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Summary

The multinucleated osteoclast has a unique function: degradation of mineralized tissues.
It is generally taken that all osteoclasts are alike, independent of the skeletal site where
they exert their activity. Recent data, however, question this view as they show that
osteoclasts at different bony sites appear to differ, for example in the machinery
responsible for resorption. Support for the notion that there may be heterogeneity in
osteoclasts is obtained from studies in which osteoclast activity is inhibited and from
observations in osteopetrosis and inflammatory bone conditions. In this review we
discuss the available evidence and propose the existence of bone-site-specific osteoclast

heterogeneity.

Keywords Osteoclast — osteopetrosis — heterogeneity — intramembranous bone —

endochondral bone — osteoclast subsets

1. General introduction

Osteoclasts are defined as cells that can break down bone, the word being derived from
the Greek oston bone and klastos, broken. In older literature a range of additional terms
has been used to name cells that break down other types of mineralized matrices, for
example: “chondroclasts” for cells that break down mineralized cartilage and
“dentinoclasts” for cells that break down mineralized dentine. More recently, osteoclast
has become the common term to denote any cell that has the capacity to break down
mineralized matrices, as it is clear that in the growth plate the same cell can frequently be
found to resorb both bone and cartilage simultaneously (Fig. 1) and cells taken from bone
can easily resorb dentine as many laboratory studies indicate (Fig. 2). While undoubtedly
osteoclasts can attack a wider range of matrices than their name suggests, recent studies
have raised some new questions about the possible existence of different types of
osteoclasts at different bone sites. In this review we discuss the available evidence, most
of which comes from the study of osteopetrosis and from inflammatory bone conditions.
It remains unclear whether heterogeneity in this cell type is the result of differential

regulation in different bone sites. The implications of the possible presence of site-



specific osteoclasts may be significant, especially when considering novel treatment

options to inhibit resorption.

2. Osteopetrosis and tooth eruption

As much evidence pointing to the possible existence of different subsets of osteoclasts
comes from observations in osteopetrosis and especially from differences in osteoclast
activities between the axial skeleton and the head region, as evidenced by (lack of) tooth
eruption, we will first discuss osteopetrosis and pay some attention to the events that lead

to tooth eruption.

2.1 Osteopetrosis
Osteopetrosis is defined as a disease characterized by a general increase in bone mass
caused by inactivity, or absence of osteoclasts. While in osteopetrosis the bone mass is
high, the bone itself is brittle and fractures are common. This differentiates the condition
from other high bone mass disorders caused primarily by overactivity of osteoblasts, such
as for example sclerosteosis or Van Buchem’s disease [1] where bones are very strong.
Osteopetrosis is genetically heterogeneous with autosomal dominant and
recessive forms. There is a wide spectrum of severity in the human condition with the
most severe forms caused by autosomal recessive inheritance. Much has been learned in
the past 25 years from the study of spontaneous mutations in animals that lead to
osteopetrosis and more recently the genes causing such phenotypes have been identified
and in most instances confirmed as causes of human osteopetrosis. In addition targeted
gene deletion, or gene overexpression in the mouse have, often quite unexpectedly,
yielded additional osteopetrotic phenotypes and again pointed to some of the genes that
are mutated in the human condition. Several reviews have recently summarized the
remarkable progress made in this field and the reader is referred to those for detailed
information [2,3]. Not only have these studies helped to understand osteopetrosis, they
have also provided information about the essential genes necessary for osteoclast
development and function. We now know that osteoclast development requires two
growth factors, M-CSF, which stimulates the proliferation of osteoclast precursors, and

RANKL, which promotes differentiation towards mature osteoclasts. Absence of either



growth factor, or its receptors leads to severe osteopetrosis in rodents with lack of
osteoclast formation [4-8]. Loss-of-function mutations in RANKL, or its receptor RANK
on the osteoclast, have now also been identified in osteoclast-poor cases of human
osteopetrosis [9,10]. More commonly however, osteopetrosis is caused by loss-of-
function mutations in genes essential for osteoclast function. The genes identified so far
in this subgroup are all involved in generation and transport of protons and the vesicles
that contain them [11], to the ruffled border, the highly folded membrane domain facing
the surface of the mineralized matrix the cell is resorbing (Fig. 3).

A common feature in these cases of osteopetrosis is that osteoclasts form,
frequently in relatively high numbers (Fig. 4) and attach to the bone surface with a
sealing zone, but that they do not form a ruffled border. The ruffled border is a unique
membrane structure in osteoclasts and is the site where the cells lower the pH of the
extracellular resorption compartment underneath by secreting protons. This activity
results in the dissolution of the mineral (hydroxyapatite), thus exposing organic matrix
components, such as type I collagen. A concomitant release of proteolytic enzymes, in
particular the cysteine proteinase cathepsin K, results in breakdown of the organic matrix.
The V-ATPase, the proton pump essential for the release of H" in the resorption area, is
localized in the membrane of acidic vesicles in the osteoclasts and inserted into the
ruffled border membrane when the osteoclast polarizes to start resorption. In absence of
functioning V-ATPase proton secretion and hence mineral dissolution is completely
compromised [12]. To balance the charge of ions across the membrane, chloride is
released concomitantly in the resorption lacuna through use of a chloride channel, CIC-7
[13], which is also present in the membrane of acidic vesicles and inserted in the ruffled
border membrane when resorption starts. Two recently identified proteins, Plekhm1 and
Ostm1, appear to facilitate the transport of the acidic vesicles to the ruffled border, in
case of Ostm1, by acting as a subunit of the CIC-7 protein [14]. Their precise roles
remain to be elucidated, but loss-of-function mutations in these proteins lead to
osteopetrosis in rodents and in man [15,16]. The generation of H" in osteoclasts is
dependent on the activity of the enzyme carbonic anhydrase II, which generates a proton
and a bicarbonate ion from carbon dioxide and water. Mutations leading to reduced

activity of this enzyme compromise osteoclast activity [17]. The bicarbonate is removed



from the cytoplasm by exchange with chloride, facilitated by the anion exchanger AE2,
which is active at the basolateral membrane of the osteoclast (Jansen et al., manuscript
submitted).

In the case of malfunctioning of V-ATPase, CIC-7, CAII, Plekhm1, Ostml, or
AE2, the osteoclast is unable to form a ruffled border. This contrasts with the situation in
which the proteolytic enzyme cathepsin K is inactive or not expressed. In such cases
osteoclasts do form a —sometimes structurally abnormal- ruffled border and secrete acid,
but they are unable to digest the organic bone matrix. A characteristic feature in bone
biopsies of patients in which cathepsin K is not functioning normally, a disease called
pycnodysostosis, is the huge amount of non-digested demineralized bone matrix adjacent
to polarized resorbing osteoclasts [18,19]. In addition, the endosomal compartment of
these cells contains high amounts of non-digested bone collagen fibrils; a phenomenon
frequently seen in fibroblasts but only ever seen in osteoclasts from patients with

pycnodysostosis [18].

2.2 Tooth eruption in osteopetrosis
Tooth eruption is critically dependent on osteoclast activity in the jaw to create a path for
the developing tooth through the alveolar bone to the oral cavity. A characteristic feature
of osteopetrosis is therefore the absence or severe delay in tooth eruption, something that,
in rodent studies, is usually the first sign an animal is osteopetrotic (as reflected in strain
names such as “toothless” or “incisor absent™). It is clear from histological and
radiological studies that tooth germs are present in the jaw in all types of osteopetrosis
and it has been shown that overcoming the defect causing osteoclast dysfunction may
rescue tooth eruption (reviewed in [20]). However, as we will see further below, in some
cases of osteopetrosis tooth eruption does not strictly correlate with osteoclast activity in
other parts of the skeleton. A complication in the interpretation of some of these studies is
the fact that only a small window of time exists for rescue of tooth eruption (see [20]).
The precise sequence of events leading to tooth eruption has been reviewed
previously and many of the factors regulating bone remodeling are identified as important
in this process [21]. The same factors are involved in the shedding of deciduous teeth and

the replacement by permanent teeth, a process even more remarkable as it involves



resorption of the root of the deciduous tooth by osteoclasts while also creating the
eruption pathway for the underlying permanent replacement [22]. In human patients with
osteopetrosis it is often during this second wave of tooth eruption when problems occur
and supernumerary teeth may be seen, or alternatively lack of eruption of the permanent
teeth.

