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PROSPECTS

Osteocalcin Cluster: Implications for Functional Studies
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Abstract Osteocalcin is a skeletal member of the family of extracellular mineral binding Gla protein. Osteocalcin
is synthesized only by the osteoblast and it is secreted into the bone matrix at the time of bone mineralization. The
mineral binding properties of osteocalcin as well as its spatial and temporal pattern of expression suggest that it plays a
role during bone mineralization, however until now its biological function is unclear. To understand osteocalcin
function during skeletogenesis we mutated the two osteocalcin genes by homologous recombination in embryonic
stem (ES) cells. Eight targeted clones were identified by Southern analysis using external probes. One of these clones
contributed to the germ line of mouse chimera. interbreeding of heterozygotes is currently in progress. Mutant mice will
be useful to understand osteocalcin function invivo. e 1995 Wiley-Liss, Inc.
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Osteoblasts or bone-forming cells are cells of
mesodermal origin that produce the bone extra-
cellular matrix (ECM) and the factors that min-
eralize it. This cell type has several interesting
features from the point of view of cell biologists
and molecular biologists. Once the osteoblasts
are fully differentiated they exit the cell cycle
and start producing bone ECM,; in that respect
these cells provide a very good model for study-
ing the interrelationship between proliferation
and differentiation. The second interesting fea-
ture of osteoblasts is that they are the only cells
of the body that can mineralize the ECM they
produce. Most likely there is a gene or genes
specifically expressed in osteoblasts that fulfill
this function.

Recently, very few genes have been shown to
be expressed only in osteoblast and in odonto-
blast, its tooth counterpart. One of the better
characterized osteoblast-specific genes is the gene
coding for osteocalcin (1]. Osteocalcin is a mem-
ber of a larger family of mineral-binding extracel-
lular matrix proteins called Gla proteins. Until
recently Gla proteins had been identified only in
liver and skeleton. The liver Gla proteins in-
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clude major coagulation factors, such as factor
VI, IX, and X; prothrombin; and proteins S and
C [2]. The functional importance of the Gla
residues in these proteins is illustrated by clini-
cal observations. A point mutation in the propep-
tide coding region of the factor IX gene leads to
inhibition of y-carboxylation of factor IX and
eventually hemophilia § [3]. In another ex-
ample, patients who are congenitally protein S
deficient are predisposed to recurrent thrombo-
sis [4]. It is interesting to note that two structur-
ally homologous proteins have been adapted to
serve both coagulant (i.e., factor IX) and antico-
agulant (i.e., protein S) functions. To date two
skeletal Gla proteins have been identified, se-
quenced, and subsequently cloned: osteocalcin
and matrix Gla protein, which is present in
cartilage as well as in bone.

Osteocalcin is one of the most abundant pro-
teins synthesized by the osteoblast. As men-
tioned above, the protein is synthesized only by
osteoblasts and odontoblasts once they are fully
differentiated. Because of the existence of three
Gla residues, osteocalcin has a high affinity for
calcium and phosphate ions and hydroxyapatite
crystals, and it is secreted by the osteoblasts into
the bone ECM at the time of bone mineraliza-
tion. Because of its restricted spatial and tempo-
ral pattern of expression and its structural fea-
tures, osteocalcin has been suspected for a long
time to play a role in bone mineralization, al-
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though its biological function is still unknown
nearly 20 years after its original description.
Recently, several groups have shown in several
vertebrate species that there exists a cluster of
osteocalecin and osteocalcin-related genes [5-7].
We have shown that these three genes are tran-
scribed in different tissues during development
and in different tissues in adult life, raising new
questions about the function of the protein as
well as the regulation of expression of these
genes [7].

