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1. ABSTRACT

  Growth of endochondral bones is regulated by
the coordinated proliferation and differentiation of
chondrocytes in the epiphyseal growth plates.  Many
skeletal diseases are caused by pathogenic disruptions of
these two processes. While the intracellular mechanisms
regulating chondrocyte proliferation and differentiation are
poorly understood, recent evidence from studies using
genetically altered mice and from experiments in cultured
chondrocytes point to a prominent role of cell cycle
proteins in this context. This article summarizes our current
understanding of the expression, regulation, and  function
of cell cycle genes in chondrocytes.

2. INTRODUCTION

The majority of our bones (such as the ribs,
vertebrae, and the long bones of the limbs) are formed
through a process termed endochondral ossification, in
which the later bones are first laid down as cartilage
precursors before cartilage tissue becomes replaced by
bone tissue and bone marrow in a second step  (reviewed in
(1), 2). The growth plate is a dynamic area of cells that is
responsible for longitudinal growth of these bones as well
as the transition from cartilage to bone. It consists of
resting chondrocytes that have been stimulated by growth
hormone-induced IGF-1 (3) to rapidly proliferate in a
clonal manner in order to produce columns of
chondrocytes. These secrete significant amounts of
extracellular matrix consisting of type II collagen and the
large proteoglycan aggrecan, as well as other minor
components. After several proliferative cycles, the

chondrocytes exit the cell cycle to form a maturation zone
in which Indian hedgehog (Ihh) and Bone Morphogenetic
Protein 6 (BMP-6) are upregulated. The chondrocytes in
this zone gradually become enlarged, and at the time when
type X collagen expression is evident, are considered to be
hypertrophic chondrocytes located in the hypertrophic
zone. Mineralization of the cartilage matrix occurs within
this zone. Angiogenesis is also stimulated here, introducing
both marrow and osteoprogenitor cells as vascular invasion
occurs. The osteoprogenitor cells differentiate into
osteoblasts and secrete a bone matrix that overlays the
mineralized cartilage matrix. These cells also secrete
proteases that break down the cartilage matrix. At the same
time, the hypertrophic chondrocytes undergo apoptosis,
leaving behind bony trabeculae. Control of growth plate
chondrocyte progression is essential for proper bone and
marrow formation, as demonstrated by a number of
dominant-negative and null mutations that have been
introduced in mice. Therefore, the chondrocytes of the
epiphyseal growth plate control the longitudinal growth of
endochondral bone through two distinct, but highly
interconnected mechanisms: a) cell proliferation; and b)
cell differentiation to hypertrophic chondrocytes, which is
accompanied by a large increase in cell diameter and
volume. Without these two mechanisms, longitudinal
growth will not occur. Numerous skeletal diseases are
caused by disregulation of these processes, in particular the
large number of skeletal dysplasias which are in general
characterized by dwarfism, skeletal deformities, and
frequently by early-onset osteoarthritis. Many hormones
and growth factors are involved in the control of
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Figure 1: Control of progression through the G1 phase of
the cell cycle. Progression through the G1 phase of the cell
cycle is regulated mainly by complexes of D-type cyclins
with Cdk4 or Cdk6, followed first by cyclin E/Cdk2 and
later cyclin A/Cdk2 complexes. Phosphorylation of the
pocket proteins pRb, p107, and p130 by these complexes
causes the release of E2F transcription factors which then
can activate the transcription of target genes necessary for
cell cycle progression and DNA replication. The expression
of D-type cyclins is highly responsive to mitogenic
stimulation; for example, cyclin D1 expression in
chondrocytes can be induced by TGFβ, PTHrP, IGF1 and
2, and serum. The activity of cyclin/Cdk complexes can be
inhibited by two different groups of proteins, the INK
group (p15, p16, p18, and p19), and the CIP/KIP group
(p21, p27, and p57). Expression of these genes is often
regulated by extracellular modulators of proliferation and
differentiation; for example, the p21 gene is induced by
BMPs, FGF, thyroid hormone, and the c-Raf pathway in
chondrocytes.

chondrocyte proliferation and differentiation. The last few
years have  seen significant progress in the identification
and characterization of several of these signals. For
example, the Parathyroid Hormone Related Peptide
(PTHrP) has been identified as a key factor necessary for
proliferation of chondrocytes (recently reviewed in (2).
Genetic inactivation of the genes encoding PTHrP or its
receptor cause a premature differentiation of chondrocytes
and severe skeletal deformities, leading to perinatal death
(3, 4). Additional extracellular factors important for growth
plate physiology include Indian hedgehog (5, 6), BMP
receptors (7), Transforming Growth Factor ß (TGFß)
family (8) , Fibroblast Growth Factor receptor 3 (9),
Insulin-Like Growth Factors (10-13), and many others.
However, the molecular mechanisms of action of these
factors, and in particular the target genes regulated by these
factors, remain poorly understood.

