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The osteoblast: A Sophisticated Fibroblast 
under Central Surveillance 
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The study of the biology of osteoblasts, or bone-forming cells, illustrates 
how mammalian genetics has profoundly modified our understanding of 
cell differentiation and physiologic processes. Indeed, genetic-based stud- 
ies over the past 5 years have revealed how osteoblast differentiation is 
controlled through growth and transcription factors. Likewise, the recent 
identification, usingmutant mouse models, of a central component in the 
regulation of bone formation expands our understanding of the control of 
bone remodeling. This regulatory loop, which involves the hormone leptin, 
may help to explain the protective effect of obesity on bone mass in 
humans. In addition, it provides a novel physiologic concept that may shed 
light on the etiology of osteoporosis and help to identify new therapeutic 
targets. 

Bone is a mineralized tissue that confers mul- 
tiple mechanical and metabolic functions to 
the skeleton. Bone contains two distinct cell 
types, the osteoblasts, or bone-forming cells, 
and the osteoclasts, or bone-resorbing cells. 
Given the variety and the importance of the 
biological processes in which these two cell 
types participate during development and in 
postnatal life, there is great interest in under- 
standing their differentiation and function. 
Here, we review our current knowledge of the 
molecular mechanisms regulating the differ- 
entiation and function of the osteoblast. In a 
companion review (I),Teitelbaum discusses 
recent advances in osteoclast biology. 

The term "bone formation" is sometimes 
used to describe osteoblast differentiation dur- 
ing embryonic development, i.e., skeletogen- 
esis. For the sake of clarity, we will restrict our 
use of this term to osteoblast function, namely 
the synthesis and deposition of the bone extra- 
cellular matrix (Fig. 1). Bone formation is im- 
plicated directly or indirectly in longitudinal 
bone growth, bone mineralization, and bone 
remodeling, all fimctions that are not easily 
studied in vitro. Thus, our understanding of the 
molecular control of osteoblast function has 
been greatly enhanced by the emergence of 
gene deletion technology. 

The functions of osteoblasts and osteoclasts 
are intimately linked. During skeletal develop- 
ment and throughout life, cells from the osteo- 
blast lineage synthesize and secrete molecules 
that in turn initiate and control osteoclast dif- 
ferentiation [reviewed in (I)]. This is a direct 
and crucial interaction that has been well estab- 
lished in vivo. Once osteoblasts and osteoclasts 
are fully differentiated, there is a less direct 
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relationship. As will be detailed below, bone is 
constantly destroyed or resorbed by the oste- 
oclasts and then replaced by the osteoblasts in a 
physiologic process called bone remodeling. 
Multiple genetic models such as an osteoblast 
ablation model and three models of increased 
bone formation indicate that the osteoblasts do 
not influence the activity of the osteoclasts in 
any overt way in vivo (2-5). Nevertheless, bone 
remodeling is tightly regulated by local (i.e., 
autocrine and/or paracrine) and endocrine fac- 
tors. The endocrine regulation of bone resorp- 
tion has been well known for many years, but it 
is only recently that bone formation has been 
shown to be under endocrine control. We re- 
view the emerging evidence for this in the 
second half of this article. 

Osteoblast Differentiation 
The osteoblast is of mesenchymal origin. In 
cell culture, osteoblasts are nearly indistin- 
guishable from fibroblasts. The only morpho- 
logical feature specific to osteoblasts is locat- 
ed outside the cell, in the form of a mineral- 
ized extracellular matrix. However, there is 
no evidence to date that bone matrix miner- 
alization is orchestrated by genes selectively 
expressed in osteoblasts. All the genes ex- 
pressed in fibroblasts are also expressed in 
osteoblasts, and, conversely, only two osteo- 
blast-specific transcripts have been identi-
fied: one encoding Cbfal, a transcription fac- 
tor ( 6 ) ,and the other encoding Osteocalcin, a 
secreted molecule that inhibits osteoblast 
function (7). Thus, genetically, the osteoblast 
can be viewed as a sophisticated fibroblast. 

During embryonic development, osteoblast 
differentiation can occur through two distinct 
~athwavs. For the entire future skeleton. exceot , 1 

the clavicles, the mandibles and certain bones 
of the skull, a cartilage template surrounded by 
a bone collar prefigures each future bone. Upon 
vascular invasion of the cartilage template, the 
chondrocytes (cartilage cells) die through apo- 

ptosis and are replaced by osteoblasts brought 
in from the bone collar. This process is called 
endochondral ossification (8) .  In contrast, 
in the condensations prefiguring the clavi- 
cles, the mandibles, and certain bones of 
the skull, the mesenchymal progenitor cells 
differentiate directly into osteoblasts. This 
process, which does not include any carti- 
laginous templates, is called intramembra- 
nous ossification. 