Important in the context of this discussion is the fact that tooth eruption requires
time-limited recruitment of osteoclast precursors, their local formation and subsequent
activation. Not only diseases affecting osteoclast differentiation, or osteoclast function
therefore can result in reduced or delayed tooth eruption, but also conditions in which
osteoclast precursor recruitment is insufficient. This occurs in patients with cleidocranial
dysplasia (CCD), who have a mutation in the gene for RUNX2, the critical osteoblast
differentiation factor and often suffer from problems with tooth eruption and
supernumerary teeth. While Runx2 has an important role in tooth formation, as it is
expressed in odontoblasts and cementoblasts, the main reason for the problems in the
CCD patients appears to be the reduced synthesis of RANKL and osteoclast precursor
recruitment factors, such as M-CSF and MCP-1, by immature osteoblasts in the alveolar

bone [23].

2.3 Bone-site-specific types of osteopetrosis

In addition to the systemic forms of osteopetrosis (i.e. where the osteoclast abnormalities
are found throughout the body), a number of osteopetrotic phenotypes has been identified
in transgenic or knockout mice in which osteopetrosis is bone-site specific (see Table 1).
In these mouse models the sclerotic skeleton does not necessarily correlate with lack of
tooth eruption, pointing to different osteoclast activities in the jaw, or even the whole
head region, and the rest of the skeleton. For example, in RANKL" mice, that lack an
essential osteoclast differentiation factor, a general osteopetrotic phenotype is seen.
However, when Odgren and coworkers [24] performed rescue experiments with CD4-
driven RANKL they noticed that the teeth did not erupt in the rescued mice. Their
findings indicated continued osteoclastic underactivity in the jaw while at the same time
osteopetrosis in the long bones was resolved, indicating normalization of osteoclast

function. These findings suggested that osteoclasts at different bone sites respond



differently to rescue by RANKL presented by CD4-positive immune cells. Similar
findings have been reported for rescue of osteopetrosis in the op/op mouse using M-CSF.
Interestingly, the op/op sclerotic phenotype resolves with age, but tooth eruption never
spontaneously occurs. Systemic administration of M-CSF was able to rescue tooth
eruption, but only if given before a critical time window [25]. While this indicates that
timing of osteoclast recruitment is essential in the jaw, persistent lack of tooth eruption in
the presence of normal osteoclastic bone remodeling elsewhere in the skeleton does
suggest site-specific differences in the ability of a bone tissue to recruit and activate
osteoclasts. Clearly, the jaw and in particular the dental follicle and roots of permanent
teeth are a protected site where in general osteoclast activity is suppressed. The opposite
situation to that seen in the op/op mouse or the RANKL™” mouse, is found in mice over-
expressing the RANK decoy molecule OPG. Here, tooth eruption occurs as normal
indicating the osteoclasts in the alveolar bone function normally. Osteoclasts in the
periosteum of long bones are equally active, but those in trabecular bone were inactive
[26].

The anion exchanger-2 (AE2) has several isoforms. Recently it was shown that
mice deficient for three of its five isoforms have normal tooth eruption and normal
resorption in skull bone, whereas long bones are severely osteopetrotic. In line with these
observations, osteoclasts in the skull displayed a normal ruffled border, whereas this
membrane structure was absent in long bone osteoclasts. Subsequently it was shown that
the osteoclasts in the head region, but not those in the long bones, used a sodium
transporter (SLC4a4) in addition to AE2 to transport chloride and/or bicarbonate across
the membrane and could therefore compensate for the absence of AE2 (Jansen et al.,
manuscript submitted). Together these observations clearly indicate that bone-site-
specific differences in osteoclastic activity exist. In the following we will discuss possible
explanations for the presence of site-specific regulation of bone resorption and pay
particular attention to the possibility that such differences may arise from differences in

osteoclasts themselves.

3. Different bones, different cells and different responses?



How can bone-site-specific differences in osteoclastic activity be explained? Two
possible explanations spring to mind. Firstly, it is possible that the composition of the
various skeletal bones is different and therefore requires osteoclasts with different
activity profiles. Alternatively, it is possible that osteoclasts at different skeletal sites are
intrinsically different. In both scenarios the result is the presence of osteoclasts which are
best equipped (“the fittest”) for their role in their unique local microenvironment. To
further discuss these two scenarios we first touch upon the two ways in which bone
formation occurs during embryogenesis.

The bones of our skeleton are formed either by endochondral or by
intramembranous ossification. Endochondral ossification, which is characterized by the
initial formation of a cartilage model of the future bone, the bone anlage, which is
gradually replaced by bone, is the process responsible for formation of the majority of the
bones of the skeleton. Other bones (e.g. skull, jaws, and scapula) are formed by direct
bone deposition in a condensed connective tissue, gradually replacing this connective
tissue by bone. Long bones are considered to be formed by a combination of
endochondral and intramembranous bone deposition. Part of the bone shaft (diaphysis) is
formed by intramembranous ossification while he the rest is formed by endochondral
ossification. Given the different ways of bone formation it is may be not surprising that
cells in different skeletal sites have different properties. We will first turn our attention to
some of these as they relate to bone formation, i.e., osteoblasts and the matrix they
produce, then to evidence for a different regulation of cells at different sites, before

summarizing the evidence for intrinsic differences in osteoclasts at different sites.

3.1. Bone-site-specific differences in the formation of bone
Endochondral bone formation has been shown by Chung and coworkers [27] and Long et
al. [28] to critically depend on Indian hedgehog (Ihh) expression and signaling. By
contrast, lack of Thh did not affect the presence or activity of osteoblasts at sites of
intramembranous bone formation.

Hypoxia-inducible factor o (HIFa) similarly proves to be essential for osteoblastic

activity during endochondral bone formation but not during intramembranous bone



formation [29]. Angiogenesis proved essential for the remodeling of long bones whereas
this was found less important for remodeling of intramembranous bone [29].

Together these data suggest considerable bone-site-specific differences in
regulation of osteoblast activity. This, as we will see later on, results in differences in the
matrices they produce. It seems the situation in bone may be analogous to that in hyaline
cartilage at different anatomical sites where significant differences in function and in
composition are found, for example between cartilage in the growth plate and articular

cartilage.

3.2. Bone-site-specific differences in matrix composition

A different mode of ossification may be expected to result in compositional differences
of the matrix and its subsequent mineralization. This indeed appears to be the case. Not
only the amount of collagen and non-collagenous proteins differs considerably between
skull and long bone also the level of collagen cross-linking was shown to be greatly
diverse [30]. These differences are considered to be important for the mechanical
properties and mechanical demands made on the different bones. After all each bone has
its own unique function in providing support and/or protection of specific parts of the
body.

Each of the different types of bone appears to have its own unique osteoinductive
components [31,32]. Extracts of long bone can induce formation of cartilage as an
intermediate step in the process of formation of bone. Extracts of intramembranous bone
do not seem to have this capacity [31].