 Gene disruption studies in mice have suggested a
role for cell cycle genes in the control of chondrocyte
proliferation and differentiation. Disruption of several cell
cycle genes cause direct or indirect skeletal defects (see
section 5. for details), while in other cases mutant mice
show altered growth (either gigantism or dwarfism)
suggesting altered control of growth plate chondrocyte
proliferation and/or differentiation, as seen, for example, in
Bcl-2-deficient mice, which display shortened long bones
and accelerated chondrocyte maturation (14).  These
changes in skeletal size are often accompanied by changes
in the sizes of other body organs, since growth factors,
receptors, and signaling molecules may have multiple
targets.  In parallel, studies in other tissues and cell types,
in particular in skeletal muscle, have revealed a close
connection between the cell cycle apparatus and factors that
control cell differentiation.

The cell cycle apparatus regulates cellular
proliferation. Progression through the cell cycle is
controlled by specific complexes composed of a kinase
(cyclin-dependent kinase, CDK) and a regulatory subunit,
called cyclin (reviewed by Weinberg; (15). The activities of
these complexes are tightly regulated by at least three
different mechanisms: a) the abundance of the cyclin
subunit; b) the phosphorylation status of the CDK subunits;
and c) the presence of inhibitor proteins (cyclin dependent
kinase inhibitors; CKIs) of two different families, the INK
and the CIP/KIP families (figure 1). In physiological
situations (for example during development), cells respond
to mitogenic or antimitogenic stimuli during the G1 (or
Gap1) phase of the cell cycle, which follows immediately
after mitosis (15). Mitogenic stimulation in G1 causes the
induction of cyclin gene expression, in particular the
expression of D-type cyclins. The D-type cyclins form
complexes with the CDKs 4 and 6 and control progression
through G1 via the phosphorylation of the Retinoblastoma
Protein (pRb) and the closely related p107 and p130
proteins. In their hypo-phosphorylated forms, these proteins
bind to transcription factors of the E2F family, and the
resulting complexes act as transcriptional repressors. Once
phosphorylated by CDKs, the pRb proteins can no longer
bind to E2F, and free E2F activates the transcription of
target genes, for example genes that are necessary for DNA
replication or for progression through later phases of the
cell cycle. The activity of the D-type cyclins and their
associated CDKs can be counteracted by at least seven
different inhibitors, including four members of the INK
family (p15, p16, p18, and p19), and three members of the
CIP/KIP family (p21, p27, and p57). In spite of this, active
cyclin D-CDK4 or CDK6 complexes facilitate mitogen-
independent cyclin E-CDK2 activation by associate with a
CIP/KIP CKIs, thus lowering inhibitor levels and  allowing
cyclin E-CDK2 complexes to trigger degradation of CKIs
by  phosphorylation of specific residues (reviewed by (16)).

Since these proteins perform the ultimate control
of cell proliferation and differentiation, it is very likely that
all extracellular factors controlling growth plate activity
directly or indirectly regulate some aspect of the cell cycle
machinery. However, neither the detailed expression, nor
the regulation and function of most cell cycle genes are
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Figure 2: Integration of proliferative signals on the cyclin
D1 promoter. We have identified three cis-active sites in
the human cyclin D1 promoter that are necessary for
maximal promoter activity in chondrocytes: a CRE (cAMP
response element), an AP-1 site, and a binding site for
STAT5 transcription factors. All three elements are
activated by serum. IGF-induction of the cyclin D1
promoter requires the AP-1 and STAT5 sites, whereas the
effects of TGFβ and PTHrP are mediated by both the AP-1
and CRE elements. It is possible that additional mitogenic
and anti-mitogenic signals converge on the cyclin D1
promoter in chondrocytes.

known in chondrocytes. This review attempts to summarize
our current knowledge in this field and to point to future
directions. In view of the many diseases associated with
irregular growth plate function, a better understanding of
these processes is extremely important and promises to be
highly beneficial.