Transcriptional control of osteoblast dlffer- 
entiation. Over the past 5 years, there has been 
an intense search for transcription factors that 
might act as osteoblast differentiation factors, 
the so-called "master" regulators of osteoblast 
differentiation. Two osteoblast-specific cis-act- 
ing elements (OSEs) were identified in the pro- 
moter of the Osteocalcin gene (Bgp): OSEl and 
OSE2 (9). Thls led to the identification of 
Cbfal as the first osteoblast-specific transcrip- 
tion factor. Cbfal, which binds to OSE2 (6),-is 
one of the three vertebrate homologs of the 
Drosophila runt and lozenge proteins (10). 
Runt is the founding member of a small family 
of transcription factors that are all characterized 
by a unique DNA binding domain called the 
runt domain. These transcription factors are 
present in multiple species f i m  the nematode 
Caenorhabditis elegans to human (10). Runt 
and lozenge act as differentiation factors during 
Drosophila development, controlling neuro-
genesis and eye and blood cell development, 
respectively (11-13). Cbfal has all the at-
tributes of a differentiation factor for the osteo- 
blast lineage. During embryonic development, 
Cbfal expression precedes osteoblast differen- 
tiation and is restricted to mesenchymal cells 
destined to become either chondrocytes or os- 
teoblasts (6). Subsequently, Cbfal expression 
becomes limited to the osteoblasts, with a lower 
level of expression in hypertrophic chondro- 
cytes (14). Cbfal is also expressed in odonto- 
blasts, the dentin-synthesizing tooth homologs 
of the osteoblasts (15). Thus, Cbfal is the ear- 
liest and most specific marker of osteogenesis. 
In cell culture, ~ b f a l  acts as an activator of 
transcription and can induce osteoblast-specific 
gene expression in fibroblasts and even myo- 
blasts (6). This constellation of expression and 
in vitro data suggested that Cbfal is an irnpor- 
tant gene for osteoblast differentiation. but the 
true bioloeic imuortance - 1 ~  ~ of-C,.Val in osteoblast ~a - - - - ~ 

differentiation was revealed by in vivo studies 
of mice and humans. 

Cbfal-deficient mice develop to term with a 
normally patterned skeleton that is made exclu- 
sively of cartilage; osteoblast differentiation 
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never occurs in these mice (16,17). In addition, 
Cbfal-deficient mice lack osteoclasts because 
osteoclast differentiation requires cells of the 
osteoblast lineage. Although the mice show 
defects in hypertrophic chondrocyte differenti- 
ation in certain bones (14, 18), chondrocyte 
differentiation is largely unaffected, which ex- 
plains why the mutant mice have a skeleton that 
is nearly normal in shape and size. Mice het- 
erozygous' for Cbfal inactivation have hypo- 
plastic clavicles and a delay in the ossification 
of sutures of certain'cranial bones (1 7). These 
abnormalities are identical to those observed in 
a radiation-induced mouse mutant designated 
Ccd (19), which reproduces the phenotype of 
one of the most hquent hiunan skeletal disor- 
ders, cleiodocranial dysplasia (CCD). Cbfal 
and the Ccd mutation are allelic in mice, and 
CCD patients are heterozygous for loss-of- 
function mutations in CBFAl(20,21). Togeth- 
er, all the evidence demonstrates that Cbfal is 
necessary for osteoblast differentiation in both 
mouse and human. 

The transcription factors that act upstream 
of Cbfal to control its expression remain to be 
identified. The Cbfal expression patterns in 
mouse models where various genes have been 
deleted suggest that Cbfal expression is con; 
trolled by different transcription factors at dif- 
ferent locations in the developing skeleton. A 
second important question to answer is whether 
any transcription factors act downstream of 
Cbfal. This is likely to be the case because 
Cbfal expression begins at 10.5-days post co- 
itum (dpc), while 'the first osteoblasts appear 
only 4 days later. Transcription factors acting 
upstream or downstream of Cbfal may not be 
osteoblast-specific. 

