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High mobility group box 1 protein (HMGB1) is a chromatin protein that has a dual function as a nuclear
factor and as an extracellular factor. Extracellular HMGBI1 released by damaged cells acts as a chemoattrac-
tant, as well as a proinflammatory cytokine, suggesting that HMGBI is tightly connected to the process of
tissue organization. However, the role of HMGBI1 in bone and cartilage that undergo remodeling during
embryogenesis, tissue repair, and disease is largely unknown. We show here that the stage-specific secretion of
HMGBI in cartilage regulates endochondral ossification. We analyzed the skeletal development of Hmgbl '~
mice during embryogenesis and found that endochondral ossification is significantly impaired due to the delay
of cartilage invasion by osteoclasts, osteoblasts, and blood vessels. Immunohistochemical analysis revealed
that HMGBI1 protein accumulated in the cytosol of hypertrophic chondrocytes at growth plates, and its
extracellular release from the chondrocytes was verified by organ culture. Furthermore, we demonstrated that
the chondrocyte-secreted HMGBI1 functions as a chemoattractant for osteoclasts and osteoblasts, as well as for
endothelial cells, further supporting the conclusion that Hmghl '~ mice are defective in cell invasion. Col-
lectively, these findings suggest that HMGB1 released from differentiating chondrocytes acts, at least in part,

as a regulator of endochondral ossification during osteogenesis.

Bone formation occurs through two developmental processes:
intramembranous ossification and endochondral ossification. In-
tramembranous ossification takes place in several craniofacial
bones and the lateral part of clavicles, whereas endochondral
ossification occurs in the long bones of the limbs, the basal part
of the skull, vertebrae, ribs, and the medial part of the clavicles.
In endochondral ossification, an intermediate step occurs dur-
ing which cartilaginous templates prefigure future skeletal el-
ements and play a major role in regulating the developing
skeletal elements (33). First, mononucleated osteoclast precur-
sors enter the mesenchyme surrounding the bone rudiments,
proliferate, differentiate into tartrate-resistant acid phos-
phatase (TRAP)-positive cells, and migrate together with en-
dothelial cells through the nascent bone collar (7). Subse-
quently, they invade the calcified cartilage, filling the core of
the diaphysis while fusing and differentiating into mature os-
teoclasts, and transform the core of the bone into a marrow
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cavity (15). Osteoclasts are derived from hematopoietic pre-
cursor cells formed by the fusion of monocytic cells at the bone
sites to be resorbed, whereas osteoblasts arise from multi-
potential mesenchymal cells and further differentiate into
bone-lining cells and osteocytes (30).

These events, including osteoclast migration and angio-
genesis during endochondral ossification, are tightly coordi-
nated by extracellular factors, such as matrix metallopro-
teinases (MMPs) and vascular endothelial growth factor
(VEGF) (37). When neovascularization of the cartilage an-
lage begins, membrane type 1 MMP (MTI1-MMP) and
MMP9 are expressed in the preosteoclasts and other chon-
droclastic cells of unknown origins (23). Mice deficient in
Mmp9 exhibit a delay in osteoclast recruitment in special-
ized invasion and bone resorption models in vitro (15). It is
also reported that the deletion of functional MmpI3 has
profound effects on skeletal development (25). In MmpI3-
null embryos, the growth plates were strikingly lengthened,
a defect related predominantly to a delay in terminal events
in the growth plates, with failure to resorb collagens, as well
as a delay in ossification at the primary centers. In addition,
VEGEF signaling plays an important role of angiogenesis
during skeletal development (59). Inhibition of VEGF by
the administration of a soluble chimeric VEGF receptor
protein to 24-day-old mice inhibited blood vessel invasion
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into the hypertrophic zone of long bone growth plates and
resulted in impaired trabecular bone formation and expan-
sion of the hypertrophic zone (17).

