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insight overview

The complexities of skeletal biology

Gerard Karsenty

Baylor College of Medicine, Bone Disease Frogramt of Texas, One Baylor Plaza, Houston, Texirs 77030, USA {e-mall: karsenty€bom. tinc.edu)

For a long lime, the skeleton was seen as an amotphous tissuce of little biological interest. Bul such a view
ignored the farge number of genetic and degenerative diseases affecting this organ. Over the past 15 years,
molecular and genetic studies have modified our understanding of skeletal biology. By so doing this progress
has affected our understanding of discases and suggested in many instances new therapeutic opportunities.

he skeleton is an organ of unappreciated

complexities,.  These  complexites  affect

patterning and cell differentiation during

development, and physiology and pathology

postnatally. {ts peculiar distrtbution in more
than 220 locations in the human body and the extreme
conscrvation of the function of genes affecting skeletal
development and physiology between mouse and hurnan
explains why our ability to generate genetically modified
mice has so profoundly transformed skeletal biology.
Probably no other organ in vertebrate blology has
benefited as much from our abllity 1o generate, at will,
mutant mouse strains.

The skeleton is made of two tissues {cartilage and bone),
three cell types (chondrocytes, osteoblasts and osteoclasts)
and more than 200 diffcrent skeletal clements spread out
throughout the body. These properties raise guestions
about the location and shape of skelctal elements as well as
allocation of cell lincage. Beyond development, the
skeleton has to fulfil a series of functions about which we
have little understanding in molecular terms, but which are
of critical importance as they are often affected in cornmion
degenerative diseases. Among thesce functions one can cite
the molecular mechanisms determining the extent of
longitudinal growth, the spatial restriction of extracellular
tnatrix mineralization to bone, and the maintenance of a
constant bone mass.

Although stillincomptete. our molecular understanding
of skeletal physiology has advanced considerably by
analysing skeletal celis themselves as well as how hormones
and the nervous system affects their protiferation and func-
tion. As described in this timely issue, significant progress
has been made in addressing the developmental biology.
physiology and pathology of the skeleton. This progress in
turn has raised a series of questions relative to cach of the
different aspects of skeletal biology.

Developnient of the skeleton

The aspect of skeletal biology that first received attention
from molecular genteticists was developmental hiology. One
reason for s, and a key feature of the skeleton, is that the
shape of skeletal elemenis varies greatly frarn one location to
another in the body Thus, the study of patterning of skeletal
clementsorofaproupolskeletal elements such as limbs or the
skull has been an object of study of embryologists even
before the era of molecular biotogy. The earlier studics were
performed mostly inchicken. whereas the more recent maole -
cular stuclios were done using either chicken or mouse mod

c¢ls' . Another factor favouring research on developmental
biology of the skeleton in twe past 15 years is the emerping
notion that regulatery genes are often conserved throughout
cvolution And evernib the function of a given gene is not
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Frgure 1 Key tssues in skeletal developiment. The tree mar csues are: whal
triggers mesencitymal celis 1o magrate 10 3 given bcabon and [0 aggregale in
the shape of a fidure skeletal element; how are morphogenelc gradienls
dofinog and regulated to delormine focation and shape of sketelal efetnents;
and how do skevetal cefls diferentiale and proferate”

conserved from lower organisms o mice. the genetic path-
ways in which it resides very often is. [n many instances this
has accelerated the elucidation of the modecular hases for a
given skeletal phenotype observed inmouse embryos.

The first evert studied during development of the
skeletan was patterning -— the size. shape, numnber and
arranpement of hones of the limbs and of the skull (sec
reviews in this issue by Mariani and Martin, page 319, and
Helms and Schneider. page 326). The embryonic limb
enmerges from (he lateral-plate mesoderm as a bud of mes-
enchymal cells covered by a layer of ectoderm. These
amatomically distinct zones of the developing imb bud —
the apical ectodermal ridge. the zone of polarizing activity
and the propress zone —- concur o establish over time the
proximal-distal.  anterior to posterior  and  dorsal-to-
ventra) axes uf the flimb. Many of the genes thar are expressed
it each arca and that control limh patterming have been
identificd and their functioncharacterized'

The principal debate in this field now centres on how
cells in the progress zone acquire positional information.
One model proposes thal acquisilion occurs progressively
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Figure 2 £ach of the thyee specific celliypes of the skefefon have particulir spatial
drstnbutions. Chondracytes are toyrd in the growth plate and fels: subsequently
they fiyperiopity and die tuoigh apoplosis. Vascubar invasa lo3aws, bringmg
oslenflast progenikors from the bone ¢ollar inln the centre of v hulure bone: A bone
martow then forms and osteoblasts favoor osteoclast dilferergiaton

in a proximal-to-distal sequence’. A second. more recent mode!
supgests that specilication to form a given skeletal eleinent in the
developing limb occurs very early. at the time or even before the time
that lirnb bud outgrowth is mitiated”. This question is not fully
cesolved, and the outcome will undoubtedly require addressing in
molecular terms another crucial yet almost unexplored question ol
skeletal development: what are the mechanisins leading mesenchy

mal cells 1o aggregate 1o form these condensanons prefiguring each
skeletal element at the onset af cell differennation in the sheleton?
Understanding this process will alfect our urerstanding both of
skeletal patterming and of chondrocyte differennation.

