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MOLECULAR MECHANISMS REGULATING
CHONDROBLAST DIFFERENTIATION

By LisA M. HOFFMAN, PHD*, ANDREA D. WESTON, PHD*, AND T. MICHAEL UNDERHILL, PHD

Background: Formation of the cartilage template involves a multi-step process in which prechondrogenic mesenchy-
mal cells form condensations prior to differentiating into matrix-producing chondroblasts. Retinoids, particularly reti-
noic acid, are among the numerous signaling molecules that have been implicated in this process. A proper balance
of retinoids is essential for normal skeletal development in that too much or too little negatively impacts skeletogen-
esis. During the past few years, substantial advances have been made in our understanding of the role of retinoid
signaling in these processes, which is reviewed in this report.

Methods: To examine the function of retinoid signaling in skeletal development, transgenic mice that overexpressed
a weak, constitutively active retinoic acid receptor (retinoic acid receptor-a) in their developing limbs were generated.
The mice presented with a range of skeletal abnormalities. To examine the mechanisms responsible for these abnor-
malities, primary limb mesenchymal cultures from the transgenic mice were compared with cultures from wild-type
mice. In addition, to address the molecular basis of retinoic acid receptor action, retinoic acid receptor activity in the
primary cultures was manipulated with use of retinoic acid receptor-selective agonists and antagonists. The evalua-
tion of the response to the manipulation of retinoic acid receptors was followed by histological studies and by the use
of Northern blot analysis and reporter assays to analyze changes in the expression of chondrocytic markers and to
monitor transcription factor activity, respectively.

Results: The evidence reviewed here indicates that retinoids maintain cells within condensations in a prechondro-
genic, mesenchymal cell state, which prevents the cells from differentiating into chondroblasts. More recent studies
have demonstrated that the inhibition of receptor-mediated retinoid signaling induces the expression of Sox9, a tran-
scription factor that is considered a “master switch” for the differentiation of chondroblasts. These effects are largely
mediated by the activation of the p38 MAPK signaling cascade.

Conclusions: These findings demonstrate that retinoid receptor-mediated repression is both necessary and suffi-
cient for chondroblast differentiation. Moreover, retinoic acid receptor repression acts downstream of BMP signaling

or in a distinct pathway to activate p38 MAPK, which in turn induces chondroblast differentiation.

years toward our understanding of the role of retinoid

signaling in cartilage development. This report re-
views the mounting evidence that gene repression, mediated
by retinoic acid receptors, is a requisite trigger for chondro-
blast differentiation. In addition, we describe the molecular
events that occur upstream and downstream of retinoid sig-
naling to mediate chondrogenesis. The assembly of a model
for the network of events underlying chondrogenesis is well
underway and will dramatically improve our current under-
standing of diseases associated with chondrogenic abnormali-
ties. Moreover, given that many reparative processes in the
adult recapitulate, to some extent, the events that take place
during embryonic development, our knowledge of chondro-
genesis will be invaluable for the treatment of diseases and
disorders associated with a cartilage deficiency.

Considerable progress has been made over the past few

*Lisa M. Hoffman, PhD, and Andrea D. Weston, PhD, contributed
equally to the preparation of this article.

Much of the vertebral skeleton develops through the
endochondral ossification of a preexisting cartilaginous tem-
plate. The first noticeable step leading to formation of this
template is the condensation of prechondrogenic mesenchy-
mal cells. The resulting cell-cell interactions contribute to the
onset of chondroblast differentiation, which is characterized
by a switch from a fibroblast-like morphology to a spherical
cell shape and by the secretion of an extracellular matrix com-
posed predominantly of type-2 collagen (Col2) and aggrecan.
Substantial insight has been gained about the extracellular
matrix components and the cell-cell adhesion molecules that
mediate the condensation of prechondrogenic mesenchymal
cells. However, until recently, little was known about the sig-
naling pathways that regulate the differentiation of chon-
droprogenitors. It has been known for decades that vitamin A
and its metabolites, collectively referred to as retinoids, are re-
quired for normal embryonic development. Specifically, preg-
nant mothers who consume too much or too little vitamin A
produce offspring with skeletal abnormalities. Retinoic acid
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(RA) is the main metabolite of vitamin A and is believed to be
the primary cause of those abnormalities. The importance of
retinoid signaling in the early stages of skeletal development,
namely chondrogenesis, is highlighted by the fact that skeletal
malformations induced by retinoic acid are most severe when
retinoic acid is applied during the period of cartilage develop-
ment. Numerous studies have subsequently demonstrated,
more directly, an inhibition of cartilage differentiation by re-
tinoic acid'.