In addition to differences in the composition, abundant data indicate differences in
bone remodeling times. Remodeling of calvaria bone is much slower then the remodeling
of long bones [33]. Whether these differences are due to the compositional differences, to
different osteoclastic activities, to differences in the proportion of cortical or trabecular
bone, or to differences in the neuronal and/or hormonal modulation is still a matter of

debate.

3.3. Bone-site-specific differences in hormonal responses



A series of elegant experiments has shown bone-site-specific responses to compounds
such as prostaglandin E, (PGE,) and parathyroid hormone (PTH). In 1998, Suponitzky
and Weinreb [34] demonstrated that systemic in vivo application of PGE; to rats resulted
in an increased bone formation in long bones without affecting calvaria bones. Also
systemic injection of PTH had an anabolic effect on long bones but not on those of the
skull [35]. Hens need to release large amounts of calcium from their skeleton during their
egg-laying period and have a very high osteoclastic activity in specific bones, the
medullary bones, whereas skull bones are spared. Systemic hormones regulate calcium
release through regulating medullary osteoclast activity, thus indicating that not all
osteoclasts respond similarly to circulating hormones. It remains to be seen, however,
whether in this case the osteoclast or the osteoblast is the cell responsible for the bone-

site-specific effect as osteoblasts are the cells expressing PTH receptors.

3.4. Bone-site-specific differences in neuronal response

Sympathectomy results in an increased resorption of intramembranous bone whereas it
does not affect resorption of endochondral bone [36,37]. This resorption-stimulating
effect was noted in bones of the middle ear and in mandibular bones, but not at other
skeletal sites [38], leading the authors to suggest that blockage of sympathic nerves
increases resorption whereas blockage of sensoric nerves decreases resorption. These
data strongly suggest bone-site-specific differences in responses due to different

neuropeptides to which the bone cells (osteoclasts and/or osteoblasts) respond [38].

3.5. Bone-site-specific differences in mechanically-induced responses

Different bone types have different turnover rates, which are largely dependent on the
different mechanical strains experienced by the tissue. According to Chole [39]
intramembranous bone is more sensitive to pressure-induced remodeling than
endochondral bone. While the precise mechanism underlying mechanically-induced
remodeling is not yet clear, we know that the osteocyte network is critically important in
regulating bone formation and resorption. Osteocytes sense differences in strain and

subsequently send signals (e.g. nitric oxide, PGE,, sclerostin) to bone surface-associated
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cells, such as bone lining cells, osteoblasts and osteoclasts to stimulate or block their
activity, thus modulating bone remodeling [40,41].

Given the differences in remodeling rate between the various bone types, it is of
interest to note that osteocytes in bones of the skull differ from those in long bones. Vatsa
and coworkers [42] recently showed that skull osteocytes were rounder than those of the
long bones. Since a round cell appears to be more sensitive to mechanical signals than a
flat cell [43], skull osteocytes may respond more easily to the lower mechanical strains in
the skull. These observations could help to explain why differences exist in remodeling

rates in different types of bone.

3.6. Bone-site-specific differences in osteoclasts

There is a substantial body of evidence to suggest considerable differences between
osteoclasts at various bone sites. Already ten years ago, in 1999, we showed that calvaria
osteoclasts differ from those present in long bones with respect to the proteolytic
enzymes used for bone matrix digestion [44]. Long bone osteoclasts synthesize primarily
cysteine proteinases (especially cathepsin K), whereas calvaria osteoclasts additionally
employ matrix metalloproteinases (MMPs). In a more detailed follow-up study we
showed that the different osteoclast populations also synthesized and used additional
cysteine proteinases [19], although the nature of these enzymes still needs to be
established. In line with these findings is the study by Shorey et al. [45] who showed that
osteoclasts, present in the intramembranous scapula, also use MMPs, in addition to
cysteine proteinases, to digest organic bone matrix, thus generalizing the concept that
intramembranous bones are degraded not only by cysteine proteinases but also by
osteoclastic MMPs.

This is a departure from the general notion that cathepsin K is essential for the
digestion of organic bone matrix by osteoclasts [46]. We have already mentioned the
disease pycnodysostosis, caused by loss-of-function mutations in the cathepsin K gene
[47] where osteoclasts are able to demineralize bone, but cannot degrade the organic
matrix. Generation of cathepsin K deficient mice [48,49] confirmed the importance of
cathepsin K in osteoclast-mediated bone degradation. However, interestingly, these

studies also showed that absence of cathepsin K affected remodeling of calvaria bone
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much less than that of long bones, clearly pointing to differential use of cathepsin K by
osteoclasts at different bone sites.

Another remarkable difference between osteoclast populations is the expression
level of the enzyme tartrate resistant acid phosphatase (TRACP). Although this enzyme is
highly expressed by multinucleated osteoclasts in all types of bone, expression levels are
much higher (up to 25-fold) in calvaria osteoclasts compared to long bone osteoclasts
[50]. The higher expression in calvaria osteoclasts seems to relate to the important role
of TRACP in digestion of the non-collagenous protein osteopontin [51] as in TRACP-
deficient mice higher levels of non-digested osteopontin are found adjacent to calvaria
osteoclasts, compared to long bone osteoclasts [50]. In addition to differences in TRACP
expression between different bone sites, osteoclasts also differed in TRACP expression
within the same type of bone [52]. A higher level of TRACP expression was found in
osteoclasts in the proximal epiphysis (resembling the “calvaria osteoclast phenotype”)
compared with trabecular osteoclasts [52]. The findings that characterize the osteoclasts
at different bone sites are summarized in Fig. 5.

Finally, several studies have shown heterogeneity in osteoclasts with respect to
their size [53-55]. Several groups demonstrated that small osteoclasts showed less
resorption [53,56] and adhered more strongly to prothrombin and thrombin than large

osteoclasts.

4. How are bone-site-specific osteoclasts formed?

4.1. Different osteoclasts due to different osteoblasts?

The osteoblast or, more precisely, the bone lining cell, an osteoblast-lineage cell that does
not produce osteoid, plays a crucial role in the generation of osteoclasts. It recruits
osteoclast precursors to the resorption site by the release of chemokines [57]. Following
this chemoattraction the osteoclast precursors attach to the bone lining cells via ICAM-1/
VLA interaction [58] and this allows the receptor RANK expressed by the osteoclast
precursors to bind its ligand RANKL expressed by the lining cell. This results in the
priming of the precursor to start differentiation into an osteoclast expressing
characteristic features such as TRACP activity, and receptors for calcitonin and

vitronectin. Subsequently, the bone lining cells move out of the way thus exposing the
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bone surface to which the primed precursors migrate and where they complete maturation
and fusion [59].

The ratio of RANKL with its decoy receptor OPG is essential for
osteoclastogenesis. When Odgren and colleagues analyzed the effect of transgenically
induced RANKL expression in RANKL deficient mice, they noted normalization of
osteoclast formation in long bones but not in the jaw and concluded that “failure of bone
resorption in the jaws is highly site-specific” [24]. Since RANKL is highly expressed by
bone lining cells [60,61], this finding supports the notion that bone-site specificity exists
with respect to expression of RANKL. In keeping with this, overexpression of OPG has
an inhibitory effect on osteoclastogenesis at the endosteal and trabecular bone sites, but
not in periosteum or the jaw where osteoclasts are formed unhindered [26]. In line with a
bone-site-specific response of bone lining cells/osteoblasts is the response to the hormone
PTH. Several studies have shown that whereas the metaphysis is highly sensitive to this
hormone the skull bone is hardly responsive (see [35]). Collectively, these data strongly
suggest considerable differences between osteoblasts/bone lining cells in different bones.
Whether such different populations of osteoblasts result in the formation of

phenotypically different osteoclasts remains to be demonstrated.