The difficulties encountered in assembling coherent genetic
pathways accounting for limb ar skuli patterning have been
enornious and have not all been overcome. [his explains why we
sull know so little about the genetic pathway regulating patterning,
of sther skeletat elements suchias ribs hands and feet,

Bicletal cell ditferenuaton
Onee patterningof agiven skeletal element s achieved, mesenchymeal
cellsirethiselement differentiate innost rases inte chondrocytes. the
celitypespecilic of cartilage. Thecartilapinans iemplate s eventaally
teplaced by hone containinposteoblasts and osteoclists This provess
ol bonedormation sealled endochondral ossificanon: Insome skele
tatefements, mesenchymal cells differentiate directly into osteolslases
1 4 process calied mramembranousossification

Ity the pastien years a combination al mouse and human genenes
has pravided a sophisticated anderstandimg of how cells differennane
i chondrgeyte, osteahlast {or bone Torming cells) and osteoclast
for bane-resorbing celis). Two ol these fneapes. the chondroeyie and

e oxteablast. are of mesodertnal organ and orgundie from a
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comrmon progenttor ceil called an osteochondroprogenitor’. Beyond
this stage, differentiation along the chondrocyte lincage will eventu-
ally give rise to resting, proliferating and hypertrophic chondrecytes
that will be organized in columns in the growth plate (ref. 7. and sce
review in this issue by Kronenberg, page 332). Many genes encoding
growth factors or transcription factors contribute to the regulation of
chondrocyte differentiation. Figures 1 and 2 summarize the key
isstes in skelewal development. Unresalved questions concerning
chondrocyte differentiation relate mainly to the molecular determi-
nants of the columnar organization of the growth plate and how it
controls longitudinal growth of the skeleton.

In contrast to what is known of chondrogenesis, only a handful of
genes have so far been shown to control ostegbiast differentiation.
What seerns to emerge from this ongoing work is that different genes
contrul osteoblast differertiation and prolifesption. For instance,
RunxZfCblal and Osterix control osteoblast differentiation, whereas
the LRPS {low-density lipoprotein receptor-related protein 3) sig-
nalling pathway controls osteoblast proliferation, RurnxZis necessary
and sufficient for osteoblast differentiation, although there is an
unexplained delay between itsexpression and the appearance of bona
fide osteoblasts. Currently. the only gene known that might explain
this long delay is Osterid, which secens to act downstream of Runx2
(see reviews intLhis issue by Harada and Rodan, page 349, and Zelzer
and Olsen, page 343). The relative paucity of transcription factors
known to affect osteoblast differentiation contrasts with what is
krownregarding the role of these [actors in other cell differentiation
processes. Thus, 1t is likely that other transcription lactors affecting
ostenblast difterentiation and proliferation, positively or negatively.
remain to be identified. This may have imnportant therapeutic
consequences. as madulating the activity of these factors could lead
to a#n inceease in bone lormation. the function that is affected in
QSIeOPArosis.

Knowledge of how osteoclast differentiation accurs is more
detazled than thatof osteoblast differentiation and has come from two
independent lines of rescarch that has converged over the past ten
years onidentical transeription factors. Gene-deletion experimens
have identified a series of transcription factors — PUL, ¢ Fos. nuclear
fartor {NF) kB, NF-aTc and Mitf* ¥ — tiat control osteoaclast
differentiation. Another line of research identified a soluble tumour-
neerosts factor receptor called osteoprategerin as an inhibitor of
vsteoclast differentiation. This led rapidly te the dentification of
RANKL  the receptor activitor of NF-xB (RANK) hipand - as an
osteoclast differentiation factor binding w the RANK receptor in
osteociasts, The RANKL signalling pathway everitually icads 1o NF-«B
and ¢-Fos activation, thus merging lwo aspects of osteaclist biology
(see revtew i this issue by Boyle eral pape 337) The fact that RANKLL
i produced by osteoblasts lends suppori 1o the concept 1hat
osteablasts control osteoclast differentiation. not furction. Ths,
however. imay be asimplistic view as RANKL is produced by many cells
and s probably a circulating motecule. Nesertheless, identitication of
these penes has completely chanped our understanding ol bone
resorption and may in the future affect the treatment of osteopoross.

skt pyaoiogy and patheiovgy
Compared with our knowledge of other organs. our molecular
understandmp of many skeletal functons is linnted As atesudt we
sill&now lntle about the pathophysioiogy of depenerative discases of
the skeleten One obvious difficulty mo studving inolecular
phivsiolugy of the skeleton s that one cannot rely an conservaion of
repnlatory pathways hetween Caenoelilicdios elegans. Diosopliufa and
Puumans, s skeleton was acquired lste darmg evolution Thus,
answeees 1o physiological questons s 1o be foand using vertetate
models sty imomice