Several homeobox proteins affect osteoblast 
differentiation in vivo (Fig. 2). During mouse 
development two homologs of the Drosophila 
distalhs gene (Dll) (22), Dk5 and Dk6, are 

expressed in the cells of the skeletal condensa- 
tions undergoing intramembranous ossification 
and in the cells of the periosteum surrounding 
cartilaginous templates (23). In addition to se- 
vere craniofacial malformations, DlxS-deficient 
mice exhibit a delayed ossification of the mem- 
branous bones and a milder delay in bone for- 
mation in the long bones (24). Cbfal expres- 
sion is not affected in the mutant mice, indicat- 
ing that D1x5 acts either downstream of Cbhl 
or in a separate genetic pathway. Because Dk5 
and Dk6 are coexpressed in the skeleton, the 
relatively mild skeletal phenotype of the D1x5- 
deficient mice could be the result of a function- 
al redundancy between the two proteins. Inac- 
tivation of another homeobox gene, Msx2, one 
of the mouse homologs of the Drosophila mus- 
cle segment homeobox gene Msh (29, causes a 
more severe skeletal phenotype (26). Msx2- 
deficient mice exhibit a marked delay of ossi- 
fication in bones of the skull and an overall 
decrease in bone volume. Cbfal and Osteocal- 
cin are down-regulated in these mutant mice, 
suggesting that M s d  may be one regulator of 
Cbfal expression. Bapxl, a mammalian ho- 
molog of the Drosophila bagpipe homeobox 
gene (27), may also be upstream of Cbfal in 
the axial skeleton as Cbfal expression is down- 
regulated in the axial skeleton of Bapxl-defi- 
cient mice (28). In contrast, another homeobox 
protein, Hoxa-2, known to provide the second 
branchial arch with regional identity (29), may 
inhibit Cbfal expression. . Hoxa-2-deficient 
mice exhibit ectopic bone formation associated 
with ectopic expression of Cbfal in the second 
branchial arch, suggesting that Hoxa-2 inhibits 
bone formation in this area by preventing Cbfal 
expression (30). 

Other transcription factors may control os- 
teoblast differentiation in a Cbfal-dependent or 
-independent manner. For instance, we know 
.that OSE1, the other cell-specific regulatory 

element present in the Osteocalcin promoter, is 
as important as the Cbfal binding site for 
Osteocalcin expression (31). The factor bind- 
ing to OSEl has recently been biochemically 
characterized. Unlike Cbfal, this binding ac- 
tivity is found only in nonmineralizing, i.e., 
poorly differentiated, osteoblasts (9). Identi- 
fication of this factor may help to further 
define the genetic pathways controlling os- 
teoblast differentiation. Lastly, it is possible 
that broad-based gene deletion experiments 
may identify hew transcription factors impor- 
tant for osteoblast differentiation. 

Growth factor control of osteoblast dzfer- 
entiation. Members of all the major families of 
growth factors have been implicated in the con- 
trol of osteoblast differentiation during embry- 
onic development. Several bone morphogenetic 
proteins (J3MPs) can induce Cbfal expression 
in vitro. However, this action appears to be 
indirect and, for now, is of unknown physiolog- 
ical relevance (6). Transforming growth fac- 
tor+ (TGF-P) can control the steady-state lev- 
el of osteoblast differentiation in vivo and in- 
hibits the expression of Cbfal in cultured os- 
teoblasts. The mechanism by which it regulates 
Cbfal expression and osteoblast differentiation 
is unknown. Members of the fibroblast growth 
factor (FGF) family seem to act earlier in skel- 
etogenesis, when limb patterning occurs (32). 
At a later stage of skeletogenesis, they play 
critical roles mostly during chondrocyte differ- 
entiation (32). However, FGF2 may control 
differentiation of mesenchymal progenitor cells 
into mature osteoblasts (33). 

Indian hedgehog (Ihh) is the growth factor 
that has the greatest impact on osteoblast differ- 
entiation in vivo. In chick and in mouse, the Ihh 
gene is expressed in prehypertrophic chondro- 
cytes and controls the expression of parathyroid 
hormone-related peptide (PTHrP) (34), a gene 
coding for a growth factor that inhibits chondro- 
cyte hypertrophy (35). Unexpectedly, the subset 
of Zhh-deficient mice that develop to term have 

Mesemhyrnal Ihh an osteoblast phenotype in addition to the chon- 

drocyte abnormalities (36). During embryonic 
development, the bone collar of skeletal ele- 
ments of the axial and appendicular skeleton 

/ does not form in Zhh-deficient mice, and chon- 

Fig 1. Visualization of osteoblast function (i.e., 
bone formation) by fluorescence microscopy 
after calcein double labeling. Two doses of cal- 
cein, a fluorochrome that incorporates at the 
site of newly formed bone matrix mineraliza- 
tion, were injected in mice 8 days apart. The 
distance between the two green labels repre- 
sents the amount of bone'formed during this 
period. The arrow indicates the direction of 
new bone formation. 