3. EXPRESSION OF CELL CYCLE GENES IN
CHONDROCYTES

Only few studies have addressed the expression
patterns of cell cycle genes during chondrocyte
differentiation. Most literature is available for the cyclin-
dependent kinase inhibitors. The p21Waf1/Cip1 gene is
upregulated during chondrocyte differentiation in vivo  (17)
and in vitro   (18). A similar expression pattern has been
described for the p57Kip2 gene (19, 20). In addition,
expression of the p27Kip1 gene has been described in
chondrocytes in vivo (21). The same authors reported
expression of cyclin E and CDKs 4 and 6 in chondrocytes,
but hardly detectable levels of cyclin D1 protein in
chondrocytes of wild type mice (whereas strong cyclin D1
expression was observed in transgenic mice overexpressing
the proto-oncogenic transcription factor c-Fos). In contrast,
cyclin D1 can be easily detected in primary mouse and rat
wild type chondrocytes, as well as in  several chondrogenic
cell lines (12). This discrepancy is likely due to the
generally low expression levels of cyclin D1 in vivo (22),
which makes it difficult to detect this protein with
immunohistochemistry (in particular in the
paraformaldehyde-fixed, paraffin-embedded sections used
by the authors).

In addition, we have observed expression of all
three D-type cyclins, cyclins A and E, pRb, p107, p130,
and CDKs 2, 4, and 6 in chondrogenic cell lines and/or

primary chondrocytes (F. Beier, A. Taylor, Z. Ali, D. Mok,
and P. LuValle, unpublished observations). However,
detailed analyses of the expression of most cell cycle genes
during chondrocyte differentiation, particularly in vivo,
have not been performed.

4. REGULATION OF CELL CYCLE GENE
EXPRESSION IN CHONDROCYTES

Over the last few years, numerous studies have
addressed the regulation of cell cycle gene expression in
many different cell types. One of the major conclusions of
these studies is that key cell cycle genes, such as the cyclin
D1 and p21 genes, can be regulated by a large number of
different transcription factors and signaling pathways, and
that the control of these genes in a particular cell type is
performed by cell type-, organ-, and differentiation-specific
mechanisms (reviewed in (23). Therefore it is very likely
that chondrocyte-specific signals contribute to the
regulation of cell cycle gene expression in cartilage, and
that detailed analyses of these pathways are necessary for a
complete understanding of chondrocyte proliferation and
differentiation.

4.1. The cyclin D1 gene
The D-type cyclins (cyclins D1, D2,

and D3) genes are necessary for the progression through
the G1 phase of the cell cycle (23). Their expression is in
general rapidly induced in response to mitogenic
stimulation of cells, and the levels of D-type cyclins have
been suggested to form the molecular mechanism
controlling progression through the restriction point in late
G1 (15, 24). Because of the growth-retarded phenotype of
cyclin D1-deficient mice (see below), some of our own
research has focused on the mechanisms controlling cyclin
D1 expression in chondrocytes. In serum-starved
chondrocytes, cyclin D1 promoter activity and protein
expression is rapidly induced by a variety of mitogenic
stimuli. Cyclin D1 antisense oligonucleotides inhibit the
proliferation of rat chondrosarcoma cells and primary rat
chondrocytes (Beier, Taylor, and LuValle, unpublished)
supporting the idea that cyclin D1 is necessary for
chondrocyte cell multiplication. The growth plate
morphology of cyclin D1 deficient mice (see section 5) also
supports this role. We have previously demonstrated that a
CRE (cyclic AMP response element) in the cyclin D1
promoter is necessary for maximal activity of the promoter
in chondrocytes through the binding of the transcription
factors ATF-2 (Activating Transcription Factor 2) and
CREB (CRE-binding protein; (25). This corresponds to
reduced proliferation (26) and cyclin D1 protein expression
(25) in chondrocytes of ATF-2-deficient mice. More
recently, we have shown that binding sites for Stat5 (signal
transducer and activator of transcription 5) and AP -1
(activating protein 1) transcription factors are also
necessary for maximal activity of the cyclin D1 promoter in
chondrocytes (Beier, Pestell, and LuValle, unpublished
observations). All three sites are involved in cyclin D1
promoter induction by serum. Furthermore, these sites are
also necessary for the transcriptional response to specific
growth factors  (summarized in figure 2). Whereas the AP-
1 and CRE elements confer responsiveness to PTHrP and
TGFß stimulation, IGF treatment results in activation of the
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AP-1 and Stat5 sites. A role for the AP-1 site is also
suggested by the observation that overexpression of c-Fos
in transgenic mice causes the formation of
chondrosarcomas characterized by high levels of cyclin D1
protein (21). In summary, our data suggest that multiple
extracellular factors and intracellular signaling pathways
contribute to the regulation of the cyclin D1 gene in
chondrocytes. This gene may therefore play an important
role in the integration of multiple mitogenic (and possibly
anti-mitogenic) stimuli by chondrocytes.