MOLECULAR MECHANISMS REGULATING
CHONDROBLAST DIFFERENTIATION

Retinoic Acid Receptors

and Chondrogenesis

More recently, focus has shifted toward uncovering the
role of RA receptors during skeletogenesis. Retinoic acid

regulates gene transcription by means of nuclear receptors™.

Two classes of these receptors exist: the retinoic acid receptors

(RARs) and the retinoid X receptors (RXRs), both of which

function as ligand-inducible transcription factors®, with the

RXRs forming heterodimeric complexes with the RARs*. Im-
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Misexpression of a weak, constitutively active retinoic acid receptor-o. (RARc) inhibits chondrogenesis. A and B, Wild-type forelimb cultures
were fixed and stained with alcian blue on Days 2 and 4. D and E, Transgenic forelimb cultures were stained with magenta-gal on Days 2
and 4 and then were stained with alcian blue. C, Transgenic hindlimb cultures were stained with alcian blue and magenta-gal on Day 4. F,
Higher-magnification of Day-4 transgenic forelimb cultures. Transgene-expressing cells condense (white arrow) but are excluded from the
cartilage nodules (black arrow). G and H, Northern blot analysis was used to quantify the expression of Col2 (G) and Col1a2 (H) in the hind-
limbs of wild-type and transgenic embryos. Scale bars: 1 mm (A, B, D, and E), 2 mm (C), and 0.2 mm (F). (Reproduced, with modification,
from: Weston AD, Rosen V, Chandraratna RA, Underhill TM. Regulation of skeletal progenitor differentiation by the BMP and retinoid signal-
ing pathways. J Cell Biol. 2000;148:679-90. Reprinted with permission of The Rockefeller University Press.)




126

THE JOURNAL OF BONE & JOINT SURGERY - JBJS.ORG
VOLUME 85-A - SUPPLEMENT 2 - 2003

Fig. 2
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Treatment of primary cultures with a retinoic acid receptor-selective antagonist stimulates chondroblast differentiation. A through D, Untreated wild-
type cultures (A and C) and the corresponding cultures treated continuously with either 10 ng/mL BMP-2 (B) or 1 uM AGN 194301 (D) were stained
with alcian blue on Day 8. E, Quantification of cartilage nodule formation in response to BMP-2 or AGN 194301. £, G, and H, Whole-mount in situ hy-
bridization was used to follow the distribution of Col2 transcripts in wild-type cultures after twenty-four hours of treatment in a control medium (F),
BMP-2-containing medium (G), or medium supplemented with AGN 194301 (H). Arrowheads indicate foci of Col2-expressing cells that are appar-
ent in the AGN 194301-treated cultures. I, Analysis of Col1a2 and Col2 expression in Day 4 wild-type cultures treated with either BMP-2 or AGN
194301, relative to untreated controls. Scale bars: 1 mm (A through D) and 0.5 mm (F, G, and H). (Reproduced, with modification, from: Weston AD,
Rosen V, Chandraratna RA, Underhill TM. Regulation of skeletal progenitor differentiation by the BMP and retinoid signaling pathways. J Cell Biol.
2000;148:679-90. Reprinted with permission of The Rockefeller University Press.)

portantly, however, unliganded receptors are also recognized
as major regulators of gene expression through the recruit-
ment of nuclear co-repressors and associated histone deacety-
lases”"'. Within the RAR and RXR subfamilies, there are three

subtypes (o, B, and y) with multiple isoforms of each”. These
receptors exhibit dynamic expression patterns throughout
skeletal development”. During the early development and
outgrowth of mouse limbs, RARo and RARY are expressed
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Reprinted with permission of The Rockefeller University Press.)

