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Abstract

Three named cell types degrade and remove skeletal tissues during growth, repair, or disease:
osteoclasts, chondroclasts, and septoclasts. A fourth type, unnamed and less understood, removes
non-mineralized cartilage during development of secondary ossification centers. “Osteoclasts,”
best known and studied, are polykaryons formed by fusion of monocyte precursors under the
influence of CSF-1 (M-CSF) and RANKL. They resorb bone during growth, remodeling, repair,
and disease. “Chondroclasts”, originally described as highly similar in cytological detail to
osteoclasts, reside on and degrade mineralized cartilage. They may be identical to osteoclasts,
since to date there are no distinguishing markers for them. Because osteoclasts also consume
cartilage cores along with bone during growth, the term “chondroclast” might best be reserved for
cells attached only to cartilage. “Septoclasts” are less studied and appreciated. They are
mononuclear perivascular cells rich in cathepsin B. They extend a cytoplasmic projection with a
ruffled membrane and degrade the last transverse septum of hypertrophic cartilage in the growth
plate, permitting capillaries to bud into it. To do this, antiangiogenic signals in cartilage must give
way to vascular trophic factors, mainly VEGF. The final cell type excavates cartilage canals for
vascular invasion of articular cartilage during development of secondary ossification centers. The
“clasts” are considered in the context of fracture repair and diseases such as arthritis and tumor
metastasis. Many observations support an essential role for hypertrophic chondrocytes in
recruiting septoclasts and osteoclasts/chondroclasts by supplying VEGF and RANKL. The
intimate relationship between blood vessels and skeletal turnover and repair is also examined.
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Introduction: Breaking rocks, the meaning of “clast”

The three known cell types that carry out degradation and removal of skeletal elements are
osteoclasts, chondroclasts, and septoclasts. The combining form “-clast” in English, used in
these names, comes from the Greek root k/astos (xhaotog), referring to fragments of broken
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rock. In particular it refers to fragments derived from smashing iconic statues; hence also the
English word “iconoclast.” “Osteoclast” denotes cells that resorb bone, “chondroclast,” cells
that resorb cartilage, and “septoclast” denotes specialized perivascular cells, or pericytes,
that remove the terminal transverse cartilage septum from growth plates. Finally, there are
cells, as yet unnamed, which degrade non-mineralized articular cartilage to form secondary
ossification centers in bones during development. In addition to these normal processes,
catabolic cells also take part in pathological events such as inflammatory bone loss,
osteoarthritis, periodontal disease and tumor metastasis. In this perspective, we consider
identifying characteristics, factors that control differentiation, the intimate association of
blood and bone, and how the “clasts” participate in bone repair and disease.

Endochondral ossification, converting cartilage to bone

To consider the “clasts” in their normal context, we briefly consider bone formation
mechanisms. In vertebrates with mineralized skeletons, most of the initial skeleton must first
be destroyed to allow it to grow. “Vertebrates,” it should be noted, are sometimes mistakenly
thought to include only those classes of animals having a mineralized skeleton. The
Vertebrata, however — animals with vertebrae — also include classes with cartilage skeletons,
including the lampreys, sharks, and rays (e.g., see (1)). Among the vertebrate classes with
mineralized skeletons — Osteicthyes, Amphibia, Reptilia, Aves, and Mammalia—- the
remarkable process of endochondral ossification creates most skeletal elements.

Endochondral ossification is the regulated, systematic vascular invasion of cartilage models
of bones (anlagen) during development and growth, and their replacement by mineralized
bone (2-4). This strategy enables bones — which, due to the rigidity of the calcified matrix
cannot expand interstitially, nor bend significantly, nor swell — to bear weight during growth
in length by protecting a disc of growth plate cartilage inside, where chondrocyte
hypertrophy drives bone elongation. The majority of skeletal elements are built in this
manner, including the limbs, digits, skull base, pelvis, and spine. The cranial vault, some
facial bones, the anterior mandible, and the proximal clavicles form directly by
intramembranous ossification without a cartilage intermediary, but resorption and
remodeling also occur in those elements virtually from their earliest embryonic formation.
Space must be created inside bones to accommodate enclosed organs and tissues, including
brain, nerves, vessels, and marrow. Some of the same developmental mechanisms are also
involved in the repair of fractures, and in progression of diseases such as osteoarthritis,
periodontal disease, or tumor metastasis (reviewed in (4)).