Cbfal 

+,, 

Fig 2. Schematic diagram of current knowledge 
of the genetic control of osteoblast differenti- 
ation and function. Transcription factors are 
indicated in red, secreted molecules are in blue. 
Black arrows indicate the stimulatory or inhib- 
itory roles of these molecules. Gray arrows 
indicate possible regulatory pathways. 

drocyte apoptosis is not followed (as it should 
be) by osteoblast differentiation. ' Although 
Cbfal expression is decreased, it is not known 
whether Ihh directly regulates the expression of 
any transcription factors controlling osteoblast 
differentiation. Remarkably, in Zhh-deficient 
mice osteoblast differentiation is unaffected in 
bones that form through intramembraneous os- 
sification, suggesting that other growth factors 
control osteoblast differentiation in these bones. 

Osteoblast Function 
In addition to providing mechanistic insights 
into the embryonic development of bone, ge- 
netically defined mouse models have pro- 
foundly enhanced our understanding of bone 
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physiology in adults. As mentioned above, 
bone remodeling is the dynamic physiologic 
process by which bone mass is maintained 
constant throughout adult life in vertebrates. 
Bone remodeling consists of two phases- 
bone resorption by osteoclasts followed by 
formation by osteoblasts-and it occurs con- 
tinually and simultaneously at multiple loca- 
tions in the skeleton. From a biomedical point 
of view, there is an urgent need to understand 
the regulation of bone remodeling. Indeed, the 
most common bone disease, osteoporosis, is a 
remodeling disease in which patients have a 
low bone mass condition with a high risk of 
fracture. Any pharmacological means that 
could be designed to increase the level of 
bone formation in osteoporotic patients may 
be of great use in preventing or treating the 
disease. 

Transcriptional control of bone formation. 
In addition to its critical role during osteoblast 
differentiation, Cbfal controls bone formation 
by differentiated osteoblasts. As noted above, 
Cbfal regulates the expression of Osteocalcin 
(Bgp), a gene expressed only in terminally dif- 
ferentiated osteoblasts. Cbfal binding sites are 
also present in the regulatory sequences of most 
genes required for the elaboration of a bone 
extracellular matrix (6). Experiments with 
transgenic mice have provided functional evi- 
dence that Cbfal controls the rate of bone for- 
mation by differentiated osteoblasts (37). The 
Osteocalcin promoter was used to drive the 
expression of the DNA binding domain of 
Cbfal (ACbfal). This truncated Cbfal protein 
has a higher affinity for the DNA than Cbfal 
itself, but has no transcriptional ability; thus, it 
can act in a dominant-negative manner. Be- 
cause the promoter of Osteocalcin is active only 
after birth and only in differentiated osteoblasts, 
the expression of this transgene was strictly 
postnatal and was limited to differentiated os- 
teoblasts. As a result, the Osteocalcin-ACbfal 
transgenic mice developed to term without any 
skeletal abnormalities. However, once the Os- 
teocalcin promoter became active, the mice 
stopped growing because osteoblasts are re- 
quired for longitudinal bone growth (2). The 
mice also developed an osteoporotic phenotype 
that was not due to a defect in osteoblast dif- 
ferentiation, but rather to a marked decline in 
the output of bone matrix per osteoblast. Con- 
sistent with this observation, the expression lev- 
el of genes required for formation of bone 
extracellular matrix was reduced. 

Endocrine regulation of bone formation. 
The fact that bone remodeling occurs simulta- 
neously in multiple skeletal locations is gener- 
ally viewed as evidence that it is controlled 
locally, through autocrine andlor paracrine 
mechanisms (38). However, this observation is 
also consistent with the possibility that bone 
remodeling is under endocrine control. Apart 
from textbook knowledge, this would not be 
surprising because most other homeostatic 

functions are known to be under endocrine, if completely rescues their bone phenotype. 
not neuroendocrine, control. Accordingly, sev- The fact that this occurs without any circu- 
era1 hormones are already known to control 
bone remodeling. For instance, sexual steroid 
hormones such as estradiol are involved in the 
control of bone remodeling by affecting oste- 
oclast differentiation and thereby bone resorp- 
tion. As a result, the declining levels of sexual 
steroid hormones at menopause is a predispos- 
ing factor for osteoporosis (38, 39). Likewise, 
parathyroid hormone favors bone resorp- 
tion (40, 41). This raises the following 
question: Is bone formation also under en- 