310

Inhibition of retinoic acid receptor (RAR) activity enhances Sox9 activity and expression. A, The effects of an RAR agonist (RA) and RAR an-
tagonists on the formation of cartilage nodules, assessed by staining with alcian blue. B, Activation of the retinoid receptors in primary
limb mesenchymal cultures with all trans-RA attenuated activity of the pGL3(4X48) Sox9 reporter. In contrast, inhibition of RAR activity by
the RARa-specific antagonist, AGN 194301 (301), or with the RAR pan-antagonist AGN 194310 (310) enhanced reporter activity. These re-
sults demonstrate that Sox9 reporter activity corresponds with the ability of each compound to enhance or inhibit cartilage formation in
vitro, as indicated by alcian blue staining. C, In response to treatment with AGN 194301, there is a transient increase in Sox9 mRNA in pri-
mary cultures. D and E, To further study the influence of RAR activity during chondrogenesis, constructs containing constitutively active re-
ceptors (RARaVP16 and RXRaVP16) or dominant-negative versions of the receptors (dnRARa. and dnRXRa) were used. Co-expression of
RARaVP16 and RXRaVP16 attenuated reporter gene activity. In contrast, co-transfection with vectors containing dnRARa and dnRXRaow sub-
stantially increased reporter activity of pGL3(4X48). Scale bar: 1.5 mm. B, D, and E, Analysis of variance, p < 0.0001. B, Bonferroni post-
tests indicated significant differences in Sox9 reporter activity at concentrations of 5 x 10°M for 310, 1 x 10"M for 301, and 5 x 10°M
for at-RA (p < 0.05 for all). D, E *p < 0.001 (Bonferroni post-hoc test). (Reproduced, with modification, from: Weston AD, Chandraratna RA,
Torchia J, Underhill TM. Requirement for RAR-mediated gene repression in skeletal progenitor differentiation. J. Cell Biol. 2002;158:39-51.

throughout the limb mesenchyme. However, as mesenchymal
cells condense and differentiate, RARa is downregulated and
becomes largely restricted to the surrounding perichondrium
and interdigital region, while the expression of RARY becomes
localized to the cartilaginous elements. RARP is expressed in
regions of the developing limb that are not destined to form
cartilage, including the interdigital region and necrotic zones"".
RXRa is expressed weakly throughout the limb bud'*”, al-
though it has been shown in vitro to be expressed at high lev-
els in chondrocytes™. RXR is similarly expressed at low levels
throughout the developing limb, whereas RXRy expression is
localized to the myogenic regions within the proximal part of
the limb'*"".

In accordance with earlier studies regarding RA terato-
genicity, the overexpression of RARs, particularly RARa, or the
presence of ligand-activated RARs results in skeletal malfor-
mations”?*. In contrast, RXR agonists fail to induce skeletal
anomalies. Rather, it is believed that they potentiate the effects

induced by RAR agonists*?*. Surprisingly, homozygous null
mutants of RARa, RARP, or RARY exhibit relatively minor
skeletal abnormalities, with no noticeable skeletal defects in
developing limbs*?. Those observations indicate that there
may be some degree of functional redundancy among mem-
bers of the RAR subfamily. Indeed, compound null mutants of
RARa and RARYy display a range of skeletal deformities in limbs
that can essentially be overcome by the presence of a single
copy of RARo™. Those results support the notion that one of
the receptors is minimally required for normal development
of the appendicular skeleton. However, RAROW/RARP com-
pound mutants and RARB/RARY compound mutants do not
present with any obvious skeletal malformation of the limbs™.
These relatively mild phenotypes pale in comparison with the
dramatic teratogenic effects that are caused by an imbalance of
retinoic acid during development. The lack of a major pheno-
type is also surprising given the results of RAR overexpression.
Throughout this review, we provide an explanation for this
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discrepancy by highlighting a major role for unliganded re-
ceptors during chondrogenesis, a role that is not directly re-
vealed from mice knockout studies.