Regulatory pathways which drive bone growth by controlling chondrocyte proliferation,
growth, and terminal differentiation are complex and dynamic. They involve both positive
and negative signaling by secreted factors including growth hormone, Wnt’s, fibroblast
growth factors, parathyroid hormone-related peptide, and Indian hedgehog, along with TGF-
3 and members of its superfamily, the bone morphogenetic proteins (BMPs) (5-9). The
interplay of these factors, plus other stimuli such as mechanical inputs and oxygen tension,
coordinates the control of chondrocyte gene expression by transcription factors that include
Sox9, GLI2 and 3, and Runx2 (10). The extracellular matrix, in particular heparan sulfate,
has also been implicated in controlling growth cartilage regulation (11). For the purposes of
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this paper, the final steps of these processes, including release of vascular endothelial growth
factor (VEGF) from the cartilage matrix, are the most critical for vessel incursion into
cartilage at the chondroosseous junction (COJ).

From a histological viewpoint, endochondral ossification proceeds when chondrocytes in an
anlage (Figure 1A) stop proliferating and switch from expressing type Il collagen to type X.
They then expand in height up to ten-fold in as little as 48 hours (12), and secrete matrix
vesicles to mineralize the adjacent matrix (13) (Figure 1B, C). After mineralization of
hypertrophic zone cartilage matrix in the center of a skeletal anlage, a bone collar forms on
its surface (Figure 1C). Osteoblasts differentiate from perichondrium covering the central
hypertrophic chondrocyte zone and deposit a layer of bone matrix on the surface of the
hypertrophic cartilage, forming the bone collar (14). Once the bone collar forms, osteoclasts
can resorb the matrix, and vessels are able to invade. In doing so, they bring all the cells and
factors necessary for conversion to bone (Figure 1D). In contrast to events at later times
during bone growth and development, the initial mineralization of hypertrophic cartilage
does not depend on capillary invasion of the mineralized region of the anlage since it
remains avascular until after the bone collar forms.

Vascularization of growth and articular cartilage

The programmed cell death of hypertrophic chondrocytes at the COJ is dependent upon
vascular invasion, without which they can be surprisingly persistent. To study this, Trueta
and Amato (15) blocked communication between the cells of the metaphysis and the
hypertrophic chondrocyte zone: they surgically placed polyethylene sheets at the COJ,
between the lower limit of the growth plate and the metaphyseal bone/marrow space of
rabbit proximal tibiae. They observed failure of vascularization, accompanied by a
remarkable lengthening of the chondrocyte columns, with some 50 or 60 hypertrophic
chondrocytes accumulating in each column over the course of the study. Mineralization of
the hypertrophic cartilage ceased, but the biology of the growth plate remained intact, as
shown by the restoration of normal histological appearance upon removal of the block. The
failure of mineralization is interesting, implying that communication with vessels is
necessary for matrix vesicle secretion by hypertrophic chondrocytes in growing bones. In
some respects this is similar to rickets, in which vitamin D deficiency leads to elongation of
hypomineralized growth plates. Mineralization and normal growth can be restored if vitamin
D levels and mineralization are normalized soon enough to prevent deformation of the bones
(16). This is in contrast to the mineralization of the hypertrophic chondrocytes in anlagen
before formation of the bone collar, which occurs without vascular invasion (Figure 1C).
This difference suggests that there may be a critical size limit for diffusion of necessary
factors into the hypertrophic zone. It may be, for example, that oxygen tension in small
anlagen is still high enough to meet a mineralization threshold, and that as bones grow,
hypoxia induces a circulation-dependent state for mineralization. This could be mediated by
Hifla, for example, a transcription factor induced in the low oxygen conditions found deep
within the growth plate (17). Alternatively, specific developmental signals could permit
mineralization of anlagen to proceed even without vessels in intimate contact with the
mineralization front.
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Besides that fascinating study over 55 years ago (15), a more molecular approach to vascular
invasion was undertaken in the late 1990’s. Gerber et al. (18) showed that VEGF is
necessary and sufficient for vascular invasion of mouse growth plates. This was done using
systemic injections of soluble VEGF receptor, mFIt(1-3)-1gG, into growing mice. The
treatment blocked vascular invasion much as had the plastic sheets, and it led to a 3-to-6-fold
thickening of the growth plate, a halving of limb bone growth in length, and failure to recruit
TRAP-positive multinucleated cells to the mineralized cartilage trabeculae of the lower
hypertrophic zone. Also strikingly similar to the 1960 study, cessation of treatment allowed
recovery of vascular invasion and growth.

