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Many genes, long-known or novel,
have been identified as either reg-

ulators of cell differentiation or cell func-
tion in the skeleton. This identification
certainly has improved our understanding
of skeleton biology as a whole by provid-
ing multiple new pieces to the embryologic
and physiologic puzzle (1, 2). However, so
far most of these pieces remain uncon-
nected. To date, what has been lacking in
skeleton biology is the definition of ge-
netic cascades linking these genes together
in a linear fashion to explain complex
processes like patterning, cell differentia-
tion, or cell function. A complete expla-
nation also would include the transition
steps between the major processes. The
work of Motyckova et al. (3) published in
this issue of PNAS establishes precisely
this type of genetic cascade for the late
events of osteoclast cell lineage
differentiation.

The osteoclasts are the cells responsible
for bone resorption in vertebrates (see ref.
2 for review). They are multinucleated
cells generated by the fusion of mononu-
clear progenitors of myelomonocytic ori-
gin (4). Once differentiated, osteoclasts
become polarized by forming a ruffled
membrane on the
bone surface where
they are able to
resorb the mineral-
ized bone extracel-
lular matrix. This
degradation pro-
cess comprises two
phases: first, the in-
organic phase of the
bone matrix is chem-
ically dissolved, and
then the protein
component of the
bone extracellular
matrix, i.e., mostly type I collagen, is
enzymatically degraded (5). Bone demi-
neralization results from secretion of
HCl by the osteoclasts in the microenvi-
ronment delineated by their ruff led bor-
ders and the bone surface. The HCl
secretion establishes a local pH of '4.5
(6). This acidic milieu mobilizes the bone
mineral, allowing the digestion of the
proteic component of the bone matrix by
a lysosomal protease called Cathepsin
K (7, 8).

As the only skeleton cell type able to
digest the mineralized bone matrix, the
osteoclasts play a crucial role in bone
physiology by allowing both bone model-
ing during growth and bone remodeling
during adulthood. Thus, defects in oste-
oclast differentiation or function are as-
sociated with multiple genetically inher-
ited or acquired diseases, all characterized
by an arrest of bone resorption. The study
of osteoclast biology has been facilitated
by the characteristic phenotypic conse-
quences of their mutations. Indeed, an
arrest in osteoclast differentiation or a loss
of function in the differentiated cells re-
sults in an osteopetrotic phenotype called
marble bone disease. In this disease car-
tilage remnants are present within the
bone metaphyses. The bone marrow is
progressively replaced by the bone extra-
cellular matrix that is continuously de-
posed by the osteoblasts, the bone-
forming cells. This phenotype is easily
detectable by x-rays because the bone
matrix invades the bones, conferring to
them a much denser appearance than
normal (Fig. 1). Several diseases in human
have characteristics very similar to osteo-
petrosis. Among them is pycrondisostosis,

the disease whose phys-
iopathology is studied
by Motyckova et al. (3).

Osteoclast molecular
and developmental bi-
ology is probably one of
the best-understood as-
pects of skeleton biol-
ogy. Indeed, in the last
5–10 years the identity
of many of the growth
factors regulating oste-
oclast differentiation,
their receptors, and to a
large extent the signal

transduction pathways they use have been
elucidated (2). In addition to these se-
creted molecules a large number of tran-
scription factors have been shown, genet-
ically, to control osteoclast differentiation.
These transcription factors are PU.1 (9),
NFKB (10), c-fos (11), and the Mitf gene
(12, 13). The Mitf gene is mutated in
microphatalmia (mi) mice, a classical
mouse mutant characterized by coat color
defects, deafness, and osteopetrosis
(12, 13).