4.2. Different osteoclasts due to differences in substrate?

The composition of matrix and mineral differs between bones at different sites of the
skeleton (see above). Such compositional differences might alter the response and
expression of proteins by the osteoclasts [62] and osteoclast precursors [63]. After all, it
has been well established that extracellular matrix components affect cell behavior,
including expression of proteolytic enzymes (e.g. [62,64]). In an attempt to study this in
more detail we isolated osteoclasts from calvaria and long bones and compared their
activities. The osteoclasts were seeded on their original and a different bone substrate and
analyzed for the enzymes used in resorption. Calvaria osteoclasts seeded on their own
substrate or on long bone slices used in both conditions MMPs and cysteine proteinases.
Similarly, long bone osteoclasts seeded on either substrate used primarily cysteine

proteinases. These findings indicate that the bone substrate itself does not affect the
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phenotype of mature osteoclasts, but does not exclude that there is an influence of

substrate during osteoclast generation.

4.3. Different osteoclasts due to different precursors?

It is generally taken that osteoclast precursors reside in the circulation and that these cells
leave the blood system upon attraction by chemokines locally produced by endothelial
cells and/or bone lining cells [65,66]. Numerous findings, including the classic studies of
Walker [67] who showed that osteopetrotic mice could be rescued by temporary
parabiosis (connecting the blood stream) with a normal littermate, indicate that a
mononuclear cell fraction present in the peripheral blood has the capacity to differentiate
into osteoclasts. This feature, together with the availability of synthetic M-CSF and
RANKL, has revolutionized in vitro osteoclast formation studies from easily accessible
precursors in patients and volunteers. Despite this, convincing evidence that in vivo the
osteoclasts present at the different bone sites always arise from blood-borne cells is not
yet available. Alternative sources of osteoclast precursors are the spleen, liver (in very
young animals) and the bone marrow. Spleen and bone marrow are regularly used in

osteoclast culture experiments, especially in mouse studies.

Recently the group of Richter [68] showed that oc/oc mice can be cured by
intraperitoneal injection of retrovirally transduced osteoclast precursors expressing
normal osteoclast V-ATPase, demonstrating that precursors injected into the peritoneum
find their way to the blood stream and subsequently into bone. However, this does still
not answer the question whether precursors generally home to marrow spaces from where
they are directed to sites of resorption, or whether they use the blood stream to directly
extravasate at sites of resorption. In addition, the question whether osteoclasts derived
from blood-borne cells differ from those generated from marrow cells has not been
investigated yet. Recent studies do show that various mononuclear cell fractions isolated
from mouse bone marrow differ in their capacity to form osteoclasts and their
requirement for cytokines [69,70]. It still has to be assessed, however, whether
phenotypic differences, such as enzyme profiles, cell size, or others as mentioned above,
exist between osteoclast populations derived from these different mononuclear cell

fractions.
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Strong evidence for the existence of different subsets of osteoclast precursors has
recently come from studies in inflammatory conditions [71]. It was demonstrated that
osteoclasts can form from mature dendritic cells through a process of transdifferentiation
[71-75]. The dendritic cell-derived osteoclasts were indistinguishable from osteoclasts
derived from blood monocytes using a wide range of phenotypic markers. In vivo, it is
now considered that dendritic cells may transdifferentiate into osteoclasts due to
interaction with cells producing high levels of RANKL, such as T cells, stromal cells and/
or osteoblasts, conditions that may exist for example in the joint of patients with
rheumatoid arthritis. In addition there is evidence for the contribution of B-cell-lineage
cells to osteoclast formation [76]. Although this may only occur under special
circumstances, for example under the influence of unusually high local levels of
osteoclast-inducing factors and in the presence of high numbers of B cells and osteoclast
precursors, such as in myeloma, it nevertheless indicates that different cell lineages may
contribute to the formation of osteoclasts.

In line with the notion that under inflammatory conditions osteoclast precursors
may differ is the study performed by Nose and colleagues [77], who found that
comparable numbers of osteoclast precursors yielded higher numbers of osteoclasts if
precursors were from patients with rheumatoid arthritis, compared with precursors from

patients with osteoporosis.

5. Implications of osteoclast heterogeneity

The notion that there may be bone-site-specific differences in bone cells leading to local
differences in bone remodeling has received relatively little attention in the literature so
far. Yet, we have shown that there are abundant observations pointing to such differences
in osteoclasts. In addition we discussed the emerging evidence for site specificity in bone
lining cells/osteoblasts and osteocytes. Focusing on osteoclasts, we would urge caution in
the interpretation of studies performed with cells from one source of precursors and
extrapolating results to all osteoclast populations. Bone phenotyping of whole animal
models of bone disease is often restricted to analyses of long bones or vertebrae and, as
we have shown above, this may not reveal differential effects of gene knockout, or

mutation, which may specifically become apparent when comparing endochondral versus
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intramembranous bones. Differences within bone, such as those between trabecular and
cortical bone will only be revealed upon careful histological and immuno-phenotypical
analysis. One may question whether differences in osteoclasts are sufficiently important
to warrant such additional analyses. We should consider however that novel osteoclast
inhibitors are being developed, often using knowledge of essential osteoclast gene
products gained in the study of osteopetrosis. One of these, a cathepsin K inhibitor, is in
advanced stages of clinical development [78]. Based on the evidence presented above, we
can be fairly sure that a cathepsin K inhibitor will primarily reduce osteoclast activity in
long bones and vertebrae, but far less in the skull or jaw. Other inhibitors of osteoclast
activity may have different site specificity. This is not necessarily a problem, but may in
fact be seen as a new challenge and an opportunity. Studies are ongoing to understand the
site-specific effects of bisphosphonates on the skeleton. When coupled with the notion of
cellular site specificity, such information may lead to novel, rational drug treatments,
even with drugs, or combinations of drugs, already licensed. In a similar way, the notion
that anabolic PTH treatment does not benefit all bones (or bone sites) alike [79] clearly
points to differences in the osteoblast compartment and urges caution with generalization
of treatment effects observed in one site only to the whole skeleton. We expect there is a
lot of additional data on bone-site specificity of treatment effects and cellular responses
already collected, but not necessarily reported in the literature as this data may have been
seen as “‘erroneous results”. We would suggest that cellular heterogeneity in bone is more
likely than not. Clearly this is an area that requires further careful study to fully exploit
therapeutically the immense advances in knowledge of osteoclast biology gained from

the study of rare osteoclast diseases such as osteopetrosis.

Acknowledgements:

MHH wishes to acknowledge grant support from the Arthritis Research Campaign
(studentship 17440) and the Chief Scientist’s Office (CZB/4/495) for her work in this
area. The authors thank John Greenhorn for Fig. 1A, Debbie Scott for Fig. 2A and Kevin
Mackenzie for Fig. 2B.

16



Reference List

1. P.ten Dijke, C.Krause, D.J.de Gorter, C.W.Lowik, and R.L.van Bezooijen,
Osteocyte-derived sclerostin inhibits bone formation: its role in bone
morphogenetic protein and Wnt signaling, J. Bone Joint Surg. Am. 90
Suppl 1 (2008) 31.

2. A.Villa, M.M.Guerrini, B.Cassani, A.Pangrazio, and C.Sobacchi, Infantile
malignant, autosomal recessive osteopetrosis: the rich and the poor, Calcif.
Tissue Int. 84 (2009) 1.

3. T.Segovia-Silvestre, A.V.Neutzsky-Wulff, M.G.Sorensen, C.Christiansen,
J.Bollerslev, M.A Karsdal, and K.Henriksen, Advances in osteoclast

biology resulting from the study of osteopetrotic mutations, Hum. Genet.
124 (2009) 561.