The production and availability of VEGF by chondrocytes is not limited to the COJ of
established, growing bones. VEGF production and availability in cartilage has also been
found at very early stages. Sox9, the key chondrocyte transcription factor, was found to
control the production of VEGF by chondrocytes at the onset of patterning during limb bud
formation. In the process of forming primitive anlagen, VEGF secretion by the
differentiating chondrocytes recruited the formation of a vascular meshwork surrounding the
condensation (19). Expression of VEGF (specifically, the VEGFA isoform) came in 2
waves, first to vascularize the perichondrium, then to vascularize the hypertrophic
chondrocyte zone (20). Additionally, VEGF is secreted into the cartilage matrix by
hypertrophic chondrocytes during bone growth and fracture repair, the latter being a process
which locally recapitulates endochondral ossification. VEGF binds to heparan sulfate in the
matrix, and is released by the action of osteo/chondroclast-derived heparanse (21). Whether
the osteoclast itself is pro-angiogenic remains unresolved (22). Cackowski et al. (23) did
show that angiogenesis in bone explants and in vivo was dependent on osteoclast number,
being inhibited by blocking RANKL via OPG, and being promoted by RANKL-induced
increases in osteoclast number. They also showed that the angiogenic effects were dependent
on MMP9. They suggested that those effects were caused by enhanced osteoclast migration
due to their expression of MMP9, although it is possible that the collagenase activity of
MMP9 was required to release VEGF from the matrix.

Osteoclasts

Having considered the developmental and growth patterns affecting the “clasts,” we now
look at their similarities and differences more closely. Osteoclasts, first described in 1873
((24); see also (25)), have been investigated far more than either chondroclasts or
septoclasts. They are multinucleated cells formed by the fusion of hematopoietic cells of the
monocyte lineage (26-28). At this writing, a search of PubMed for articles with “osteoclast”
in the title yielded some 3529 publications. As a general search term in PubMed,
“osteoclast” yielded 22,327 hits. Many of the discoveries concerning their origin,
differentiation, and mechanisms of bone removal have been decisively informed by studies
of mutations that cause osteopetrosis in human patients and in animal models (29, 30).
These and related investigations have revealed numerous steps required for osteoclast
differentiation and bone resorptive activity. Some mutations in genes needed for osteoclast
differentiation lead to so-called osteoclast-poor osteopetrosis, and mutations in genes needed
for function lead to osteoclast-rich osteopetrosis. Such loss-of-function mutations, combined
with molecular, cellular, and microscopic studies, have more recently led to greater
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understanding of the role of osteoclasts in providing the long-sought signals for anabolic
feedback, or “coupling” (31), to osteoblastic cells for skeletal maintenance (reviewed in (32,
33)), but that is beyond the scope of this paper.

Structurally, the mature, multinucleated osteoclast is a large, highly polarized cell with an
extremely convoluted plasma membrane region called the ruffled border. The ruffled border
is closely apposed to the bone surface and is the site of secretion of HCI and proteases —
predominantly cathepsin K and MMP9 — to degrade the mineralized matrix, as well as for
endocytosis of the dissolved bone. A sealing zone surrounds the ruffled border and consists
largely of a thick ring of filamentous actin. The vitronectin receptor, a,f3 integrin, provides
attachment to the bone substrate. Extremely active vesicle transport is essential for delivery
of the acidification pumps and channels to the ruffled border, for exocytosis of proteases,
and for endocytosis and subsequent transcytosis and secretion of solubilized bone matrix
(34, 35).

Osteoclast differentiation from precursor cells is stimulated by locally high concentrations of
first, colony stimulating factor 1 (CSF-1; M-CSF), signaling through its receptor c-fms (36—
40). This stimulates expression of the TNF receptor superfamily member, receptor activator
of NF-xB (RANK), which can then bind its ligand, the TNF superfamily member RANK
ligand (RANKL) (41, 42). Normally, both CSF-1 and RANKL are provided in the bone
microenvironment by osteoblasts, which also supply an antagonist to RANKL,
osteoprotegerin (OPG). OPG acts as a soluble “decoy” receptor to lower the effective local
level of RANKL (43, 44). The dynamic balance of RANKL and OPG is a critical regulator
not only of bone development, but also of the timing of tooth eruption (45).

Besides these growth factors and their signaling pathways, there are essential transcription,
signaling, and effector proteins necessary for osteoclast differentiation and activity which
have been reviewed in some detail elsewhere (29, 30, 46, 47). Among the transcription
factors are c-fos, PU.1, NFATc1, Mitf, and NF-xB. There are also many signaling proteins
and effector proteins needed by osteoclasts for such tasks as vesicle trafficking, extracellular
matrix breakdown, and acidification, including Snx10, c-Src, vATPase, TRAF6, CIC7,
cathepsin K, carbonic anhydrase 11, and plekhm1.