4.2. The cyclin A gene
Cyclin A forms active kinase

complexes with CDK 2 and CDK1 (Cdc2) and controls
progression into S-phase, as well as through later phases of
the cell cycle. The cyclin A gene is an E2F-responsive gene
and therefore induced downstream of D-type cyclins and
cyclin E (27). In addition, however, the cyclin A gene is
directly regulated by a number of other transcription
factors, including factors binding to a CRE in the cyclin A
promoter (28-30). We have shown that, as in the case of the
cyclin D1 gene, ATF-2 and CREB are necessary for the
induction of the cyclin A promoter by serum (48). Ectopic
expression of dominant-negative versions of ATF-2 or
CREB causes delayed and reduced induction of the
promoter. Similarly, chondrocytes isolated from ATF-2-
deficient mice display lower levels of cyclin A protein and
inhibited induction of cyclin A expression by serum. The
majority of these effects are mediated by the CRE;
however, promoter mutants in which the CRE is destroyed
still show some reactivity to overexpression of wild type or
dominant-negative ATF-2. This effect is likely due to
altered levels of cyclin D1 in these cells, leading to
increased activity of E2F. In contrast to many other cell
types, Jun or Fos proteins do not appear to play a role in the
activity of the cyclin A CRE in chondrocytes, but seem to
regulate the cyclin A gene through (a) different element(s).

4.3. The p21Waf1/Cip1 gene
The p21Waf1/Cip1 gene encodes a CDK inhibitor

and is upregulated during chondrocyte differentiation in
vivo (17). Similar to the cyclin D1 gene, the promoter of
the p21 gene is regulated by multiple cell-type specific
pathways and transcription factors. In chondrocytes, p21
expression has been shown to be controlled by FGFs  (31) ,
thyroxin, BMPs (R.T. Ballock, personal communication),
and the c-Raf pathway (18). The first hint for a role of
FGFs in the control of p21 expression in chondrocytes was
the observation that patients suffering from thanatophoric
Dysplasia type 2 (TD2) display increased levels of p21 in
chondrocytes (32). TD2 is a skeletal dysplasia caused by
activating mutations of the FGF-Receptor 3 gene.
Activation of the receptor leads to stimulation of the p21
promoter via activation of the transcription factor STAT-1.
More recently, it was shown that FGF-1 also induces p21
expression in chondrocytes during normal skeletal
development, dependent on STAT-1 (31).

In addition, Thyroid hormone and BMPs (Bone
Morphogenetic Proteins) have also been shown to induce
the expression of p21 in primary rat chondrocytes (R.T.
Ballock, personal communication). Finally, we have shown

that the c-Raf/MEK/ERK pathway is necessary for
maximal expression of the p21 gene in chondrogenic cell
lines and primary mouse chondrocytes (18). This effect is
likely mediated, at least in part, by one or more binding
sites for Ets-family transcription factors in the p21
promoter. The same pathway is also necessary for
expression of the collagen X gene, the classical marker of
differentiated chondrocytes (33), and appears to play a
crucial role in the coordination of cell-cycle withdrawal and
differentiation-specific gene expression during chondrocyte
differentiation. In agreement with such a role, the c-
Raf/MEK/ERK pathway does not appear to be necessary
for proliferation of chondrocytes, in contrast to most other
cell types (F. Beier, Z. Ali, and P. LuValle, unpublished
data). A role for c-Raf in chondrocyte maturation is further
supported by the phenotype of c-Raf-deficient mice which
display delayed ossification (34).

In summary, these data suggest that the p21 gene,
similar to the cyclin D1 gene, is regulated by multiple
stimuli and might act as an integrator of different signals.
However, it should be pointed out that the described signals
and pathways are also able to interact upstream of the p21
gene. For example, c-Raf can be stimulated by BMPs (35),
and intensive cross-talk between the c-Raf cascade and
JAK/STAT factors has been described (see for example
(36-38). Whether such relations exist in chondrocytes, and
whether they play a role in the control of p21 expression,
remains to be shown.