4. X.M.Dai, G.R.Ryan, A.J.Hapel, M.G.Dominguez, R.G.Russell, S.Kapp,
V.Sylvestre, and E.R.Stanley, Targeted disruption of the mouse colony-
stimulating factor 1 receptor gene results in osteopetrosis, mononuclear
phagocyte deficiency, increased primitive progenitor cell frequencies, and
reproductive defects, Blood 99 (2002) 111.

5. L.Van Wesenbeeck, P.R.Odgren, C.A.MacKay, M.D'Angelo, F.F.Safadi,
S.N.Popoff, W.Van Hul, and S.C.Marks, Jr., The osteopetrotic mutation
toothless (tl) is a loss-of-function frameshift mutation in the rat Csfl gene:

Evidence of a crucial role for CSF-1 in osteoclastogenesis and
endochondral ossification, Proc. Natl. Acad. Sci. U. S. A 99 (2002) 14303.

6. Y.Y.Kong, H.Yoshida, I.Sarosi, H.L.Tan, E.Timms, C.Capparelli, S.Morony,
d.S.A.Oliveira, G.Van, A.Itie, W.Khoo, A.Wakeham, C.R.Dunstan,
D.L.Lacey, T.W.Mak, W.J.Boyle, and J.M.Penninger, OPGL is a key
regulator of osteoclastogenesis, lymphocyte development and lymph-node
organogenesis, Nature 397 (1999) 315.

7. W.C.Dougall, M.Glaccum, K.Charrier, K.Rohrbach, K.Brasel, T.De Smedt,
E.Daro, J.Smith, M.E.Tometsko, C.R.Maliszewski, A.Armstrong, V.Shen,
S.Bain, D.Cosman, D.Anderson, P.J.Morrissey, J.J.Peschon, and J.Schuh,

RANK is essential for osteoclast and lymph node development, Genes
Dev. 13 (1999) 2412.

8. H.Yoshida, S.Hayashi, T.Kunisada, M.Ogawa, S.Nishikawa, H.Okamura, T.Sudo,
L.D.Shultz, and S.Nishikawa, The murine mutation osteopetrosis is in the
coding region of the macrophage colony stimulating factor gene, Nature
345 (1990) 442.

17



10.

11.

12.

13.

14.

15.

16.

17.

C.Sobacchi, A.Frattini, M.M.Guerrini, M.Abinun, A.Pangrazio, L.Susani,
R.Bredius, G.Mancini, A.Cant, N.Bishop, P.Grabowski, F.A.Del,
C.Messina, G.Errigo, F.P.Coxon, D.I.Scott, A.Teti, M.J.Rogers,
P.Vezzoni, A.Villa, and M.H.Helfrich, Osteoclast-poor human
osteopetrosis due to mutations in the gene encoding RANKL, Nat. Genet.
39 (2007) 960.

M.M.Guerrini, C.Sobacchi, B.Cassani, M.Abinun, S.S.Kilic, A.Pangrazio,
D.Moratto, E.Mazzolari, J.Clayton-Smith, P.Orchard, F.P.Coxon,
M.H.Helfrich, J.C.Crockett, D.Mellis, A.Vellodi, I.Tezcan,
L.D.Notarangelo, M.J.Rogers, P.Vezzoni, A.Villa, and A.Frattini, Human
osteoclast-poor osteopetrosis with hypogammaglobulinemia due to
TNFRSF11A (RANK) mutations, Am. J. Hum. Genet. 83 (2008) 64.

F.P.Coxon and A.Taylor, Vesicular trafficking in osteoclasts, Semin. Cell Dev.
Biol. 19 (2008) 424.

U.Kornak, A.Schulz, W Friedrich, S.Uhlhaas, B.Kremens, T.Voit, C.Hasan,
U.Bode, T.J.Jentsch, and C.Kubisch, Mutations in the a3 subunit of the

vacuolar H(+)-ATPase cause infantile malignant osteopetrosis, Hum. Mol.
Genet. 9 (2000) 2059.

U.Kornak, D.Kasper, M.R.Bosl, E.Kaiser, M.Schweizer, A.Schulz, W.Friedrich,
G.Delling, and T.J.Jentsch, Loss of the CIC-7 chloride channel leads to
osteopetrosis in mice and man, Cell 104 (2001) 205.

P.F.Lange, L.Wartosch, T.J.Jentsch, and J.C.Fuhrmann, CIC-7 requires Ostm1 as
a beta-subunit to support bone resorption and lysosomal function, Nature
440 (2006) 220.

Van Wesenbeeck L., P.R.Odgren, F.P.Coxon, A.Frattini, P.Moens, B.Perdu,
C.A MacKay, H.E.Van, J.P.Timmermans, F.Vanhoenacker, R.Jacobs,
B.Peruzzi, A.Teti, M.H.Helfrich, M.J.Rogers, A.Villa, and W.Van Hul,
Involvement of PLEKHMI1 in osteoclastic vesicular transport and

osteopetrosis in incisors absent rats and humans, J. Clin. Invest 117 (2007)
919.

N.Chalhoub, N.Benachenhou, V.Rajapurohitam, M.Pata, M.Ferron, A .Frattini,
A.Villa, and J.Vacher, Grey-lethal mutation induces severe malignant

autosomal recessive osteopetrosis in mouse and human, Nat. Med. 9
(2003) 399.

W.S.Sly, D.Hewett-Emmett, M.P.Whyte, Y.S.Yu, and R.E.Tashian, Carbonic
anhydrase II deficiency identified as the primary defect in the autosomal

recessive syndrome of osteopetrosis with renal tubular acidosis and
cerebral calcification, Proc. Natl. Acad. Sci. USA 80 (1983) 2752.

18



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

V.Everts, D.C.Aronson, and W.Beertsen, Phagocytosis of bone collagen by
osteoclasts in two cases of pycnodysostosis, Calcif. Tissue Int. 37 (1985)
25.

V.Everts, W.Korper, K.A.Hoeben, I.D.Jansen, D.Bromme, K.B.Cleutjens,
S.Heeneman, C.Peters, T.Reinheckel, P.Saftig, and W.Beertsen,
Osteoclastic bone degradation and the role of different cysteine

proteinases and matrix metalloproteinases: differences between calvaria
and long bone, J. Bone Miner. Res. 21 (2006) 1399.

Helfrich MH, Osteoclast diseases and dental abnormalities, Arch. Oral Biol. 50
(2005) 115.

G.E.Wise, S.Frazier-Bowers, and R.N.D'Souza, Cellular, molecular, and genetic
determinants of tooth eruption, Crit Rev. Oral Biol. Med. 13 (2002) 323.

E.Harokopakis-Hajishengallis, Physiologic root resorption in primary teeth:
molecular and histological events, J. Oral Sci. 49 (2007) 1.

S.Camilleri and F.McDonald, Runx2 and dental development, Eur. J. Oral Sci.
114 (2006) 361.

P.R.Odgren, N.Kim, C.A.MacKay, A.Mason-Savas, Y.Choi, and S.C.Marks, Jr.,
The role of RANKL (TRANCE/TNFSF11), a tumor necrosis factor family
member, in skeletal development: effects of gene knockout and transgenic
rescue, Connect. Tissue Res. 44 Suppl 1. (2003) 264.

W.Wiktor-Jedrzejczak, E.Urbanowska, S.L.Aukerman, J.W.Pollard, E.R.Stanley,
P.Ralph, A.A.Ansari, K.W.Sell, and M.Szperl, Correction by CSF-1 of
defects in the osteopetrotic op/op mouse suggests local, developmental,
and humoral requirements for this growth factor, Exp. Hematol. 19 (1991)
1049.