STRUCTURE OF THE MURINE OSTEOCALCIN
GENE CLUSTER

To study the regulation of expression of osteo-
calcin gene and the function of the protein in an
animal model convenient for genetic experimen-
tation, we and others decided to clone the mouse
gene [6,7]. When a mouse genomic library was
screened with the mouse osteocalcin cDNA as a
probe we observed hybridization to restriction
fragments scattered over more than 15 kb of
genomic DNA. This result was surprising since

coding sequences of the human and rat osteocal-
cin gene are shorter than 1 kb. It suggested that
several genes or pseudogenes with related se-
quences were in this genomic region. Indeed,
Southern blot hybridization of genomic DNA
cut with different restriction enzymes and hy-
bridized with the mouse osteocalcin ¢cDNA
showed the existence of three bands. Through
an extensive DNA sequencing effort we to
showed that a) the three genes are side by side in
the genome, and b) their coding sequence is
highly similar (96% identity at the nucleotide
level), and in particular the glutamic acid coding
codons are all present in the three genes. The 5’
untranslated sequence of the genes located at
the 5' end of this cluster and of the gene located
in the middle of the cluster were 93% identical
over 1 kb and highly homologous to the 5’ un-
translated sequence of the rat osteocalcin gene
[8], so these two genes were called osteocalcin
gene 1 (OG,) and osteocalcin gene 2 (OGy). The
5" untranslated region of the gene located at the
3" end of the cluster had a more complicated
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Fig. 1. Structure of the mouse osteocalcin gene cluster. A: A
map of the 23-kb region containing the three genes is presented
in relation to the phage clones used. Position of the three genes
is shown by solid boxes. Arrows denote the orientation of
transcription. Regions of the cluster that have been sequenced
are depicted below by lines. B: Structural organization of each

gene of the cluster. Solid boxes indicate common exons to the
three genes, and shaded boxes depict exonic sequences specific
to ORG. The solid lines 5' of the ATG denote the 5’-untrans-
lated sequences comman to the three genes. The dashed lines
5" of the exon 1 of ORG represent a 4-kb fragment specific of
ORG.
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organization. Upstream of the coding sequence
there was a 4-kb DNA fragment that had no
homology to any sequences in the two genes.
This 4-kb sequence contained an intron, a non-
coding exon, and a promoter. 5’ of the 4-kb
insert there was a segment of DNA 93% homolo-
gous to the 5’ untranslated region of OG, and
OG, over 1 kbh. The existence of a different
promoter suggested that this third gene was not
expressed in the same tissues, so we called it
osteocalcin related-gene (ORG).

The most intriguing aspect of this cluster of
three genes is that each is expressed at different
times during embryonic development and in dif-
ferent tissues in postnatal life. Using allele-
specific hybridization of reverse transcriptase
polymerase chain reaction products as depicted
in Figure 2, we were able to show that OG; and
OG; are expressed only in bone, whereas ORG is
transcribed in kidney but not in bone. Further-
more, during embryogenesis OG; and OG; begin
to be expressed at day 15.5 while ORG is tran-
scribed starting at day 10.5. The level of expres-
sion of ORG is about 1% of the level of expres-
sion of OG; and OGs,.

In summary, the three genes of the cluster
theoretically encode the same protein and are
expressed at two major sites of calcium metabo-
lism: bone, which is the main ealcium ion reser-
voir in the body, and kidney, where calcium
elimination occurs. The structure of this cluster
and the spatial pattern of expression of the three
genes raise several important questions: What is
the function of Gla proteins in bone and in
kidney? How is the distinct temporal and spatial
pattern of expression achieved? Other clusters
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Fig. 2. Strategy to identify the different transcripts originating
from the mouse osteocalcin gene cluster. An aliquot of each
RTPCR reaction was electrophoresed on an agarose gel and
subsequently hybridized with appropriate oligonucleotides. Plas-
mids containing each genomic clone were used as positive
controls.

of developmentally regulated genes like the glo-
bin genes have been shown to share common
regulatory elements that can dictate their se-
quential pattern of expression. It is conceivable
that these 3 genes share common regulatory
elements, which could turn on their expression
sequentially. In the rest of this review we will
describe the different approaches that have been
used or could be used to study osteocalcin func-
tion.