5. CELL CYCLE FUNCTION IN THE
ENDOCHONDRAL GROWTH PLATE

5.1. In vivo  models
Aberrant growth phenotypes resulting from

disruption or inappropriate expression of a variety of genes
have been documented in recent years. Unfortunately, very
few of the intracellular components involved in the
signaling pathways associated with these gene products
have been identified. Given the unequivocal association
between skeletal growth and chondrocyte
proliferation/differentiation, it is reasonable to suggest that
cell cycle genes are possible direct or indirect targets of
these pathways. For example,  overexpression of Growth
Hormone (GH) results in enhanced body growth (39), as
does overexpression of Insulin-like Growth Factor-1 (IGF-
1) (40), although to a lesser extent. The similarity in
phenotypes is not surprising, because IGF-1 mediates many
of the effects of GH (41). Mice lacking the IGF-1 gene
demonstrate significant dwarfism at birth and depending on
genetic background, may have a low survival rate (42, 43).
In contrast, mice lacking the paternal allele of the imprinted
IGF-2 gene are viable, although also significantly dwarfed
(10, 44).  IGF-2 can increase cyclin D1 levels , thus
promoting progression through G1 to S (45), suggesting
that it's absence may inhibit cell proliferation.  Mice
lacking either of the IGF receptors have obvious growth
phenotypes as well. The IGF-1 receptor mediates the
biological effects of both IGF-1 and IGF-2 (46)(34, 35).
Mice that are null for the IGF-1 receptor gene (Igf1-r) have
severe growth deficiency, delayed ossification, and die at
birth (42). The imprinted IGF-2 receptor ( also known as
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the cation-independent mannose-6-phosphate receptor,
IGF-2R ) plays a role in IGF-2 turnover, thus effectively
regulating the amount of IGF-2 available to the IGF-1
receptor. Mouse embryos that have null mutations in the
maternal allele of the IGF-2R gene (Igf2-r) show fetal
overgrowth, premature ossification and skeletal anomalies,
and are perinatally lethal due to cardiac abnormalities and
the inability to initiate or sustain respiration (12)(36, 37).

Both parathyroid hormone-related peptide
(PTHrP) and its receptor (PTHrPR) are required for
normal skeletal growth. Null mutations in either one result
in reduced zones of proliferation in the growth plate,
coupled with premature and irregular endochondral bone
formation, resulting in a dwarfed phenotype (3, 47).  In
contrast, targeted overexpression of PTHrP in chondrocytes
of transgenic mice results in delayed endochondral
ossification such that at birth, the mice have a cartilaginous
endochondral skeleton (48).

Specific point mutations in the human Fibroblast
growth factor receptor-3 gene (fgfr3) result in
achondroplasia, hypochondroplasia, or thanatophoric
dysplasias (TD1 and TD2; 41), all of which affect the
formation and growth of endochondral bones. Individuals
with achondroplasia show reduced chondrocyte
proliferation in the growth plates of long bones (49).
Thanatophoric dwarfism is a lethal neonatal
chondrodysplasia that displays severely shortened and
disorganized growth plate chondrocyte columns (50). Mice
deficient in FGFR3 have skeletal abnormalities including
overgrowth and curvature of long bones, which
interestingly resulted in reduced body weight and size
compared to wild type littermates (51).  Overexpression of
FGF-9, a ligand for FGFR3, results in a phenotype in mice
that is similar to that of achondroplasia (52).

Disruption of the  Indian hedgehog  gene (Ihh)
results in reduced chondrocyte proliferation, inappropriate
maturation, and failure of osteoblast development. The
phenotype is one of severe dwarfism (6).  The Ihh pathway
is linked to PTH/PTHrP (5, 47).

