and fail to form
bone due to maturational arrest of osteoblasts
[Choi et al., 2001]. The heterozygotes (þ/DC)
lack clavicles but otherwise exhibit normal bone
development. The homozygous (DC/DC) mice
are phenotypically indistinguishable from the
mice with complete ablation of Runx2/Cbfa1
(Runx2 �/�; [Komori et al., 1997]) suggesting

Fig. 5. OST expression in intramembraneous ossification centers. A & B: Calvaria. A: Darkfield images
showing expression at 12.5, 14, and 19 dpc (bar¼200 mm). Boxed area delineates magnified image below.
For orientation, E¼ exterior, C¼ calvaria, B¼brain; and (B) H & E images (bar¼ 40 mm). C & D: Meckel’s
cartilage (C) Darkfield ISH. The sense probe for OST is shown on an adjacent 16 dpc section and is used as a
control to show probe specificity. Labeled structures are: arrow¼ the intramembraneous region;
(*)¼Meckel’s cartilage; and TB¼ tooth bud. (D) H & E images.
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that this deleted region is critical, providing a
valuable ‘functional knockout’ model. The
homozygote (DC/DC), heterozygote (þ/DC), and
wild-type (Runx2 DC þ/þ) embryos at 12.5 and
14 dpc were used for these studies. Analysis of
ISH results showed that OST transcripts are
expressed at 12.5 dpc in the homozygous
embryos (DC/DC; Fig. 6A). These transcripts
are localized within the condensing mesench-
yme of the facial region (Fig. 6A, top montage
showing head of embryo) as well as within
the thoracic condensations destined to formed
the ribs (Fig. 6A, bottommontage). This expres-
sion pattern mimics what is observed in wild-
type and heterozygous littermates (data not
shown). No evidence of the initiation of chon-
drogenesis or a distinct perichondrial layer was
detected at this stage. This observation of
transcripts withinmesenchymal condensations
of all embryos at 12.5 dpc suggests that these
tissues were collected at a slightly earlier time
in development than the embryos of the outbred
CD-1 strain illustrated in previous figures (e.g.,
see Fig. 2). At day 14, the transcripts are
discretely localized to the perichondrial layer

of endochondral elements,with little expression
within the differentiated core cells (Fig. 6B).
Again, this pattern is essentially the same as
that observed in theCD-1 embryos illustrated in
the earlier figures.

DISCUSSION

Previous studies suggest that OST may be a
key regulator of signaling events during bone
formation in vitro, particularly important in
osteoblast differentiation and function. Lacking
in this research is any evidence of the in vivo
expression of this phosphatase in the tissues
of developing bone. Here, we report the first
studies showing that OST is strongly expressed
in mesenchyme and osteoprogenitor cells with
regulated expression continuing during endo-
chondral and intramembraneous ossification
in vivo.

Skeletal Patterning and OST mRNA Expression

The process of skeletogenesis involves the
migration and condensation of stem cells of
neural crest or mesodermal origin at specific

Fig. 6. OST is expressed in skeletal elements when functional Runx2 protein is absent. Delta C homozygote
(Runx2 DC/DC) embryos at 12.5 and 14 dpc were collected and processed for ISH as described in Materials
and Methods. A: 12.5 dpc Top¼darkfield montage of head region (Bar¼ 0.5 mm); Bottom¼H&E image of
mesenchymal condensations of the ribs (Bar¼ 100 mm). Dark granules indicate localization of OST mRNA;
B. 14 dpc. Top¼Darkfield montage of head region (Bar¼0.5 mm); Bottom¼darkfield and H&E image of a
skeletal element in the upper forelimb (bar¼ 200 mm).
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sites throughout the embryo [Karaplis, 2002].
Once in place, these stem cells undergo commit-
ment and differentiation along chondrogenic or
osteogenic lineages to ultimately give rise to all
the bones of the skeleton. It appears from our
results that OST is strongly expressed in the
mesenchymal cells that form these condensa-
tions. OST transcripts are detected as early as
12.5 dpc throughout the mesenchyme of ribs
and limbs of the Runx2 delta C transgenic and
the wild-type CD-1 embryos. In intramem-
braneous elements, OST is also detected in
the mesenchyme of the skull as well as the
mesenchyme surrounding Meckel’s cartilage.
Although mesenchymal cells prior to or during
condensation were not observed in our sections,
previous embryological studies of mouse Esp
(embryonic stem cell phosphatase; sequence
identity to OST) expression from 1 cell stage to
7.5 dpc did observe Esp/OST transcripts in
newly formed mesoderm [Lee et al., 1996]. Fur-
ther studies are needed to determine if OST is
expressed by such migrating stem cells or if
expression is activated following mesenchymal
condensation.