lating leptin in the serum of these animals 
demonstrates that bone formation. and there- 
fore bone remodeling, is centrally controlled, 
likely by the hypothalamus (Fig. 3). ICV 
infusion of leptin in wild-type mice causes 
bone loss, indicating that this regulatory loop 
is physiologically relevant in wild-type ani- 
mals (5). By definition, if bone remodeling is 
a physiologic process with an hypothalamic 
or central component, then diseases of bone 
remodeling such as osteoporosis may also 

docrine control? Without presage of which have an hypothalamic or central component. 
component of bone remodeling is affected, As is the case for the control of body 
two well-known clinical observations sug- weight, the role of leptin in bone formation is 
gest that other hormones besides sex ste- not merely a "mouse story." Rats deficient in 
roids and PTH regulate bone remodeling. leptin signaling also have a high bone mass 
The first is that obesity protects against phenotype (45). Patients with generaliid lipo- 
bone loss (42), and the second is that meno- dystrophy, a condition marked by a nearly com- 
pause favors bone loss. Taken together, plete absence of adipocytes and white fat, also 
these observations suggest that bone mass, 
body weight, and reproduction are regulat- 
ed by the same hormone(s). 

Leptin as a regulator of bone formation. 
Leptin is an attractive candidate for such a 
hormone. Leptin is synthesized by adipocytes 
and functions as a starvation and adiposity sig- 
nal by binding to the long form of its receptor, 
localized primarily in the hypothalamus (43, 

exhibit osteosclerosis (increased bone forma- 
tion) and accelerated bone growth (46). It is 
difficult to assess whether leptin-deficient pa- 
tients have a high bone mass, because these 
children were treated with leptin early in their 
lives. Work with the oblob and dbldb mice 
suggests that the high bone mass phenotype 
becomes more severe as the animals age. Nev- 
ertheless, the recent observation that patients 

44). Rodents and humans genetically deficient with an inactivating mutation in mel&ocortin 
in leptin signaling are massively obese. The receptor 4 (MC-R4), a hypothalamic receptor 
absence of leptin signaling also causes sterility 
(i.e., hypogonadism), a condition usually caus- 
ing bone loss. Surprisingly, mice deficient in 
leptin (oblob) or its receptor (dbldb) were found 
to have a two- to threefold higher bone mass 
than wild-type mice (5). To dite, the oblob and 
dbldb mice are the only known animal models 
with both hypogonadism and high bone mass, 
and therefore they are invaluable resources for 
studying the molecular basis of bone remodel- 
ing. The bone phenotype of these mutant mouse 
models is not caused by hyperinsulinism, be- 
cause heterozygous mice also have higher bone 

for the melanocortin hormone, are obese Ad 
have a high bone mass (47) provides further 
support for the emerging concept of a common 
and central control of bone remodeling and 
body weight in mice and humans. Lastly-and 
going back to the critical observation that trig- 
gered this work-leptin's role in bone forma- 
tion may help explain why obese individuals, 
who are often leptin resistant (48), are protected 
from bone loss. 

These results also considerably expand the 
importance of leptin by showing that like other 

Brai 
mass and are not hyperinsulinemic. 

Bone histomorphometry analysis performed Hn 

before and after correction of the hypogonad- 
ism of oblob mice showed that leptin inhibits 
bone formation through its action on osteo- 

-4 4 
blasts; it has no overt effect on osteoclast dif- 
ferentiation and function. Importantly, leptin 
action on bone formation did not involve osteo- I Q I C # Y * ~  

blast differentiation as oblob and dbldb mice - '. 
have a normal number of osteoblasts. This latter 

1 

observation indicates that any possible local 
m\ :: 

O#wb 

mode of action of leptin on bone must affect 
i [ a,&-! T 

already differentiated osteoblasts and not their . -  - I n 1 
progenitors. The leptin receptor does not appear 
to be expressed on differentiated osteoblasts, 
and in cell culture studies osteoblasts from dbl 
db mice behave like wild-type osteoblasts. 
These data indicate that leptin does not directly 
target osteoblasts. Moreover, intracerebroven- 

I MpheralOwns I 
Fig 3. Hormonal control of bone remodeling. 
Sex steroids and PTH have been known for 
many years to control bone resorption. More 
recentlv. le~tin was shown to regulate bone 

tricular (ICV) infusion of leptin in oblob mice forma6on i a  a central relay. 
w 
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major hormones such as thyroid hormones or 
cortisol, it has multiple target organs and func- 
tions (bone mass, body weight, and reproduc- 
tion) without a necessary hierarchy among 
them. However, leptin is unlikely to be the sole 
central regulator of bone formation. Other yet- 
to-be discovered centrally acting hormones may 
positively or negatively regulate bone formation 
and possibly other aspects of bone physiology. 