Chondroclasts

Despite common usage in discussions among bone biologists and its fairly frequent mention
in the literature, the term “chondroclast” has not been consistently or rigorously defined. It is
generally used in reference to cells that look like osteoclasts but which seem to be digesting
cartilage, not bone. “Chondroclast” is not present in classic histology texts, including, for
example, the Piersol 1930 English translation of the 41 German edition of the Sobotta atlas
(48), nor 56 years later in the influential Bloom and Fawcett text (49). A more recent
histology text does give chondroclast a single mention (50). Searching PubMed for articles
with “chondroclast” in the title yielded only two. One examined the loss of multinucleated
cells resorbing mineralized cartilage in growth plates of ovariectomized rats and their
restoration by estrogen treatment (51). The other also looked at multinucleated cell
formation in cartilaginous bone models, and it proposed that chondroitin sulfate in the
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extracellular matrix might have an inhibitory effect on their differentiation (52). As a general
PubMed search term, “chondroclast” yielded 19 citations. The first occurrences of
“chondroclast” in the literature that can be searched electronically are in papers by Savostin-
Asling and Asling (53, 54). They showed light, transmission and scanning electron
microscopic studies of calcified cartilage resorption. Specifically, they looked at the central
region of Meckel’s cartilage in embryonic day 19 rat fetuses and describe their findings as
follows:

“Chondroclasts (multinucleated cells identical with osteoclasts) dominate the
erosion front.” (53)

“The many features which they showed in common with osteoclasts included
abundant mitochondria, vacuolation, lysosomes, sparsity of rough-surfaced
endoplasmic reticulum, and deep infoldings at loci of contact with calcified matrix.
Crumbling of matrix (with mineral crystals penetrating between these foldings) and
fragmentation of collagen fibrils were also seen.” (54)

Note that, in contrast to the termini of Meckel’s cartilage, which contribute to the mandible
and auditory apparatus, the central portion under study in those papers is simply removed
(55). Thus, from their earliest description, chondroclasts were seen as essentially identical to
osteoclasts with the exception of their location on mineralized cartilage, as opposed to bone.

Underscoring the similarity, if not identity, of osteoclasts and chondroclasts are the
observations that: 1) human osteoclasts differentiated in vitro from peripheral blood
monocytes were able to resorb cartilage explants, an activity also seen in human osteo- and
rheumatoid arthritis; and 2) there is very strong similarity in gene expression profiles of
chondroclasts and osteoclasts (56). There have been reports of relatively minor differences
between osteoclasts and chondroclasts. A comparative analysis of osteoclasts vs.
chondroclasts along the COJ of growth plates showed poorly developed ruffled borders and
clear zones (actin ring) in chondroclasts, along with higher intracellular TRAP and lower
extracellular TRAP in chondroclasts (57).

The latter suggests that the substrate to which the cell attaches may affect its structure and
perhaps function, but it is at odds with the original description of chondrocytes on calcified
Meckel’s cartilage, where well-developed ruffled borders were present (54). Alternatively, it
is possible, perhaps even likely, that the chondroclasts at the COJ are in quite an early stage
of differentiation and activity, which could render the ruffled border, the actin ring, and
TRAP exocytosis all immature. There is a report that chondroclasts in mouse embryos
degrading hypertrophic Meckel’s cartilage express more MMP-13 than do osteoclasts on
trabecular bone of the femur (58), but beyond this, there is little strong evidence for
differences between osteoclasts and chondroclasts in: cellular origin; most cytological
details; the factors required for their differentiation; or the repertoire of expressed genes
needed for function. Mutations that eliminate osteoclasts, thus causing osteoclast-poor
osteopetrosis, also lead to loss of chondroclasts at the chondroosseous junction (COJ) and to
growth plate dysplasias (8). This provides some evidence that osteoclasts and chondroclasts
may be identical, excepting only their substrate.
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Septoclasts

“Septoclast” is the term coined by Lee and co-workers for a specialized cell that breaks
down the last transverse cartilage septum in columns of growth plate chondrocytes (59).
Note that, unlike the longitudinal septa, the transverse septa are generally not mineralized in
hypertrophic cartilage. For septoclasts, as for chondroclasts, there were only two titular
citations in PubMed; moreover, using septoclast as a general search term yielded only the
same two (if one ignores the attempt by the PubMed search engine to substitute
“septoplast™!). One is the original report describing the septoclast. The other is from our
laboratory, in which we examined septoclasts at the chondroosseous junction of the proximal
tibia of wild type and osteoclast-deficient osteopetrotic rats with and without
osteoclastogenic treatments (60).