For endochondral elements, the initiation of
chondrogenesis leads to the differentiation of
the core condensed cells to chondrocytes, with
the outer undifferentiated mesenchymal cells
forming the perichondrium [DeLise et al.,
2000]. By 14 dpc, when a distinct perichondrial
layer is evident in elements of the ribs, verteb-
rae, and long bones, OST transcripts are exclu-
ded from the differentiated core chondrocytes
with expression restricted to these outer pro-
genitor cells. This early pattern of OST localiza-
tion is reminiscent of other genes important in
the formation of the condensations and subse-
quent chondrogenesis. It is interesting to note
that several cell adhesion molecules exhibit
similar patterns of expression. Transcripts
encoding N-cadherin [Oberlender and Tuan,
1994], neural cell adhesion molecule (N-CAM;
[Tavella et al., 1994]), and isoforms of fibronec-
tin [Gehris et al., 1996, 1997] are all localized
throughout the condensed mesenchyme, then
disappear fromthechondrifiedcorewithexpres-
sion solely in theperichondrium.These proteins
mediate cell–cell and cell–matrix interactions
that are important for the initiation of conden-
sations and chondrogenic differentiation. Per-
turbation of these interactions can result in
alterations of chondrogenesis and severe skele-
tal malformations [DeLise et al., 2000]. The

OST molecule shares sequence homology with
fibronectin and tenascin and is structurally
similar to many CAMs due to its multiple fibro-
nectin type III repeats [Mauro et al., 1994]. In
addition, previous studies have shown that
enhanced cell–cell interactions (e.g. cell den-
sity) can activate transcription and increase
expression of endogenous OST transcripts
[Mauro et al., 2001; Wheeler et al., 2002]. Con-
sidering the similarity in expression to such
adhesion molecules and implications of these
results and other studies, this phosphatasemay
be important in signaling earlier in skeletogen-
esis than previously appreciated. Preliminary
reports suggest that other PTP molecules may
also regulate cell signaling during this period of
development. During chondrogenesis, PTP
gamma (�) exhibits a similar expression pat-
tern asOST andhas been shown, inmandibular
explant cultures, to modulate patterning and
chondroblast proliferation [Augustine et al.,
2000a,b]. The receptor PTP, RPTP beta/zeta,
interacts with the matrix protein pleiotrophin
and in this waymaymediate adhesion andmig-
ration of osteoprogenitor cells [Rauvala et al.,
2000; Qi et al., 2001; Yang et al., 2003]. The
possibility that this regulated expression of
OST we observed during early embryogenesis
is necessary for proper mesenchymal pattern-
ing and chondrogenesis remains to beaddressed
by further functional studies.

Cell Commitment and OST Expression

The dramatic change in distribution of this
phosphatase gene from mesenchymal core to
perichondrial layer may indicate that the com-
mitment to a chondrogenic lineage results in
suppression of OST expression. Later in the
development of long bones orMeckel’s cartilage,
exclusion of OST transcripts from non-hyper-
trophic and hypertrophic chondrocytes is also
observed. This observation is further substan-
tiated by the expression of markers of
non-hypertrophic (e.g., Type II collagen) and
hypertrophic (e.g., Runx2 and osterix) chondro-
cytes in what are presumed to be cells not
expressing OST transcripts. The lack of specific
OST signal in these chondrogenic cells is in
contrast to the strong OST expression seen in
the undifferentiated mesenchymal cells of the
perichondrial layer. Once the bony collar devel-
ops and cortical bone begins to be deposited,
OST transcripts are still highly localized to the
cells of the periosteum/perichondriumaswell as
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the periarticular surfaces between bones. Cells
lining the endosteal surface of the cortical bone
or the surfaces of trabecular bone are presum-
ably actively secreting andmineralizing matrix
and are also observed to highly express this
gene.
Our observations could be interpreted to