H.Min, S.Morony, I.Sarosi, C.R.Dunstan, C.Capparelli, S.Scully, G.Van,
S.Kaufman, P.J.Kostenuik, D.L.Lacey, W.J.Boyle, and W.S.Simonet,
Osteoprotegerin reverses osteoporosis by inhibiting endosteal osteoclasts

and prevents vascular calcification by blocking a process resembling
osteoclastogenesis, J. Exp. Med. 192 (2000) 463.

U.I.Chung, H.Kawaguchi, T.Takato, and K.Nakamura, Distinct osteogenic
mechanisms of bones of distinct origins, J. Orthop. Sci. 9 (2004) 410.

F.Long, U.I.Chung, S.Ohba, J.McMahon, H.M.Kronenberg, and A.P.McMahon,
Ihh signaling is directly required for the osteoblast lineage in the
endochondral skeleton, Development. 131 (2004) 1309.

Y.Wang, C.Wan, L.Deng, X.Liu, X.Cao, S.R.Gilbert, M.L.Bouxsein,
M.C.Faugere, R.E.Guldberg, L.C.Gerstenfeld, V.H.Haase, R.S.Johnson,

19



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

E.Schipani, and T.L.Clemens, The hypoxia-inducible factor alpha
pathway couples angiogenesis to osteogenesis during skeletal
development, J. Clin. Invest. 117 (2007) 1616.

T.Van den Bos, D.Speijer, R.A.Bank, D.Bromme, and V.Everts, Differences in
matrix composition between calvaria and long bone in mice suggest

differences in biomechanical properties and resorption. Special emphasis
on collagen, Bone. 19 (2008) 459.

C.K.Scott, S.D.Bain, and J.A.Hightower, Intramembranous bone matrix is
osteoinductive, Anat. Rec. 238 (1994) 23.

C.K.Scott and J.A.Hightower, The matrix of endochondral bone differs from the
matrix of intramembranous bone, Calcif. Tissue Int. 49 (1991) 349.

Y .Kobayashi, S.Goto, T.Tanno, M.Yamazaki, and H.Moriya, Regional variations
in the progression of bone loss in two different mouse osteopenia models,
Calcif. Tissue Int. 62 (1998) 426.

[.Suponitzky and M.Weinreb, Differential effects of systemic prostaglandin E2
on bone mass in rat long bones and calvariae, J. Endocrinol. 156 (1998)
51.

T.Kishi, H.Hagino, H.Kishimoto, and H.Nagashima, Bone responses at various
skeletal sites to human parathyroid hormone in ovariectomized rats:
effects of long-term administration, withdrawal, and readministration,
Bone. 22 (1998) 515.

B.E.Sherman and R.A.Chole, Sympathectomy, which induces membranous bone
remodeling, has no effect on endochondral long bone remodeling in vivo,
J. Bone Miner. Res. 15 (2000) 1354.

B.E.Sherman and R.A.Chole, Effect of chemical sympathectomy with 6-
hydroxydopamine on osteoclast activity in the gerbilline middle ear bulla,
Otol. Neurotol. 22 (2001) 237.

E.L.Hill, R.Turner, and R.Elde, Effects of neonatal sympathectomy and capsaicin
treatment on bone remodeling in rats, Neuroscience. 44 (1991) 747.

R.A.Chole, Differential osteoclast activation in endochondral and
intramembranous bone, Ann. Otol. Rhinol. Laryngol. 102 (1993) 616.

E.H.Burger and J.Klein-Nulend, Mechanotransduction in bone--role of the
lacuno-canalicular network, FASEB J. 13 Suppl (1999) S101-S112.

J.Klein-Nulend, C.M.Semeins, N.E.Ajubi, P.J.Nijweide, and E.H.Burger,
Pulsating fluid flow increases nitric oxide (NO) synthesis by osteocytes

20



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

but not periosteal fibroblasts--correlation with prostaglandin upregulation,
Biochem. Biophys. Res. Commun. 217 (1995) 640.

A.Vatsa, R.G.Breuls, C.M.Semeins, P.L.Salmon, T.H.Smit, and J.Klein-Nulend,
Osteocyte morphology in fibula and calvaria --- is there a role for
mechanosensing?, Bone. 43 (2008) 452.

R.G.Bacabac, D.Mizuno, C.F.Schmidt, F.C.MacKintosh, J.J.Van Loon, J.Klein-
Nulend, and T.H.Smit, Round versus flat: bone cell morphology,
elasticity, and mechanosensing, J. Biomech. 41 (2008) 1590.

V.Everts, W.Korper, D.C.Jansen, J.Steinfort, I.Lammerse, S.Heera, A.J.Docherty,
and W.Beertsen, Functional heterogeneity of osteoclasts: matrix

metalloproteinases participate in osteoclastic resorption of calvarial bone
but not in resorption of long bone, FASEB J. 13 (1999) 1219.

S.Shorey, J.N.Heersche, and M.F.Manolson, The relative contribution of cysteine
proteinases and matrix metalloproteinases to the resorption process in
osteoclasts derived from long bone and scapula, Bone 35 (2004) 909.

P.Saftig, E.Hunziker, V.Everts, S.Jones, A.Boyde, O.Wehmeyer, A.Suter, and
K.von Figura, Functions of cathepsin K in bone resorption. Lessons from
cathepsin K deficient mice, Adv. Exp. Med. Biol. 477 (2000) 293.

B.D.Gelb, G.P.Shi, H.A.Chapman, and R.J.Desnick, Pycnodysostosis, a
lysosomal disease caused by cathepsin K deficiency, Science 273 (1996)
1236.

P.Saftig, E.Hunziker, O.Wehmeyer, S.Jones, A.Boyde, W.Rommerskirch,
J.D.Moritz, P.Schu, and K.von Figura, Impaired osteoclastic bone

resorption leads to osteopetrosis in cathepsin-K-deficient mice, Proc. Natl.
Acad. Sci. U. S. A 95 (1998) 13453.

M.Gowen, F.Lazner, R.Dodds, R.Kapadia, J.Feild, M.Tavaria, [.Bertoncello,
F.Drake, S.Zavarselk, I.Tellis, P.Hertzog, C.Debouck, and 1.Kola,
Cathepsin K knockout mice develop osteopetrosis due to a deficit in

matrix degradation but not demineralization, J. Bone Miner. Res. 14
(1999) 1654.

S.Perez-Amodio, D.C.Jansen, T.Schoenmaker, .M.Vogels, T.Reinheckel,
A.R.Hayman, T.M.Cox, P.Saftig, W.Beertsen, and V.Everts, Calvarial
osteoclasts express a higher level of tartrate-resistant acid phosphatase

than long bone osteoclasts and activation does not depend on cathepsin K
or L activity, Calcif. Tissue Int. 79 (2006) 245.

B.Ek-Rylander, M.Flores, M.Wendel, D.Heinegérd, and G.Andersson,
Dephosphorylation of osteopontin and bone sialoprotein by osteoclastic
tartrate-resistant acid phosphatase, J. Biol. Chem. 269 (1994) 14853.

21



52.

53.

54.

55.

56.

57.

38.

59.

60.

61.

62.

S.Zenger, K.Hollberg, J.Ljusberg, M.Norgard, B.Ek-Rylander, R.Kiviranta, and
G.Andersson, Proteolytic processing and polarized secretion of tartrate-
resistant acid phosphatase is altered in a subpopulation of metaphyseal
osteoclasts in cathepsin K-deficient mice, Bone. 41 (2007) 820.

Y.Hu, B.Ek-Rylander, E.Karlstrom, M.Wendel, and G.Andersson, Osteoclast
size heterogeneity in rat long bones is associated with differences in
adhesive ligand specificity, Exp. Cell Res. 314 (2008) 638.