Misexpression of RARc in the Developing
Limb Prevents Chondroblast Differentiation

ARo transcripts are highly expressed in prechondrogenic
Rmesenchyme but are downregulated as differentiation
proceeds™'*". In transgenic mice that overexpress a weak, con-
stitutively active RARa in their developing limbs, continued
activity of RARa inhibits chondrogenesis, causing skeletal de-
ficiencies that phenocopy those observed in RA teratogenicity
studies”. Those deficiencies were later demonstrated to result

from a failure of prechondrogenic cells to differentiate into
chondroblasts. Specifically, in high-density micromass cul-
tures established from the limb buds of transgenic mice, con-
densations of transgene-expressing cells appeared normal even
though the transgene-expressing cells were excluded from car-
tilage nodules (Fig. 1, A through F)"”*. To further characterize
the effect of the transgene on chondrogenesis, markers indi-
cative of chondroblast differentiation (i.e., Col2) and pre-
cartilaginous condensations (i.e., collagen type-1, N-cadherin)
were examined with use of Northern blot analysis and in situ
hybridization. In transgenic mice, collagen type-1, a2 (Colla2),
is expressed at high levels in the hindlimb (Fig. 1, H), whereas
Col2 expression is weak compared with that observed in wild-
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type hindlimbs (Fig. 1, G). In contrast, treatment of wild-type
cultures with an RAR-selective antagonist stimulates precocious
chondrogenic differentiation as demonstrated by the early
emergence of cartilage nodules and by an increase in Col2 and
a reduction in Colla2 expression (Fig. 2, D, E, H, and I).
Taken together, these findings strongly suggest that misexpres-
sion of RARa disrupts chondrogenesis by maintaining the
prechondrogenic cell phenotype.

Efforts aimed at furthering the understanding of the
mechanisms whereby the continued expression of RARa at-
tenuates chondroblast differentiation led to the discovery of
a surprisingly close association between RAR activity and the
transcriptional activity of Sox9. Sox9 is a major transcriptional
regulator of chondrogenesis that binds to a critical consensus
sequence in the Col2 promoter to activate its transcription.
Inhibition of RAR signaling with RAR-selective antagonists
induces Sox9 expression (Fig. 3, C) and activity (Fig. 3, B) in
primary limb mesenchymal cultures, while all-trans retinoic
acid substantially attenuates activity (Fig. 3, B). The relation-
ship between RAR and Sox9 activity is also reflected in the
ability of cultured limb mesenchyme to differentiate into
chondroblasts and to secrete an extracellular cartilaginous
matrix following RAR manipulation (Fig. 3, A). The intro-
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duction of modified versions of retinoid receptors to these
cultures confirms those findings® as the expression of either a
dnRARa or a dnRXRo substantially activates Sox9 activity,
whereas constitutively active retinoid receptors inhibit it (Fig.
3, D and E). This chondrogenic response to RAR modulation
appears to be restricted to cells committed to the chondrocytic
lineage as Sox9 activity is unaffected in the nonchondrogenic
cell line, Cos P7”. Moreover, and of particular interest from a
clinical perspective, dedifferentiated chondrocytes that were
isolated from the knees of rat pups responded similarly to
limb mesenchymal cells in that there was a substantial increase
in Sox9 reporter activity following RAR inhibition®.