indicate that OST is expressed in a mesenchy-
mal progenitor cell and, following commitment
and differentiation, is predominantly expressed
in cells of an osteogenic lineage. Localization of
this gene in preosteoblasts and mature, miner-
alizing osteoblasts was obviously expected con-
sidering previous in vitro studies showing
the regulated, differentiation-dependent ex-
pression of OST in primary osteoblasts and
osteblast-like cell lines [Mauro et al., 1994;
Chengalvala et al., 2001; Wheeler et al., 2002].
The expression of this phosphatase has also
been shown to be critical for proper progression
of osteoblast differentiation in vitro [Chengal-
vala et al., 2001]. More surprising was its
discrete expression early in mesenchyme and
later in the perichondrium, which is reminis-
cent of the expression of the critical transcrip-
tion factor, Runx2/Cbfa1. It has been shown
that ablation of the mouse Runx2/Cbfa1 gene
or transgenic manipulations which interfere
with the transcriptional activity of the endo-
genous protein (e.g., Runx2/Cbfa1 delta C) will
lead to arrest of osteoblast differentiation and
lackof bone formation [Ducyet al., 1997;Komori
et al., 1997; Otto et al., 1997; Choi et al., 2001].
The conclusions from these and other genetic
studies is that a biologically active Runx2/Cbfa1
protein is necessary to drive the commitment
of an undifferentiated mesenchymal stem cell
which expresses the Runx2 gene to a differen-
tiated osteoblast which also is Runx2 positive.
In general, commitment to a chondrocytic line-
age results in a loss of Runx2/Cbfa1 expression.
With the similarities of in situ expression
patterns, the differentiation-dependent osteo-
blast expression [Mauro et al., 1994; Chengal-
vala et al., 2001; Wheeler et al., 2002], and the
existence of Runx2/Cbfa1 binding sites in the
mouse OST promoter [Morrison and Mauro,
2000], a dependence of OST expression on the
presence of functional Runx2/Cbfa1 was antici-
pated. But, in the mice expressing a C-terminal
truncated Runx2 protein, the OST gene is still
robustly expressed and shows the same changes
in localization from core to perichondrium.
Therefore, during this discreteperiod of skeletal

development, presumably prior to the commit-
ment of OST-expressing progenitor cells to an
osteogenic lineage, Runx2/Cbfa1 may not be
necessary for the expression of this phosphatase
gene. Of course, it must be noted that Runx2/
Cbfa1 protein, albeit ‘non-functional’ in its
ability to drive osteoblast commitment, is still
present in these animals.We cannot rule out the
possibility that this protein could conceivably
serve a ‘scaffolding’ function with other tran-
scription factors with redundant function com-
parable toRunx2.Regardless, it is possible that,
even though both genes would be expressed in
some of the same subpopulations of cells as
indicated by our studies, the regulation of OST
expression during commitment of progenitor
cells is via an independent, parallel signaling
pathway. It is also feasible that the OST gene is
expressed upstream of Runx2/Cbfa1 in the pro-
posed lineage progression from multipotential
mesenchymal cell to the preosteoblast. This
would be in contrast to the transcription factor,
Osterix, which is not expressed in Runx2/Cbfa1
knockout mice and is thought to be essential
downstream of Runx2 in the establishment
of this osteogenic lineage [Nakashima et al.,
2002].

In light of these localization studies, the
hypothetical role of OST may be broader than
just promoting osteoblast differentiation and
will need to be addressed in future studies. It is
conceivable that this molecule may function to
transmit ‘adhesive’ signals that are important
for the commitment of these cells to specific
lineages such as osteoblasts or chondrocytes.
Whether regulation ofOST expression is depen-
dent on Runx2/Cbfa1 during such commitment
will also need to be clarified.
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