R.L.Lees, V.K.Sabharwal, and J.N.Heersche, Resorptive state and cell size
influence intracellular pH regulation in rabbit osteoclasts cultured on
collagen-hydroxyapatite films, Bone. 28 (2001) 187.

R.L.Lees and J.N.Heersche, Differences in regulation of pH(i) in large (>/=10
nuclei) and small (</=5 nuclei) osteoclasts, Am. J Physiol Cell Physiol.
279 (2000) C751.

R.L.Lees and J.N.Heersche, Macrophage colony stimulating factor increases
bone resorption in dispersed osteoclast cultures by increasing osteoclast

size, J. Bone Miner. Res. 14 (1999) 937.

X.Yu, Y.Huang, P.Collin-Osdoby, and P.Osdoby, CCR1 chemokines promote
the chemotactic recruitment, RANKL development, and motility of
osteoclasts and are induced by inflammatory cytokines in osteoblasts, J.
Bone Miner. Res. 19 (2004) 2065.

Y.Tanaka, [.Morimoto, Y.Nakano, Y.Okada, S.Hirota, S.Nomura, T.Nakamura,
and S.Eto, Osteoblasts are regulated by the cellular adhesion through
ICAM-1 and VCAM-1, J. Bone Miner. Res. 10 (1995) 1462.

S.Perez-Amodio, W.Beertsen, and V.Everts, (Pre-)osteoclasts induce retraction
of osteoblasts before their fusion to osteoclasts, J. Bone Miner. Res. 19
(2004) 1722.

Y.Tanaka, A.Maruo, K.Fujii, M.Nomi, T.Nakamura, S.Eto, and Y.Minami,
Intercellular adhesion molecule 1 discriminates functionally different
populations of human osteoblasts: characteristic involvement of cell cycle
regulators, J. Bone Miner. Res. 15 (2000) 1912.

V.Everts, J.M.Delaisse, W.Korper, D.C.Jansen, W.Tigchelaar-Gutter, P.Saftig,
and W.Beertsen, The bone lining cell: its role in cleaning Howship's
lacunae and initiating bone formation, J. Bone Miner. Res. 17 (2002) 77.

T.L.Andersen, O.M.del Carmen, T.Kirkegaard, T.Lenhard, N.T.Foged, and
J.M.Delaisse, A scrutiny of matrix metalloproteinases in osteoclasts:
evidence for heterogeneity and for the presence of MMPs synthesized by
other cells, Bone 35 (2004) 1107.

22



63. Z.Yao, L.Xing, C.Qin, E.M.Schwarz, and B.F.Boyce, Osteoclast precursor
interaction with bone matrix induces osteoclast formation directly by an

interleukin-1-mediated autocrine mechanism, J. Biol. Chem. 283 (2008)
9917.

64. E.H.Kerkvliet, I.C.Jansen, T.Schoenmaker, W.Beertsen, and V.Everts, Collagen
type I, IIT and V differently modulate synthesis and activation of matrix

metalloproteinases by cultured rabbit periosteal fibroblasts, Matrix Biol.
22 (2003) 217.

65. N.W.McGowan, E.J.Walker, H. MacPherson, S.H.Ralston, and M.H.Helfrich,
Cytokine-activated endothelium recruits osteoclast precursors,
Endocrinology 142 (2001) 1678.

66. L.Kindle, L.Rothe, M.Kriss, P.Osdoby, and P.Collin-Osdoby, Human
microvascular endothelial cell activation by IL-1 and TNF-alpha
stimulates the adhesion and transendothelial migration of circulating
human CD14+ monocytes that develop with RANKL into functional
osteoclasts, J. Bone Miner. Res. 21 (2006) 193.

67. D.G.Walker, The classic: Osteopetrosis cured by temporary parabiosis, Clin.
Orthop. Relat Res. (1982) 2.

68. M.K.Johansson, T.J.de Vries, T.Schoenmaker, M.Ehinger, A.C.Brun, A.Fasth,
S.Karlsson, V.Everts, and J.Richter, Hematopoietic stem cell-targeted

neonatal gene therapy reverses lethally progressive osteopetrosis in oc/oc
mice, Blood. 109 (2007) 5178.

69. C.Jacquin, D.E.Gran, S.K.Lee, J.A.Lorenzo, and H.L.Aguila, Identification of
multiple osteoclast precursor populations in murine bone marrow, J. Bone
Miner. Res. 21 (2006) 67.

70. T.J.deVries, T.Schoenmaker, B.Hooibrink, P.J.Leenen, V.Everts,
Myeloid blasts are the mouse bone marrow cells prone to differentiate
into osteoclasts, J. Leukoc. Biol. (2009) PMID: 19304896

71. M.Alnaeeli, J.Park, D.Mahamed, J.M.Penninger, and Y.T.Teng, Dendritic cells at
the osteo-immune interface: implications for inflammation-induced bone
loss, J. Bone Miner. Res. 22 (2007) 775.

72. M.Alnaeeli and Y.T.Teng, Dendritic cells differentiate into osteoclasts in bone
marrow microenvironment in vivo, Blood. 113 (2009) 264.

73. M.Alnaeeli, J.M.Penninger, and Y.T.Teng, Immune interactions with CD4+ T
cells promote the development of functional osteoclasts from murine
CD11c+ dendritic cells, J. Immunol. 177 (2006) 3314.

23



74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

A.Rivollier, M.Mazzorana, J.Tebib, M.Piperno, T.Aitsiselmi, C.Rabourdin-
Combe, P.Jurdic, and C.Servet-Delprat, Immature dendritic cell
transdifferentiation into osteoclasts: a novel pathway sustained by the
rheumatoid arthritis microenvironment, Blood 104 (2004) 4029.

C.Speziani, A.Rivollier, A.Gallois, F.Coury, M.Mazzorana, O.Azocar, M.Flacher,
C.Bella, J.Tebib, P.Jurdic, C.Rabourdin-Combe, and C.Delprat, Murine
dendritic cell transdifferentiation into osteoclasts is differentially regulated
by innate and adaptive cytokines, Eur. J. Immunol. 37 (2007) 747.

T.L.Andersen, P.Boissy, T.E.Sondergaard, K.Kupisiewicz, T.Plesner,
T.Rasmussen, J.Haaber, S.Kolvraa, and J. M.Delaisse, Osteoclast nuclei of
myeloma patients show chromosome translocations specific for the
myeloma cell clone: a new type of cancer-host partnership? J. Pathol. 211
(2007) 10.

M.Nose, H.Yamazaki, H.Hagino, Y.Morio, S.Hayashi, and R.Teshima,
Comparison of osteoclast precursors in peripheral blood mononuclear cells

from rheumatoid arthritis and osteoporosis patients, ] Bone Miner. Metab.
27 (2009) 57.

J.Y .Gauthier, N.Chauret, W.Cromlish, S.Desmarais, 1.T.Duong, J.P.Falgueyret,
D.B.Kimmel, S.Lamontagne, S.Leger, T.LeRiche, C.S.Li, F.Masse,
D.J.McKay, D.A Nicoll-Griffith, R.M.Oballa, J.T.Palmer, M.D.Percival,
D.Riendeau, J.Robichaud, G.A.Rodan, S.B.Rodan, C.Seto, M.Therien,
V.L.Truong, M.C.Venuti, G.Wesolowski, R.N.Young, R.Zamboni, and
W.C.Black, The discovery of odanacatib (MK-0822), a selective inhibitor
of cathepsin K, Bioorg. Med. Chem. Lett. 18 (2008) 923.

T.Thomas, Intermittent parathyroid hormone therapy to increase bone formation,
Joint Bone Spine 73 (2006) 262.