Given the discrepancy between the results of the manip-
ulation of RAR activity and the results of mouse knockout
studies, a potential role for unliganded RARs was considered.
Interestingly, the chondrogenic-stimulatory effects of antago-
nizing RAR signaling are attenuated in the presence of a his-
tone deacetylase (HDAC) inhibitor or a dominant-negative
nuclear receptor co-repressor”. Both of these factors combine
with unliganded RARs to repress gene transcription, further
reinforcing the importance of RAR-mediated gene repression
in chondroblast differentiation. These results suggest that dif-
ferences in the approach used to ablate receptor function may

Fig. 4

Noggin inhibits the formation of carti-
lage nodules, and this effect is res-
cued by antagonism of RAR-mediated
signaling. A, B, and C, Wild-type cul-
tures incubated in the presence or
absence of Noggin (10 ng/mL) and/
or AGN 194301 were stained with al-
cian blue on Day 6. Noggin reduced
cartilage nodule formation (B) rela-
tive to untreated controls (A). AGN
194301 (1 uM) stimulated nodule for-
mation even in the presence of Nog-
gin (C). D, Quantification of cartilage
nodule formation in response to
Noggin and AGN 194301. Scale bar:
1 mm. (Reproduced, with modifica-
tion, from: Weston AD, Rosen V, Chan-
draratna RA, Underhill TM. Regulation
of skeletal progenitor differentiation
by the BMP and retinoid signaling
pathways. J Cell Biol. 2000;148:679-
90. Reprinted with permission of

The Rockefeller University Press.)

noggin
+

AGN194301



130

THE JOURNAL OF BONE & JOINT SURGERY - JBJS.ORG
VOLUME 85-A - SUPPLEMENT 2 - 2003

account for the discrepancies between the results reported in
our study, in which disruption of RAR activity enhanced
chondrogenesis, and the results from knockout studies, in
which complete removal of individual RARs produced no ob-
vious skeletal phenotype. In knockout mice, not only are re-
ceptors unavailable to transduce a retinoid signal but their
normal role as gene repressors in the absence of ligand is also
removed. Current efforts are aimed toward identifying targets
directly regulated by RAR repression.

Retinoid Signaling in the Context of
Other Factors Modulating Chondrogenesis
Since the establishment that RAR-mediated gene repression
is both necessary and sufficient for chondroblast differen-
tiation, much effort has been spent to place retinoid signaling
within the context of numerous other factors known to regu-
late chondrogenesis. To this end, we have obtained sufficient
evidence to suggest that retinoid signaling functions down-
stream of, or at least in parallel to, the BMP signaling pathway,
and that p38 MAPK and PKA, both activated in response to
RAR repression, are also important regulators of chondrogen-
esis. BMP signaling is required for chondrocyte differentiation
as members of this family have been shown both in vivo and
in vitro to induce cartilage formation™*. Moreover, expression
of dominant-negative or constitutively active BMP receptors
inhibits or stimulates chondrogenic differentiation®, respec-
tively, whereas misexpression of the BMP antagonist, Noggin™,
inhibits chondrogenesis of embryonic limb mesenchyme in
vitro (Fig. 4, A, B, and D) and in vivo”. Interestingly, the over-
expression of RARa in developing limbs modifies the response of
prechondrogenic mesenchymal cells to BMPs®. Specifically, in
the presence of exogenous BMPs, condensation of transgene-
expressing cells is dramatically enhanced, but these condensed
cells still fail to differentiate into chondroblasts, indicating
that the RARo-mediated inhibition of chondroblast differen-
tiation cannot be rescued by BMPs. In contrast, RAR-selective
antagonists can induce differentiation even in the presence of
Noggin (Fig. 4, C and D) indicating that RARs act down-
stream of BMP signaling or in a distinct pathway.
Downstream of RARs, activation of the p38 mitogen-
activated protein kinase (MAPK) has been shown to mediate
cartilage differentiation”. Signaling through the p38 MAPK
intracellular pathway has previously been shown to regulate
cartilage formation®™”. Accordingly, the addition of pharma-
cological p38 MAPK inhibitors to the primary cultures of
mouse limb mesenchyme inhibits both Sox9 activity and car-
tilage formation (Fig. 5, A and C), whereas the abrogation
of RAR« signaling activates the p38 MAPK signaling cas-
cade”. In contrast, p38 inhibitors attenuate the induction
of Sox9, which is normally caused by RAR inhibition (Fig.
5, A). Moreover, activation of the p38 MAPK pathway is
sufficient to restore Sox9 activity in cultures transfected with
a constitutively active RAR”. Together, these results suggest
that activation of p38 MAPK signaling functions downstream
of RAR-mediated gene repression to induce chondroblast
differentiation.