STUDY OF THE FUNCTION OF OSTEOCALCIN

Attempts to understand the function of osteo-
calcin have relied on in vitro experiments, a
pharmacological model, and clinical investiga-
tions. In vitro, the transition from brushite
(CaHP#?H?) to hydroxyapatite [Cal0Q(PO,)¢
(OH)?]is inhibited by osteocalcin, and this inhibi-
tory function requires the presence of Gla resi-
dues (9]. These experiments suggest that osteo-
calcin acts as a negative regulator of bone
mineralization, possibly preventing an over-
growth of the hydroxyapatite crystal. This would
be consistent with its late temporal pattern of
expression during bone formation. Further evi-
dence supporting the hypothesis that osteocal-
cin acts as a negative regulator of bone mineral-
ization arises from experiments in which bone
particles were implanted subcutaneously to
study bone resorption {10]. Bone particles were
prepared from rats virtually depleted of osteocal-
cin by treatment with warfarin, an inhibitor of
vitamin-K dependent carboxylase, for 6 weeks.
Without the carboxylated residues, osteocalcin
does not accumulate in bone matrix. These bone
particles, devoid of osteocalcin, were resistant to
resorption when implanted subcutaneously in
normal rats. Likewise, these osteocalcin-defi-
cient bone particles had a decreased ability to
recruit and differentiate osteoclast progenitors
compared to control bone particles. Taken to-
gether, these experiments suggest that osteocal-
cin may recruit cells of the osteoclast lineage to
the site of newly formed bone, thereby regulat-
ing bone formation. Lastly, it has been shown in
vitro that osteocalcin can form a complex with
another noncollagenous protein of the bone
ECM, osteopontin. Osteopontin is a cell adhe-
sion protein that can interact with osteoclasts
[11]. Conceivably an osteocalcin-osteopontin
complex could recruit osteoclasts to a site of
bone resorption and mediate the attachment of
these cells at this particular site.
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Attempts to study osteocalcin function in vivo
have relied on the use of an anticoagulant drug
called warfarin. Warfarin inhibits the vitamin-K-
dependent synthesis of Gla residues in liver and
bone proteins. It results in the intracellular
accumulation of the precursors of osteocalcin
and of matrix Gla protein that are not y-carbox-
ylated [12]. When pregnant rats were treated
from gestational day 8 to 22 with a quantity of
warfarin sufficient to halve the level of extracel-
lular skeletal Gla protein 2, they showed minor
modifications of the hypertrophic cartilage zone.
However, when the level of skeletal Gla protein
was decreased to 10% of control levels, a much
more severe phenotype appeared, characterized
by severe growth retardation in newborn rats
and a decreased number of ossification centers.
Histologically the endochondral growth plate
was totally disorganized with an absence of align-
ment of hypertrophic chondrocytes and appear-
ance of pericellular mineralization [13]. These
findings in rat are similar to abnormalities ob-
served in offspring of women to whom warfarin
was administered during the first trimester of
pregnancy. These malformations include nasal
septum hypoplasia and stippling of epiphyses
(14].

Although the in vivo experiments in rats us-
ing warfarin are informative, they must be inter-
preted cautiously. First, this treatment affects
y-carboxylation of glutamic acid residues pre-
sent in osteocalcin, matrix Gla protein, and con-
ceivably other yet to be characterized skeletal
Gla proteins; therefore, the phenotype cannot
be ascribed to a decreased level of a single pro-
tein. Second, these animals still had detectable
levels of osteocalein and in that regard should be
considered hypomorphic rather than true “loss
of function” animals. Nevertheless, based on
these experiments we speculate that skeletal
Gla proteins, and among them osteocalcin, play
a role in the regulation of bone mineralization
possibly by recruiting osteoclast to the site of
newly formed bone and/or by preventing the
growth of the hydroxyapatite crystal.

Measurement of serum osteocalcin, whose
level reflects the portion of newly synthesized
protein that does not bind to the mineral phase
of bone, has been used as an indicator of bone
formation in many physiological and pathologi-
cal conditions. In general, serum osteocalcin
concentrations correlate with histomorphomet-
ric indices of newly formed bone, leading most
investigators to consider serum osteocalcin lev-

els an indicator of bone formation. For example,
serum osteocalcin concentration is increased in
lactation, Paget’s disease, and hyperparathyroid-
ism and is decreased in pregnancy, estrogen or
growth hormone deficiency, and alcoholism.