The above growth defect phenotypes display
alterations in chondrocyte proliferation and/or hypertrophy
in growing endochondral bone, suggesting that the cell
cycle machinery is somehow affected.  For example,
chondrocytes from a TD2 fetus with a Lys650Glu mutation
in FGFR3 exhibited Stat1 activation and p21 upregulation,
when compared to chondrocytes from a normal fetus (32).
Interestingly, the corresponding mutation in mouse (a
Lys644Glu substitution in FGFR3) causes activation of
Stat1, Stat5a, and Stat5b, as well as up-regulation of Ink 4
cell cycle inhibitor family members p16, p18, and p19, and
results in an achondroplasia-like dwarfism (53). Another
example is mice that are deficient in the transcription factor
ATF-2, which display a phenotype similar to
hypochondroplasia, dwarfism, and reduced chondrocyte
proliferation (26). The expression of cyclins D1 and A are
reduced by 70% and 64%, respectively, in ATF-2 -/-
chondrocytes (25)(12, 48). These reductions are likely a
direct cause of the reduced proliferation of growth plate

cells in these mice, corresponding to their dwarfed
phenotype.

Disruptions in cell cycle gene expression have
also resulted in growth phenotypes  affecting the
endochondral skeleton. The results of these experiments
have contributed to understanding specific temporal and
spatial functions of cell cycle components, as well as
suggesting detailed mechanisms that may be responsible
for some of the genetically-produced phenotypes described
above. The following sections review the consequences of
disruptions of cell cycle gene expression that affect,
directly or indirectly, skeletal development  and growth in
mice.

5.1.1 The G1 and S cyclins
Mitogen-stimulated D cyclins form complexes

with CDK4 and CDK6 for the purpose of phosphorylating
Rb or other pocket proteins in order to allow cell cycle
progression through G1 in lieu of cell cycle exit.
Subsequently, CDK2-cyclin E and CDK2-cyclin A
complexes become activated. Activation of all three cyclin-
cdk complexes is necessary for S-phase entry (54, 55).

Overexpression of cyclin D1 shortens G1 phase
duration, as well as G0 to S and G1 to S transit, while cyclin
D2 overexpression reduced G0 to S duration as well as
decreasing serum dependency (56, 57). D cyclins share
significant sequence homology (58), although they appear
to be somewhat cell type specific (59). The eradication of
cyclin D1 in DT40 lymphoma B cells results in a
significant lag in cell cycle progression. The phenotype can
be rescued by overexpression of cyclin D1, D2, or D3, but
not a mutant cyclin D1 lacking the amino terminal LXCXE
sequence corresponding to the pRB binding motif (60).
These data suggest that D cyclins are capable of
substituting for each other.  Substitution in vivo, however,
would require co-expression in the same cell which does
not seem to be the case in all cell types. This is highlighted
by the tissue-specific defects of cyclin D1-deficient mice
(22, 61). One of the affected tissues is the endochondral
skeleton, which shows significant growth retardation,
corresponding to a 40% reduction in size of the growth
plate proliferation zone evident by three weeks of age  (Z.
Ali and P. LuValle, unpublished observations).

Cyclin D2 is required for gonadal cell
proliferation and is involved in oncogenesis (62). In
addition, this cyclin is required for granule cell precursor
proliferation and differentiation of stellate interneurons in
the cerebellum (63). However, it appears to have no role in
skeletal growth. The phenotype of cyclin D3-deficient mice
has not been published, but cyclin D3 expression increases
dramatically during differentiation of L6 myoblasts (64).

Cyclin E, as mentioned above, is controlled by
autonomous mechanisms. Its expression peaks at the G1/S
boundary, although it is grouped together with cyclins D1,
D2, and D3 as G1 cyclins. In spite of this grouping, it has
more sequence homology with cyclins A, B1, and B2 (S
and M phase cyclins) than with the D-type cyclins (58).
Cyclin E partners with CDK2, and is immune to inhibition
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by the INK4 family of cdk inhibitors (65). Recently, the
phenotypes of the cyclin D1-deficient mouse, including the
dwarf phenotype (22), were rescued by introduction of
cyclin E under the control of the cyclin D1 promoter. Even
though cyclin E associated with its normal cdk partner, CDK2,
it effectively substituted for the role of cyclin D1, and
produced no new phenotypes  (66).

Cyclin A1 has been recently described in mice and
appears to be expressed only in germ cells (67). Cyclin A2
(referred to here as cyclin A) is ubiquitously expressed and
activates CDK2 at the G1 to S boundary, and CDC2 (CDK1) at
the G2 to M boundary (68). Disruption of the cyclin A gene
results in embryonic lethality at around day 5.5, following
implantation (69). Therefore, any effect on skeletal growth
would be impossible to assess. However, our own data
regarding the decrease in cyclin A expression in ATF-2
deficient mice suggests that cyclin A is required at some level
for accurate chondrocyte proliferation and endochondral bone
growth (70). 