In the original report, Lee and co-workers examined active cathepsin B by immunostaining
rat tibia COJ’s. They also looked at protein synthesis, and they carefully examined TEM
images to characterize this unusual cell. The septoclast is a perivascular cell adjacent to the
tip of budding capillaries (Figure 2). They are elongated, somewhat similar in appearance to
fibroblasts, but are very rich in the lysosomal cysteine protease cathepsin B (Figure 3). They
are polarized, with a basal nucleus and cytoplasm that extends toward the terminal transverse
septum of the growth plate. A ruffled membrane protrudes from the cytoplasm and closely
approaches that septum. Cathepsin B is present in septoclasts in multivesicular bodies and
dense bodies which are tightly packed in the cytoplasm (59). Septoclasts were markedly
more active in protein synthesis than their immediate neighbors. The cartilage of the
adjacent septum in the growth plate appeared partially degraded in the area of the septoclast
ruffled membrane. The authors proposed that the septoclast is responsible for removal of the
terminal septum, thereby permitting capillary invasion of the growth plate, contact with the
hypertrophic cell, and release of contents of the chondrocyte lacuna.

Perivascular cells, or pericytes, are known to include a subset which are mesenchymal stem
cells capable of differentiating into osteoblasts, chondrocytes, myocytes, and adipocytes (61,
62). In addition, other stem cells inhabit the perivascular space, including hematopoietic
stem cells and neuro-progenitors (63). Overall, the septoclast, compared with other
perivascular cells, remains understudied and poorly understood. No cellular origin of the
septoclast among the known subsets of pericytes has yet been identified.

Growth plate dysplasias in osteoclast-poor models

The toothless (#/) rat mutation is a CSF-1 loss-of-function that causes severe osteoclast-poor
osteopetrosis in homozygous mutants (36, 37, 64). Similar to other mutations in that class,
growth is stunted, and growth plate cartilage is not removed, nor mineralized, nor invaded by
vessels, and it accumulates over the post-natal period (8, 65-68). The putative role of
septoclasts in vascularization and removal of growth plate cartilage led us to hypothesize
that septoclast abnormalities would underlie that aspect of the observed histopathology at the
COJ of ti/t/rats. Indeed, deficiency and misdirection of septoclasts was observed, suggesting
a relationship between septoclasts, capillary invasion of growth cartilage, and osteoclast
differentiation factors (60). Also of note, while systemic (intraperitoneal) injections of
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CSF-1in tl/t/rats from birth restored osteoclast populations, bone resorption, removal of
metaphyseal trabecular bone, and tooth eruption (69-71), even up to six weeks of daily
injections from birth did not restore vascular invasion, mineralization, or greater order of
chondrocytes in the growth plate (67). Septoclasts remained fewer in number and
disorganized despite CSF-1 injections (60). Another rat model, osteopetrosis (gp— n.b., not
to be confused with the gp mouse, which is CSF-1 deficient and osteoclast-poor) is a
recessive allele at an unknown locus on chromosome 10 (72, 73) which causes bone disease
very similar in severity to that seen in the #/rat (74); however the gp/op rat has abundant, but
non-functioning osteoclasts (osteoclast-rich osteopetrosis), and its growth plates are not
abnormally thickened over time (8).

Similar pathology is seen in many mouse osteopetrotic mutations. Most osteoclast-rich
osteopetrotic mice have normal-looking growth plates (e.qg., cathepsin K, c-src, and CIC7),
while osteoclast-poor mutants (e.g., CSF-1, c-fms, RANK, RANKL, or TRAF-6 mutations)
show failure of capillary invasion of the COJ and resultant accumulation of growth plate
cartilage (8, 60, 75, 76). Together, these observations imply that a trophic factor or factors
required for capillary invasion, specifically for recruitment of active septoclasts to the site,
depend on the same CSF-1/RANKL pathway needed for osteoclastogenesis. The thickened
growth plates in those mutants are reminiscent of the growth plates isolated by polyethylene
from capillaries (15) or by elimination of active VEGF from the area (18), as described
above. Further, they imply that the chondrocytes themselves are the source of those signals.
The most likely factor is of course VEGF. Since osteoclasts are present in the immediate
vicinity of the growth plate in CSF-1 injected #/#/rats and in RANKL knockout mice
carrying a lymphocyte-specific rescue allele (67, 76), but there is no establishment of
vascularization of the growth plate, clearly osteoclasts themselves are not sufficient to recruit
vessels. It may be that CSF-1 and/or RANKL regulate VEGF expression by growth plate
chondrocytes in an autocrine or paracrine manner. Indeed, RANKL expression has been
detected in hypertrophic chondrocytes in normal and arthritic chondrocytes (77, 78).
Although it has not been directly demonstrated that hypertrophic chondrocytes also supply
CSF-1 at the CQJ, it seems likely when one takes together the above-noted failure of
systemic treatment or rescue, and the ability of hypertrophic cartilage implanted into renal
capsules to support osteoclast differentiation (79). Osteoclasts might also play an auxiliary
signaling role in that process, perhaps analogous to their role in stimulating bone formation,
as has been shown by the increased rates of bone synthesis in osteoclast-rich osteopetrosis
compared with the osteoclast poor types (reviewed in (80)). A mouse or rat with a
chondrocyte-specific deletion of CSF-1, or rescue of #/rats or gp mice (also CSF-1-
deficient) with chondrocyte-specific expression are two means to test that idea.