Mitf is a member of the basic helix–
loop–helix leucine zipper family of tran-
scription factors. It is most closely related
with three other members, TFEB, TFE3,
and TFEC with which it can form het-
erodimers that bind to the E-box consen-
sus sequence CA[CyT]GTG (14). Both
Mitf and TFE3 are expressed at high levels
by osteoclasts (15). Interestingly a loss-of-
function mutation at the Mitf locus does
not affect osteoclast differentiation (14,
16). It is only the dominant negative mu-
tations in Mitf, such as miymi, that lead to
osteopetrosis. In these cases, Mitf DNA
binding is impaired whereas the dimeriza-
tion helix–loop–helix-zipper motif is left
intact, allowing the mutant molecules to
dimerize with wild-type factors and se-
quester them in inactive complexes. It is
this inactivating heterodimerization with
related proteins such as TFE3, TFEB, and
TFEC that affect osteoclast differentia-
tion and result in a moderate osteopetrotic
phenotype (14). In contrast with PU.1 or
c-fos deficiency (9, 11), which affect the
rate of progenitor cell maturation and
lead to a decreased number of osteoclast,
the defect in osteoclast differentiation in
miymi mice is a late event. In these mice
the osteoclasts are present but these cells
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Fig. 1. X-ray microtomography of a mouse tibia
showing marbleized appearance characteristic of
osteopetrosis. [Reproduced with permission from
ref. 26 (Copyright 1999, National Academy of Sci-
ences).]
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do not fuse. Rather they remain mono-
nucleated, do not form ruffled borders,
and resorb bone extracellular matrix
poorly (17–19).

In addition to these regulatory proteins,
mutation in several structural proteins can
cause osteopetrosis or osteopetrosis-like
phenotype (7, 8, 20). One of these pro-
teins, Cathepsin K, whose regulation of
expression is the topic of the Motyckova et
al. paper (3), is a cysteine protease from
the papain family of proteases (21). Ca-
thepsin K plays an important role during
bone resorption by degrading type I col-
lagen, the most abundant constituent of
the bone extracellular matrix (8). Congen-
ital Cathepsin K deficiency in humans
causes pycnodisostosis, also called Tou-
louse-Lautrec disease, a condition very
similar to osteopetrosis (22). Cathepsin
K-deficient mice develop the same phe-
notypic abnormalities (23–25). Oste-
oclasts from Cathepsin K mutant mice are

more differentiated than those from
miymi mice in the sense that they are
multinucleated cells, yet they cannot
resorb the bone matrix. This loss of func-
tion of multinucleated osteoclasts is con-
sistent with the hypothesis that Cathepsin
K is a downstream target gene of Mitf,
thereby explaining the milder phenotype
of mice (and humans) with inactivating
mutations in Cathepsin K compared with
what is observed in the miymi mutant
mice. Indeed, the phenotype observed in
the latter mutant mice would be the result
not only of Cathepsin K deficiency but
also of the absence of other factors whose
expression also would be transcriptionally
controlled by Mitf. Consistent with this
hypothesis, a recent study has shown that
expression of the tartrate-resistant alka-
line phosphatase (TRAP) gene, a gene
highly expressed by osteoclasts and whose
product is involved in the enzymatic pro-
cess of bone resorption, also is regulated
by Mitf (25).

The manuscript of Motyckova et al. (3)
provides multiple convincing evidence of
a direct regulation of Cathepsin K gene
expression by Mitf: (i) Mitf regulates
Cathepsin K promoter activity through
its binding to three E-boxes, the 6-bp
core binding elements of all basic helix–
loop–helix transcription factors. (ii) Ca-
thepsin K mRNA and protein are defi-
cient in Mitf-deficient osteoclasts. (iii)
Overexpression of wild-type Mitf up-
regulates markedly the expression of en-
dogenous Cathepsin K in cultured oste-
oclasts. (iv) Cathepsin K promoter
activity is disrupted by dominant nega-
tive but not by loss-of-function mouse
mutant allele of Mitf. By establishing
these genetic and biochemical links, the
study also explains the phenotypic anal-
ogies and differences between pycnodys-
ostosis and osteopetrosis as seen in mice
and humans.
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