5.1.2. INK4 cyclin dependent kinase inhibitors
The INK4 (Inhibitors of CDK) family of cyclin

dependent kinase inhibitors act to exclusively interact with and
inhibit the activity of CDK4 and CDK6. Like all CKIs, their
expression results in cell cycle arrest at G1 via inhibition of
pRB phosphorylation and the subsequent release of E2F
transcription factors, required for the transcriptional activation
of genes that are essential for DNA synthesis. Deletions found
in p15INK4B , p16INK4   and p19INK4D  genes in osteosarcomas
suggest that these INK4 family members may play roles as
tumor suppressors in bone cells (71, 72). p18INK4C-deficient
mice display gigantism which may reflect increased skeletal
growth, and is similar to the gigantism seen in p27-nullizygous
mice (see below) but this aspect of the phenotype has not been
analyzed (73). To date, the in vivo  functions of these CKIs in
skeletal growth have not been examined.

5.1.3. CIP/KIP cyclin dependent kinase inhibitors
Unlike the INK4 family of CKIs, the CIP/KIP

family (p21, p27, and p57) are capable of inhibiting the activity
of all cyclin-CDK complexes that participate in the G1/S
transition (74), including cyclin D-CDK4, cyclin D-CDK6,
cyclin E-CDK2, and cyclin A-CDK2 (75)(69). In addition, the
CIP/KIP family of CKIs can inhibit cdk activating kinase
(CAK) indirectly, resulting in prevention of CDK activation
(76, 77).

p21CIP1/Waf1 (p21), unlike the other members of this
family, can also associate with proliferating nuclear antigen
(PCNA), a subunit of DNA polymerase δ, and inhibit DNA
proliferation directly (78, 79). P21 expression corresponds to
terminal differentiation of many tissues, and has been shown to
be up-regulated by the Raf-1 pathway in maturing
chondrocytes (18). However, p21-deficient mice develop
normally, suggesting that the role of p21 in terminal
differentiation is likely to be redundant (80). Nevertheless,
fibroblasts from p21 -/- embryos are defective in the ability to
arrest in G1 (80), and  p21-/- keratinocytes show increased
proliferative potential as well as reduction in the expression of
differentiation markers (81). It would be interesting to
investigate these characteristics in chondrocytes from p2-/-
mice.

Unlike the p21-null mice, p27Kip1 (p27) -deficient
mice display a distinct phenotype of enhanced growth in
the absence of associated increases in GH and/or IGF-1
levels (82-84), similar to mice that are deficient in p18INK4c.
G1 arrest is not affected in embryonic fibroblasts from p27-
null mice (82). However, skull size and length of
longitudinal bones correspond with the increase in size in
the p27 -/- animals (83), suggesting that the growth plate
may be directly or indirectly affected by loss of expression
of p27Kip1.

The p57KIP2 Cdk inhibitor (p57) is encoded by a
paternally imprinted (maternally expressed) gene in both
humans and mice located on human chromosome 11p15.5
(85, 86).  It is associated with the heritable Beckwith-
Widemann syndrome (BWS), which is characterized by
growth abnormalities including gigantism and increased
risk of childhood tumors (87). Mice that are mutant for p57
show, among other developmental defects, short limbs as a
consequence of delayed cell cycle exit during chondrocyte
differentiation, resulting in abnormal endochondral
ossification. Specifically, p57, normally expressed in post
mitotic growth plate chondrocytes, is absent, and type X
collagen expression is reduced in the mutant hypertrophic
zone (19, 20). p57, therefore, plays a role in chondrocyte
differentiation and growth plate progression. More recently,
Caspary et al. (88) generated a mouse model for BWS by
combining a null mutation for p57 and loss of imprinting of
IGF2 . The IGF2 gene is paternally expressed in mice and
humans (44), and its overexpression as a result of loss of
imprinting is considered to be causative in the overgrowth
phenotype found in BWS (89, 90). Since IGF2 promotes
the G1 to S transition, possibly by increasing cyclin D
levels (45), while p57 essentially works in opposition by
inhibiting Cdk activity (74), the two genes may act in an
antagonistic manner in some tissues (88).

Interestingly, loss of p21 enhances the p57
mutant skeletal phenotype, such that p57 mutant mice that
are also null for p21 display additional skeletal
abnormalities that included reduced spinal curvature, rib
bifurcation, and fusion of the sternum. These phenotypes
are likely due to the inability to control cell proliferation
and differentiation in the absence of both CKIs (91).