Cartilage canals: no known “clasts”

In addition to septoclasts at the COJ, a further potential role for pericytes in cartilage is
vascular invasion of non-mineralized articular cartilage. Secondary ossification centers form
in epiphyses following the excavation of cartilage canals into the outer surface of epiphyseal
cartilage. To accomplish this invasion, the physiological challenge is for capillaries to invade
non-mineralized cartilage despite its active defenses against vascularization. In fact, due to
its distinctive avascular nature, cartilage was correctly envisioned by Folkman and co-
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workers as a source of angiogenesis inhibitors to fight cancer progression. They had
succeeded in demonstrating anti-angiogenic properties of cartilage explants by 1975 (81)
and in isolating the first anti-angiogenic substance from cartilage by 1976 (82). Among the
factors that repress vascularization of cartilage, TGF-§ is the best-studied (reviewed in (6)).
It is synthesized by chondrocytes and promotes their proliferation and the synthesis of
cartilage matrix components, including aggrecan and type Il collagen. TGF-3 suppresses
hypertrophy of chondrocytes and mineralization of the matrix. It has also been shown to
stimulate production of protease inhibitors by chondrocytes (5, 9, 83). Mechanisms by
which the vascularization of epiphyseal cartilage is regulated are not well understood,
although they have potential significance in pathological cartilage loss, for example in
osteoarthritis (84).

In human development, capillary invasion of non-mineralized joint cartilage occurs in the
femur in two phases during mid-gestation, from about week 8 through weeks 15-16.
Interestingly, the canals appear to be cut by small clusters of fibroblastoid mesenchymal
cells without any accompanying vessel formation (85). The canals then remain devoid of
cells for several weeks before vessels and perivascular tissues eventually form within them.
Thus, this process is fundamentally different from what occurs on the diaphyseal side of the
growth plate.

In rats, cartilage canal formation in the proximal tibia occurs through approximately the first
3 postnatal weeks, and it was studied in some detail by Lee and co-workers, in particular
with respect to the degradative enzymes actively breaking down the cartilage (86, 87). They
concluded that both matrix metalloproteinases and aggrecanases were active in degrading
aggrecan, and that MMP9 and MMP13 (collagenase 3) then further broke down the partially
digested “pre-resorptive layer.” No osteoclasts, chondroclasts, nor other specific cell types
were noted to be responsible for this process, and, unlike in the human femur described
above, vasculogenesis occurred concomitantly with canal excavation. Endothelial cells were
observed in intimate contact with the degrading cartilage surface. In mice, the cells of the
canals themselves appear to give rise to osteoblasts (88, 89), but whether this occurs in
human cartilage canal/secondary ossification center formation remains to be determined.
Osterix-driven excision of the IGF1 receptor resulted in mice with a slight delay and
reduction in canal formation, suggesting a possible role for IGF1 from osteoblasts in the
process (90). The cells causing canal formation appeared to originate as perichondrial cells,
but are otherwise not characterized.

Repair and disease

We will now look briefly at the role of the “clasts” in removal of skeletal tissue in repair and
disease. As in development and growth, these take place in close association with blood or
marrow. Remodeling and repair of bone go on throughout life, with roughly 10% of the
skeleton replaced annually in adult humans. It occurs both on bone surfaces and within bone
in close proximity either to the (vascularized) extracellular milieu, to the marrow, or adjacent
to vessels in Haversian canals. There is no cartilage intermediary in normal bone turnover. In
remodeling of the mature skeleton, there are by definition no chondroclasts because the
basic multicellular unit removes bone that does not possess cartilage cores. The recruitment
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of osteoclasts to remodeling sites is likely mediated by osteocyte-derived signals, giving rise
to high local concentrations of the canonical CSF-1/RANKL growth factors (32). Due to the
purely osseous matrix being degraded, the catabolic cells at these sites are unequivocally
osteoclasts.