Ihe nnpartance of studying skeletal physiofory s diustated by
the modence of depgeneranive discases atfecting luncnons suchias the
connulangd arrest of skeletal fongitudinaf pawih bone mineralizg
uonand vhe conrol of bone imass (g 33 Oseonpocosas a disease of
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Figure 3 Livesohved issues in skeletal physiology. Thee outstanding issues are: how
coes bone growth stop; why is mineralizaron restricied o bore; and how i bone
mass maintamed constanl through bone remodeling? These impact on three types of
disease in the skeeton: abnormal size, Tickets and eslepmiatacia, and osteoporosis. In
addtion, understanding [he mokecular bases of intracefutar matrix mines alizaiton may
affect our understanding of ather drsease suCh as atherosclerosis and ostecarthagis.

low bone mass. is the most frequent of all degenerative diseases and
exerts a profound influence on research in skeletal biology.
Furthermore, its incidence will undoubtedly increase with the ageing
of the general population. At present. only symptomatic treatment is
available in the form af inhibitors of bone resorption. Some of the
genes affecting the control of bone mass also afTect cell differentiation
and proliferation during development, while other regulatory loops
seemt morespecifictothe adult skeleton. For instance. Runx2controfs
bone formation after birth by affecting osteablast differentiation.
Likewise, inutations in LRP3, which encodes asurface receptor, affect
high bane mass in humans'*'*. Given the ubiquitous expression of
LRPS, the challenge will be to identify the lipand or signal-transduc-
ing molecules that account for the skeletal action of the LRPS
signalling pathway. Another molecute that functions during
development and after birth is RANKL, which helps produce
osteuclasts throupgtiout life.

fin contrast to pathways affecting sketetal differentiation. other
pathways scem o affect only skeletal physiotogy. Oue of these critical
repulatory loops is the negative regulation of bone resorption exerted
by oestrogen, which explains the increase in bone resorption and the
bane loss observed following ponadal failure at menopause. A
present we do not have 4 clear understanding of how oestrogen
regulates bone resorption and this s probably oane of the maost
impartant challenges remaining in the field of skeletal physiology. It
is possible that the hormone may control osteoclast function locally
throupgh anenspecific macde of action ™

Recentresearch hasidentified a novel means of regulation of bone
mass that inclides a hypothalamie refay As descussed by Harada and
Rodan on pape 349, feptin s a powetful inlubiter of bone farmation
Leprtin acts by hinding toits signal transducing seceptors present on
hypothalamic neurons, with the sympathetie nervous system as its
reripheral mediator Lepun regulanon of houe formation s
dornnant over the nfluence of gonads an bane resorption™ '™
Indeed. animals deprived of lepun signalliog fave non funcriornal
gonads. and bone resorption mceases as expwec led owang 1o alack of
aestrogen. But 1 leptn syznallmg s cemoved o tis gonad - Tree
atnnnal, what is observed in terms al bane pathophysiology s the
cansequence ol the absence ol lepun sipnalig {that 15 high
bone mass). nol the consequence of the gonadal Tailure, This
reprlatioriis alsompontant for therapenne reasons, as 3 adrenergic
ABLAZOrISts can Ineredase Hone mass and present oseoporosis in
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ovariectomized mice. This aspect of the regulation of bene mass
has now entered the field of clinical investigation.

Lastly, how mechanical stress affects bone mass is another
important aspect of skeletal physiology™, and its study is taking full
advantage of the many mutant mouse strains available. We have no
redl clues of how bones sense and transduce mechanlcal forces and
how this may aflect gene expression,

Cartitage, especially articular cartilage biology, is often ignored in
reviews abaut skeleton biology. This is partly because we still know
little about joint formation {see review in this issue by Mariani and
Martin, page 319) and even less about the physiopathology of
osteoarthritis, the rmost frequent degencrative disease of the joints.
Jesides osteoarthritis, autoimmune disease represents another
category of joint discase, with rheumatoid arthritls being the most
comunonexample of this discase type. We have n? certalnty about the
nature of the molecular mechanisims leading to the development of a
rheumatoid arthritis (see review in this issue by Firestein, page 356).
As a result, treatments are often empirical. Better understanding of
the role played by cytokines involved in inflammatory processes
should Iead eventually 1o a clearer understanding of these discases (as
illustrated, for example, by studies of the role of RANKL in the
development of rheumatoid arthritis). This area of skeletal
biology, which lies at the frontier between bone biology and
immunology. will expand rapidly as our knowledge of the molecular
bases of inflammation improves,

Owing to space constraints, this [nsight does not cover all aspects
of skeletal biology and pathology. However. by fortnalizing the vari-
ous questions still confronting developmental biologists, molecular
physiologists and clinicians it serves to define the chaillenge ahead in
cach ficld. A trend that is apparent in the accompanying reviews and
that should become more evident in the future is that progress in
skeletal biotogy is having an increasing effect direcily on the inanage -
ment of cartilage and bane diseases. a
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