Y.Ueki, V.Tiziani, C.Santanna, N.Fukai, C.Maulik, J.Garfinkle, C.Ninomiya,
C.doAmaral, H.Peters, M.Habal, L.Rhee-Morris, J.B.Doss, S.Kreiborg,
B.R.Olsen, and E.Reichenberger, Mutations in the gene encoding c-Abl-
binding protein SH3BP2 cause cherubism, Nat. Genet. 28 (2001) 125.

W.Chen, S.Yang, Y.Abe, M.Li, Y.Wang, J.Shao, E.Li, and Y.P.Li, Novel
pycnodysostosis mouse model uncovers cathepsin K function as a

potential regulator of osteoclast apoptosis and senescence, Hum. Mol.
Genet. 16 (2007) 410.

F.Lecanda, P.M.Warlow, S.Sheikh, F.Furlan, T.H.Steinberg, and R.Civitelli,
Connexin43 deficiency causes delayed ossification, craniofacial
abnormalities, and osteoblast dysfunction, J. Cell Biol. 151 (2000) 931.

M.A.Lomaga, W.C.Yeh, [.Sarosi, G.S.Duncan, C.Furlonger, A.Ho, S.Morony,
C.Capparelli, G.Van, S.Kaufman, H.A.van der, A.Itie, A.Wakeham,

24



84.

85.

86.

87.

88.

89.

90.

W.Khoo, T.Sasaki, Z.Cao, J.M.Penninger, C.J.Paige, D.L.Lacey,
C.R.Dunstan, W.J.Boyle, D.V.Goeddel, and T.W.Mak, TRAF6

deficiency results in osteopetrosis and defective interleukin-1, CD40, and
LPS signaling, Genes Dev. 13 (1999) 1015.

K.Inoue, Y.Mikuni-Takagaki, K.Oikawa, T.Itoh, M.Inada, T.Noguchi, J.S.Park,
T.Onodera, S.M.Krane, M.Noda, and S.Itohara, A crucial role for matrix

metalloproteinase 2 in osteocytic canalicular formation and bone
metabolism, J. Biol. Chem. 281 (2006) 33814.

A.O.Aliprantis, Y.Ueki, R.Sulyanto, A.Park, K.S.Sigrist, S.M.Sharma,
M.C.Ostrowski, B.R.Olsen, and L.H.Glimcher, NFATc1 in mice
represses osteoprotegerin during osteoclastogenesis and dissociates
systemic osteopenia from inflammation in cherubism, J. Clin. Invest. 118

(2008) 3775.

B.St-Jacques, M.Hammerschmidt, and A.P.McMahon, Indian hedgehog signaling
regulates proliferation and differentiation of chondrocytes and is essential
for bone formation, Genes Dev. 13 (1999) 2072.

V.Everts, W.S.Hou, X.Rialland, W.Tigchelaar, P.Saftig, D.Bromme, B.D.Gelb,
and W.Beertsen, Cathepsin K deficiency in pycnodysostosis results in

accumulation of non-digested phagocytosed collagen in fibroblasts, Calcif.
Tissue Int. 73 (2003) 380.

A.lida-Klein, H.Zhou, S.S.Lu, L.R.Levine, M.Ducayen-Knowles, D.W.Dempster,
J.Nieves, and R.Lindsay, Anabolic action of parathyroid hormone is
skeletal site specific at the tissue and cellular levels in mice, J. Bone
Miner. Res. 17 (2002) 808.

P.Peris, L.Alvarez, S.Vidal, D.Kasper, D.J.Leeming, A.Monegal, M.M.Angeles,
F.Pons, and N.Guanabens, Biochemical response to bisphosphonate

therapy in pagetic patients with skull involvement, Calcif. Tissue Int. 79
(2006) 22.

S.0.Akintoye, T.Lam, S.Shi, J.Brahim, M.T.Collins, and P.G.Robey, Skeletal
site-specific characterization of orofacial and iliac crest human bone
marrow stromal cells in same individuals, Bone. 38 (2006) 758.

25



Table I

Mutation/gene | Disease Skull/jaw bones | Long bones

defect

Sh3bp2-/- Cherubism Affected Unaffected [80]

(osteonecrosis)

Cathepsin K -/- | Pycnody- Unaffected Affected [49,81]
S0stosis

Connexin 43 -/- Affected Unaffected [82]

TRAF6-/- Unaffected Affected [83]

MMP-2 -/- Affected Unaffected [84]

NFATcl -/- Unaffected Affected [85]

Ihh -/- Unaffected Affected [27,86]

HIFq -/- Unaffected Affected [29]

AE2 -/- Unaffected Affected

Differences

between

osteoclasts

TRACP - ++ [50,52]

expression

MMPs used for ++ - [19,44,45]

resorption

CPs used for + +++ Idem

resorption

Size of ++++ ++ [87]

osteoclasts
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Experimental Skull/jaw bone Long bone
approach
Sympathectomy Affected Unaffected [36-38]
Pressure Very sensitive Less sensitive [39]
induced
remodeling
Remodeling Relatively fast Relatively slow [33]
PTH Unaffected Affected [35,88]
application
OPG Unaffected Affected [26]
overexpression osteoclastogenesis | osteoclastogenesis
Bisphosphonate | Paget’s Limited effecton | Normalization of | [89]
application disease of bone turnover bone turnover

bone markers markers
PGE, Unaffected Stimulated [34]
application growth
Marrow cells Fast proliferation | Slow proliferation | [90]
MMP-resistant Very thick Unaffected [44]

bone collagen
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Legends to the figures

Fig. 1A. Electron micrograph of an osteoclast resorbing both calcified cartilage (Ca) and
bone (Bo). Note the extensive ruffled border (RB), the site where the actual resorption
occurs, and the sealing zone (SZ), the site where the osteoclast is attached to the
bone/cartilage surface. N: nucleus.

B. Schematic drawing of an osteoclast in which the most important membrane domains
are shown. The osteoclast is attached to the bone by the sealing zone (SZ), in the centre
of this area resorption occurs underneath the ruffled border (RB), following resorption
fragments are transported through the osteoclast to the functional secretory domain

(FSD).

Fig. 2A. Electron micrograph (TEM) of an osteoclast seeded on a dentine slice.
Resorption of the dentin occurs at the ruffled border (RB) and the cell is attached to the
dentine by a sealing zone (SZ). Note the numerous small cellular extensions at the
membrane opposite to the ruffled border, the functional secretory domain (FSD). N:
nucleus.

B. Scanning electron micrograph of an osteoclast (OC) seeded on a slice of dentine. The
osteoclast has resorbed part of the surface as shown by the presence of resorption

lacunae, the pits.

Fig. 3A. Electron micrograph of an osteoclast resorbing bone. The ruffled border (RB) is

shown at a higher magnification in 3B. SZ: sealing zone.

Fig. 4. Light micrograph of numerous osteoclasts (OC) present in bone of an
osteopetrosis patient. The osteoclasts are present but do not have the capacity to resorb

the bone and/or calcified cartilage.
Fig. 5. Schematic presentation of known and putative differences between osteoclasts

present in the skull and in long bone. Skull osteoclasts use MMPs and cysteine

proteinases (among which cathepsin K) for resorption, whereas long bone osteoclasts use
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primarily cysteine proteinases. Skull osteoclasts are bigger and express a higher level of
TRACP. The anion exchanger-2 (AE2) is essential for resorption by long bone
osteoclasts, but less important for resorption by skull osteoclasts. The latter cells express
the sodium transporter Slc4a4, which seems to compensate for the loss of AE2. Skull
osteoclasts may use different signaling pathways than through TRAF6 and NFATc1,
since skull bone is not affected in TRAF6 and NFATc1 null mutant mice.
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