In fracture repair the cell type name is not so clear-cut, given the comparative
disorganization of the callus, with mineralized cartilage and bone matrix often intimately
intertwined. Fractures can be repaired by both endochondral and intramembranous
mechanisms. The degree of endochondral ossification reflects the relative openness of the
fracture site, in particular how tightly bone segments are re-connected and/or pinned
(reviewed in (91)). At the site of injury, a hematoma forms and is soon followed by an
inflammatory response. This in turn leads either to direct bone deposition in the form of
intramembranous ossification, or to the recruitment of periosteal cells which migrate in,
proliferate, and adopt a chondrocyte phenotype. The chondrocytes secrete a cartilaginous
fracture callus that bridges the bone parts and also occupies a significant volume
surrounding the injury site. Unlike in mature cartilage, the matrix fibers are disorganized.
The chondrocytes undergo hypertrophy, switching from type 11 to type X collagen
expression, and mineralize the callus. At various sites throughout the callus, vessels invade
and the cartilage is replaced by bone. The bony callus generally exceeds the normal
perimeter of the bone, most notably when the fracture is poorly reduced and/or not pinned.
Over time, the excess bone is removed to restore the normal bone contours. The importance
of the RANKL antagonist OPG, and the agonist, RANKL, in fracture repair were
demonstrated in OPG —/- mice and derived cells (79). OPG —/- mice had faster fracture
unions, the callus was resorbed faster, and greater numbers of osteo/chondroclasts were
present at bone/cartilage interfaces than in wild type mice. Also, cultured OPG -/-
chondrocytes were able to induce greater numbers of osteo/chondroclasts than wild type
cells when transplanted under renal capsules. This confirms the ability of chondrocytes to
recruit osteo/chondroclast differentiation directly, and not simply passively as an
accompaniment to vessel recruitment.

A key role for angiogenesis in fracture repair was also recently shown. Cilostazol, a
phosphodiesterase-3 inhibitor, is a promotor of angiogenesis. Mice given cilostazol had
significant improvements in fracture healing as measured by histology, gene expression, and
mechanical testing (92). Other observations showed that capillary tips that sprouted into
fracture calluses lacked a basement membrane but did have an extracellular accumulation of
laminin, and they were accompanied by perivascular cells. Those cells may be septoclasts or
a related cell type (93); however, immunostained calluses in displaced fractures in mice
showed no strong evidence of intense cathepsin B-positive staining of perivascular cells
(94). This leaves unresolved the question of whether there are septoclasts or an equivalent
cell type that mediate vascular invasion of mineralized cartilage during fracture repair.

In osteoarthritis, mechanical damage to joints can induce stable, articular cartilage to
undergo hypertrophic differentiation and expression of terminal hypertrophic markers,
including MMP 13. MMP 13 is a collagenase directly involved in initial cartilage
degradation. In fact, overexpression of MMP13 increased osteoarthritis in mice, whereas
chondrocyte-specific knockout was protective (4). Osteo/chondroclasts are seen at sites of
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bone loss in osteoarthritis, notably in subchondral bone, where bone loss can destabilize
joints (reviewed in (95). Similarly, in rheumatoid arthritis, RANKL in the synovial fluid can
drive osteoclast differentiation and resulting bone loss (96). We have not seen reports of
differences in cytology, gene expression, or other features when comparing arthritic osteo/
chondroclasts to those present in normal bone modeling or remodeling.

The recruitment and activation of osteoclasts to attack bone and provide a niche for tumor
metastasis is an area of intense, long-standing, and ongoing study. Recent reviews have
examined roles for micro-RNAs in this process (61, 97). Many therapeutic strategies for
management of bone metastasis target osteoclasts with anti-resorptive drugs, including
bisphosphonates and anti-RANKL antibody (denosumab), e.g., (98-102). There are some
striking similarities between bone loss in arthritis and the invasion of bone by metastatic
tumors. Analogous to its role in arthritic progression, MMP13 was shown to be expressed by
breast cancer cells and to permit osteoclast differentiation (103), paving the way for
osteoclasts to remove bone. The ability of chondrosarcoma to invade bone was recently
shown to be dependent on osteoclasts, as osteoclast-poor #//¢/ osteopetrotic rats were
resistant to bone metastasis of chondrosarcoma (104), reminiscent of the resistance of #/t/
rat growth plates to vascular invasion and degradation. A role for epigenetic regulation of
chromatin architecture in controlling osteosarcoma invasion of bone was recently
demonstrated. Bromodomains are protein motifs that act as “readers” of chromatin
architecture. Bromodomain-containing proteins bind to acetylated histones, and influence
chromatin structure and gene expression (105-107). Using the bromodomain protein
inhibitor JQ1, Lameroux et al. were able to block both the bone-forming sarcoma
progression and the osteoclast-dependent local bone loss necessary for engraftment (108). In
summary, metastatic invasion of bone by carcinomas and sarcomas appears to depend on
osteoclasts, which are to all appearances normal.