Many of the functions that have been attrib-
uted to osteocalcin are based solely on correla-
tive arguments. Therefore, the availability of an
experimental animal that lacks osteocalcin would
be a great resource to study the role of osteocal-
cin during bone formation. Gene targeting and
mouse embryonic stem (E.S.) cell technologies
provide the ideal methodologies for generating
such ‘“loss of function” mutant animals
[9,16,17]. These experiments would likely be
more useful than overexpression of a mutated
osteocalcin gene since all the mutations de-
scribed in other Gla proteins so far are recessive.

E.S. cells are totipotent cells derived from
mouse blastocysts. When reintroduced into a
blastocyst, E.S. cells can contribute efficiently to
the formation of all tissues in a chimeric mouse,
including the germ line. Generation of mice in
which a specific gene has been mutated involves
the introduction of a mutation into a cloned
genomic sequence of a particular locus. The
mutation is then transferred by homologous
recombination to the E.S. cell genome. Microin-
jection of the mutant E.S. cells into a mouse
blastocyst should generate chimeras. These ma-
nipulated embryos are then transferred to the
uterus of a pseudopregnant foster mother for
development to term. If the E.S. cells have con-
tributed to the germ line of the chimeras, some
of the progeny of these chimeras will possess
E.S. cell-derived genes, usually assessed initially
by coat color markers. Thus, gene targeting E.S.
cells provides a means for generating mice carry-
ing specific mutations. Interbreeding of hetero-
zygous mice yields animals homozygous for the
mutation.

Considering the fact that the three genes of
the mouse osteocalcin cluster are expressed in
different tissues, two strategies can be proposed
to achieve this gene deletion experiment. One
approach would be to perform a deletion of the
two genes expressed only in bone and a deletion
of the gene expressed in kidney in separate
experiments. The advantage of this strategy is
that it would allow us to address questions about
each gene in the cell type where it is expressed.
Since ORG is expressed at very low levels com-
pared to OG; and OG, and there is no evidence
that the product of the gene can enter the gen-
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eral circulation, the deletion of the two bone-
specific genes should give valuable information
on osteocalcin function during bone develop-
ment. One possible pitfall that should be consid-
ered in this approach is that the level of expres-
sion of the ORG can be altered by the deletion of
neighboring genomic sequences, but this can be
easily monitored. Recent examples of gene dele-
tion experiments have shown that it is hazard-
ous to make any predictions of a phenotype [18].
However, the fact that osteocalcin does not start
to be expressed before the late part of embryonic
development suggests that osteocalcin-deficient
mice should be alive at birth. The appearance of
a phenotype at later stages will depend on
whether other gene products could fulfill some
or all of osteocalcins functions. In the case of
deletion of ORG coding sequence it is even harder
to predict a phenotype since we do not yet know
the spatial pattern of expression of this gene and
its gene product during embryonic development.

A second approach that is not necessarily ex-
clusive of the first would be to perform a large
deletion of the three genes of the cluster. The
frequency of correct gene replacement could be
much lower in deletion vectors bigger than 15
kb. The putative phenotype due to a deletion of
the three genes could be difficult to interpret if it
involves abnormalities in both kidney and skel-
eton, but it could also provide additional informa-
tion.

SUMMARY

Osteocalcin is one of the most highly abun-
dant proteins produced by osteoblasts and yet
its biological function is still unknown. In the
absence of any known genetic human disease
linked to a mutation in one of the genes coding
for osteocalcin, the best approach to characteriz-
ing osteocalcin functions in vivo is to delete the

osteocalcin genes through homologous recombi-
nation in E.S. cells. This work will undoubtedly
bring very important information about the mo-
lecular mechanisms of bone mineralization and
may shed new light on the physiology of Gla
proteins.
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