Prospects 
In the immediate future, studies of osteoblast 
biology will continue to focus independently on 
cell differentiation and cell function. In terms of 
cell differentiation, molecular biology studies 
and the analysis of other mouse mutant strains 
should allow us to achieve a more precise un- 
derstanding of the genetic pathways controlling 
osteoblast differentiation. These studies will fo- 
cus on genes located upstream and downstream 
of Cbfal, but may also reveal other pathways to 
achieve osteoblast differentiation. In terms of 
cell function, it is likely that other hormones 
will be shown to have a role in controlling bone 
formation, possibly through a central pathway. 
Likewise, Cbfal will probably not remain the 
only molecule to bridge the "ontogenic gap" 
between cell differentiation and cell function. 

In the long term, it is likely that molecules 
affecting the function of the osteoblasts will 
become increasingly important in the quest for 
new therapies for osteoporosis. Experiments are 
in progress to test whether increasing Cbfal 
levels will increase bone formation and there- 
fore be potentially useful in preventing or treat- 

ing osteoporosis. Similarly, inhbitors of the 
leptin pathway that affect bone mass but not 
body weight could be beneficial for osteoporo- 
sis. The identification of other transcription fac- 
tors, hormones, or secreted molecules control- 
ling bone formation will increase the likelihood 
that a successful therapy will be developed for 
this and other degenerative bone diseases. 
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Bone Resorption by Osteoclasts 

Steven 1. Teitelbaum 

Osteoporosis, a disease endemic in  Western society, typically reflects an 
imbalance in  skeletal turnover so that bone resorption exceeds bone 
formation. Bone resorption is the unique function of the osteoclast, and 
anti-osteoporosis therapy t o  date has targeted this cell. The osteoclast is 
a specialized macrophage polykaryon whose differentiation is principally 
regulated by macrophage colony-stimulating factor, RANK ligand, and 
osteoprotegerin. Reflecting integrin-mediated signals, the osteoclast de- 
velops a specialized cytoskeleton that permits it t o  establish an isolated 
microenvironment between itself and bone, wherein matrix degradation 
occurs by a process involving proton transport. Osteopetrotic mutants 
have provided a wealth of information about the genes that regulate the 
differentiation of osteoclasts and their capacity t o  resorb bone. 

Osteoclasts are multinucleated cells formed by 
the fusion of mononuclear progenitors of the 
monocyteimacrophage family. They are the 
principal, if not exclusive, resorptive cell of 
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bone, playing a central role in the formation of 
the skeleton and regulation of its mass. Bone- 
forming cells, or osteoblasts, have an equally 
important role in the regulation of bone mass. 
This cell type is reviewed in a companion arti-
cle bv Ducv -. et a1 (1). The activitv of oste-. 	-,- - - - a  - - - - - - \-, ---- - - - - --,- - -- -

Oclasts$ to bone-forming osteoblasts, 
dictates the development of osteoporosis, a 
group of disorders in which skeletal mass has 

decreased to the point of structural instability, 
thereby rendering the patient susceptible to 
spontaneous bone fracture. Because adult os- 
teoporosis, regardless of etiology, always rep- 
resents enhanced bone resorption relative to 
formation, progress in understanding the patho- 
genesis and successful treatment of this family 
of diseases requires an understanding of oste- 
oclast biology. 

How Does a Macrophage Become an 
Osteoclast? 
As first noted in 1990, in vitro maturation of 
macrophages into osteoclasts requires the pres- 
ence of marrow stromal cells or their osteoblast 
progeny (2). After a decade of confusion, it is 
now clear that these accessoq cells express the 
two molecules that are essential and sufficient 
to promote osteoclastogenesis: macrophage 
colony-stimulating factor (M-CSF) and re- 
ceptor for activation of nuclear factor kap- 
pa B (NF-KB) (RANK) ligand (RANKL) 
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