Conclusion

An overview of the “clasts” at the COJ is depicted in Figure 4. Note that the chondroclasts
and osteoclasts follow the capillary front, they do not lead it. The term osteoclast is well-
understood, non-controversial, and those cells remain under active investigation in health
and disease. The term chondroclast is less rigorously defined, and the cell it names may be
identical with the osteoclast, save only for the substrate. The term septoclast is very
specifically applied to an under-appreciated cell type that assists in the capillary invasion of
growth cartilage and is strikingly rich in cathepsin B. All three are directly or indirectly
dependent on the canonical CSF-1/RANKL pathway. All three are closely associated with
blood vessels, and are VEGF-dependent in many anatomical locations. Since all three
degrade the skeletal matrix, they remain important objects of study. The fourth cell type
excavates cartilage canals in non-mineralized epiphyseal cartilage, and it may hold clues to
some degenerative joint diseases. If and when such a link is found, those cells will
undoubtedly receive a name. As to the others, our preference is that the term chondroclast,
unless and until strong cellular distinctions are identified, be reserved for cells attached only
to cartilage. You are what you eat.
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Figure 1. Stepsin endochondral bone formation (non-demineralized methacrylate sections,
toluidine blue and von Kossa stain, developing mouse)

Panel A shows condensations of chondrocytes (*) forming metatarsal anlagen in the paw,
with pink-purple metachromasia indicating cartilage matrix being secreted. In panel B,
showing sternebrae, chondrocytes in the central area have become hypertrophic (/¢). In C,
mineralized cartilage (/mc, stained black) is seen due to the secretion of matrix vesicles
containing mineral by the hypertrophic chondrocytes before blood vessel invasion. The bone
collar (bc) is forming (arrow) by the action of osteoblasts differentiated from the
perichondrium. In D, bone formation is taking place, with abundant, mineralized bone and a
marrow cavity hosting active, hematopoietic bone marrow (b6m). Through openings in the
bone matrix such as the one indicated by the asterisk (*), vessels have invaded and brought
with them stromal cells and mesenchymal stem cells. The position of the chondroosseous
junction (coyj) at either end of the growing bone is indicated by the arrows, where septoclasts
are degrading matrix to permit capillaries to bud into the mineralized cartilage zone. As
capillaries elongate, osteoclasts/chondroclasts follow and remove most of the mineralized
cartilage. The distance between the COJs increases due to chondrocyte proliferation and
hypertrophy at both ends.
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Figure 2. Septoclast in the context of the chondroosseous junction
(A) Light micrograph of a 4-week-old wild-type rat proximal tibia, demineralized, stained

with toluidine blue, 1 um Epon section. (B) Diagram of (A) with various cellular and
structural constituents numbered: 1, osteo/chondroclast; 2, some of the multiple nuclei in
that cell; 3, septoclast cell body and cytoplasmic extension, pseudo-colored light orange; 4,
red blood cells in budding capillary; 5, longitudinal septa of the hypertrophic cartilage zone
(cartilage matrix is stained purple due to toluidine blue metachromasia); 6, endothelial cell
of the capillary; 7, terminal growth plate transverse septum; 8, a hypertrophic chondrocyte in
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the terminal chondrocyte lacuna. (C) Serial section to (A) at higher magnification in which
the septoclast cell body and nucleus are visible, but the cytoplasmic extension is out of the
plane. Asterisk (*) is adjacent to the nucleus. Note that the septoclast and its capillary
precede the front of osteoclasts/chondroclasts into the growth plate. Scale bar: 25 um (A and
B); 13 um (C) (reprinted with permission from Gartland et al., 2009).
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Figure 3. Septoclasts stain intensely for cathepsin B
5 um paraffin section of 2-week-old wild type rat proximal tibia immunostained for

cathepsin B (brown) with light hematoxylin counterstain. Cathepsin B intensely labels the
septoclasts, which are evident all along the chondroosseous junction (COJ), between the
hypertrophic chondrocyte zone (HCZ) and the metaphyseal bone (MB). See (60) for
methodological details.
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Figure 4. Catabolism at the chondroosseous junction
The diagram represents events that take place during endochondral ossification, and, in a

much less organized spatio-temporal fashion, during fracture repair. Hypertrophic
chondrocytes produce VEGF and RANKL, and probably CSF-1 (see text) to recruit both
vessels and osteoclasts. Capillaries bud into the growth plate by means of the septoclasts
breaking down the non-mineralized transverse septa at the bottom of the growth plate.
Immediately behind the capillary front, chondroclasts attach to and degrade 1/2 to 2/3 of the
mineralized longitudinal septa. Immediately behind the chondroclast front, rows of
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osteoblasts actively secrete bone matrix onto the longitudinal septa that have escaped
removal. Those trabeculae, consisting of mineralized cartilage covered by bone, are in turn
degraded by osteoclasts in the metaphysis. The diet of both cartilage and bone at this
location raises the question of whether the term “chondroclast” should be reserved for cells
that remove only cartilage at anatomical sites not destined to become bone.
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