5.1.4. Pocket Proteins
The phosphorylation status of the pocket

proteins pRb, P107 and  p130, which is regulated by CDK
activity, controls G1 to S progression through interactions
with E2F transcription factors (92). Control of levels of
pocket proteins appears to be dependent on cell type,
status of cell growth, and the specific pocket protein.
Recent evidence by Garriga et al. showed that, while pRb
and p107 levels were independent of their
phosphorylation status, p130 levels were down-regulated
in cycling cells (when phosphorylation is high), and up-
regulated in quiescent and differentiating cells, when
phosphorylation is low (93).

pRB-deficient mice die between E12 and E15
and show defects in lens development, liver erythropoiesis,
and neurogenesis (94-96). Overexpression of a pRb
minigene in the pRb-minus background partially rescues
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these defects; however, the rescued mice appear to have a
smaller cartilaginous skeleton than wild type mice (97).
Introduction of additional copies of pRb under the control
of the human pRb promoter results in dwarfism that is more
severe with increased copy number (98). It is interesting
that both a deficiency and excess of pRB may result in
similar phenotypes. Taken together, these data suggest a
direct or indirect role of pRb in the growth of the
endochondral skeleton.

Mice in a mixed 129/Sv:C57BL/6J background
that are deficient in either p107 or p130  show no obvious
defects (99, 100), however, inactivation of both genes in
that genetic background results in severe skeletal defects
and perinatal lethality (99). Similar to mice that are
deficient in p57, these mice demonstrate delayed
chondrocyte hypertrophy. Mice from this background that
are p107-/- and pRb +/- show a significant reduction in
growth compared to double heterozygote littermates, as
well as increased mortality during the first three weeks
after birth (100).

Remarkably, and in contrast to the phenotypes of
the p107 and p130-nullizygous mice described above, mice
bred into a 129Sv:BALB/cJ genetic background that are
null for p107 show impaired growth, increased levels of
Rb, and deregulated cyclin E and A expression such that
cyclin D1 expression followed that of cyclins E and A
rather than preceding it (101). Mice bred into the same
genetic background  deficient for p130 die between days 11
and 13 of embryonic development and demonstrate arrested
growth (102). Either mutation can be rescued with a single
backcross to the C57BL/6 strain, indicating  epistatic
relationships of  modifier genes with both p107 and p130.
This may be the case for some other cell cycle genes, as
well.

6. PERSPECTIVES

The discussed mechanisms regulating expression
of the cyclin D1, cyclin A, and p21 genes represent, to our
knowledge, the only data available on the control of cell
cycle gene expression in chondrocytes. To obtain a more
detailed understanding of chondrocyte proliferation and
differentiation, much more work in this field will be
necessary. The pathways connecting the mentioned growth
factors to  cell cycle genes,  as well as negative regulation
of these genes, have to be analyzed in much more detail.
Posttranscriptional control of cell cycle gene expression
and protein activity (such as RNA and protein stability,
translational control, and cellular localization) will have to
be addressed. Most  importantly, additional cell cycle genes
(such as the cyclin D2 and D3 genes, as well as more CDK
inhibitors etc.) will have to be included in these studies, to
obtain a more complete picture. As well, signaling from
additional growth factors and hormones involved in
chondrocyte physiology (such as Indian hedgehog, Growth
Hormone, retinoic acid, vitamin D) and from integrin
receptors should be of great interest. Finally, due to the
complex biology of the skeleton in vivo, the results
obtained in such studies will have to be confirmed by
experiments using transgenic or "knockout" mice to

contribute more significantly to our understanding of
growth plate function.

Data regarding skeletal growth resulting from
genetic manipulation of cell cycle regulators in mice is by
no means complete.  This is partly due to lack of
information about reported skeletal phenotypes in mice that
demonstrate growth problems, such as the pRb transgenic
mouse containing multiple copies of Rb, and knockouts for
cyclin D1, p18INK4c, p21, and p27 (22, 61, 73, 80, 82-84,
98).  In addition, many of the aberrant growth phenotypes
generated from manipulating growth factors, transcription
factors, and other proteins in vivo are likely to be caused at
least in part by disruption of growth plate function and
possibly (directly or indirectly) by altered control of cell
cycle regulators (6, 26)(13,  46, 47).
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