MOLECULAR MECHANISMS REGULATING
CHONDROBLAST DIFFERENTIATION

Overview and Perspectives

etinoid signaling is required for chondroblast differentia-
Rtion; however, unlike many other developmental systems,
it is the absence of ligand that triggers differentiation. The in-
hibition of RAR-mediated signaling leads to increased expres-
sion of chondroblast markers and is associated with a
dramatic increase in Sox9 expression and activity. The ability
to modulate chondroblast differentiation by the manipula-
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Fig. 5

Modulation of chondrogenesis by the inhibition of p38 MAPK signaling.
A, In the presence of 5 uM or 10 uM SB202190, there was a decrease
in Sox9 reporter activity compared with untreated controls. SB202190
also attenuated the chondrogenic response to AGN 194301 and the
dnRARa.. B and C, The inhibition of Sox9 activity following treatment
with SB202190 was reflected in vitro by an absence of cartilage nod-
ules stained with alcian blue relative to untreated controls. Scale bar:
1.5 mm. Analysis of variance, p < 0.0001. Bonferroni post-tests, *p <
0.05, **p < 0.01, and ***p < 0.001 in comparison with respective
non-SB202190-treated controls. (Reproduced, with modification, from:
Weston AD, Chandraratna RA, Torchia J, Underhill TM. Requirement for
RAR-mediated gene repression in skeletal progenitor differentiation. J.
Cell Biol. 2002;158:39-51. Reprinted with permission of The Rock-
efeller University Press.)
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Model for the molecular mechanisms underlying retinoid function in chondrogenesis. In vivo, RARa. is highly expressed in chondroprogeni-
tors and remains abundant in perichondrial cells but is downregulated as cells differentiate into chondroblasts. In contrast, RARy is
upregulated during chondroblast differentiation and becomes abundantly expressed in chondrocytes. Activation of the retinoid signaling
pathway maintains the prechondrogenic phenotype, whereas RAR-mediated repression is required for chondroblast differentiation. In this
manner, RARs may act by repressing the expression of a gene (or genes) that negatively influences activation of downstream pathways,
such as the p38 MAPK signaling pathway. Through mechanisms that are not yet understood, activation of these pathways culminates in
an increase in Sox9 expression and perhaps Sox9 activation during chondroblast differentiation.

tion of retinoid signaling has enabled the delineation of path-
ways that appear to function upstream and downstream of the
RARs. In this regard, the BMP pathway appears to function ei-
ther upstream or in a separate pathway to the retinoid signal-
ing pathway within the chondrogenic program, whereas the
p38 MAPK pathway appears to operate downstream of RARs
(Fig. 6). The approaches described in this review are being
used alongside current technologies for expression profiling,
namely microarray analysis, to further define the molecular
pathways underlying cartilage formation.

Understanding the framework of molecular events un-
derlying the chondrogenic program has clear benefits from a
clinical perspective. First, the demonstration that RAR re-
pression is a major requirement for chondrogenesis may
enable us to overcome a major barrier to the treatment of
diseases associated with cartilage loss, simply by mimicking
the repression of RARs. In addition, beginning with our un-
derstanding of RAR function, we have uncovered the roles of
various other factors during chondrogenesis, and we are be-
ginning to assemble a model that explains the hierarchy of

events directing chondroprogenitor differentiation. Knowl-
edge of these events is critical for understanding the genetic
disorders that cause skeletal malformations and for identify-
ing putative therapeutic targets for the treatment of diseases
such as osteoarthritis. m
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