High mobility group box 1 protein (HMGBI1) is a chro-
matin protein that is widely expressed and extremely con-
served in mammals. There are three HMGB proteins:
HMGBI1, HMGB2, and HMGB3 with >80% amino acid
identity, which are composed of two basic HMG-box do-
mains (A and B) and a long acidic C-terminal tail (10). As
a nuclear factor, HMGBI acts as an architectural protein
that can bend DNA to promote nucleoprotein interactions
and facilitate diverse DNA modifications (2). Several groups
have shown that HMGBI also has an extracellular role as a
proinflammatory cytokine (4, 51, 55). Two different routes
for HMGBI release into the extracellular milieu have been
reported: active secretion by activated macrophages and
monocytes (54) and passive release from necrotic or dam-
aged cells (45). HMGBI released by damaged cells acts as a
chemoattractant for vascular smooth muscle cells and fibro-
blasts and induces cytoskeleton reorganization and cell mi-
gration (13). HMGBI1 also promotes the migration of local
stem cells, such as vessel-associated stem cells (mesoangio-
blasts) (38), and endothelial cells (32, 46), suggesting that
HMGBI is tightly connected to the process of tissue orga-
nization. The biological relevance of HMGBI in vivo was
shown in Hmghl /= mice, which have a highly pleiotropic
phenotype such as the inability to use glycogen stored in the
liver (11). These mice survive for several days if given glu-
cose parenterally; however, mutants remained much smaller
than control littermates and had arched backs, posterior
limbs splayed wide apart, and abnormal gait. These findings
suggested that HMGB1 may participate in not only tissue
repair after injury but also the organization of bone and
cartilage development.

We show here that the stage-specific secretion of HMGBI in
cartilage regulates endochondral ossification, in part, by acting
as a chemotactic factor for the cells that invade at the primary
ossification center. These findings highlight the potential role
of HMGBI in skeletal homeostasis.

MATERIALS AND METHODS

Mice. The Hmgbl '~ mutant mice used in the present study were described
before (11), except for their background, which is now pure BALB/c. All animal
experiments were performed according to approved protocols according to in-
stitutional guidelines at The Scripps Research Institute. Mouse embryos for
histomorphometry were littermates from Hmgbl™*/~ parents. The genotype of
the mice was determined by PCR analysis of tail DNA. The wild-type Hmgbl
allele was detected by PCR with the primers wildtype-1 (5'-GCA GGC TTC
GTT GTT TTC ATA CAG-3') and wildtype-2 (5'-TCA AAG AGT AAT ACT
GCC ACC TTC-3'), which generate a 495-bp fragment. The mutant Hmgbl
allele was detected by using two primers complementary to the neomycin resis-
tance gene—Neo-1 (5'-TGG TTT GCA GTG TTC TGC CTA GC-3') and
Neo-2 (5'-CCC AGT CAT AGC CGA ATA GCC-3")—which generate a 336-bp
fragment.

Histological analysis. Mice were sacrificed at various embryonic stages, dis-
sected, and fixed in 4% paraformaldehyde-phosphate-buffered saline at 4°C
overnight. Subsequently, they were processed, embedded in paraffin, and sec-
tioned. For HMGB1 immunostaining, rabbit anti-HMGBI antibody (Pharmin-
gen, San Diego, CA) and chicken anti-HMGBI antibody (Shino-Test, Kana-
gawa, Japan) were used for limb sections and organ culture sections, respectively
(51). For CD31 immunostaining, embryos were infiltrated in 20% sucrose, fol-
lowed by OCT embedding to stain with rat anti-PECAM antibody (Pharmingen)
and von Kossa and Safranin O/Fast Green staining (47). Whole-mount alcian
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blue and alizarin red S staining of skeletons were done as described previously
(31), and the longitudinal diameters of calvariae, as well as the lengths and
alizarin-positive regions of tibias, were measured by micrometer. Detection of
apoptotic cells in paraffin sections of limbs was based on a modification of
genomic DNA utilizing terminal deoxynucleotidyl transferase (TUNEL [termi-
nal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling] assay)
and indirect detection of positive cells by fluorescein conjugated anti-digoxigenin
antibody using a MEBSTAIN Apoptosis Kit Direct (Medical and Biological
laboratories, Nagoya, Japan). Immunofluorescence assay to determine HMGB1
translocation in chondrocytes was carried out with rabbit anti-HMGBI1 antibody
(Pharmingen) as described before (51).

Using a leukocyte acid phosphatase kit from Sigma (St. Louis, MO), TRAP
staining was performed on paraffin sections according to the instructions pro-
vided by the manufacturer. The determination of the numbers and distribution
of TRAP-positive cells in longitudinal sections of bones was done as described
previously (7, 56).

In situ hybridization. Tissues were fixed in 4% paraformaldehyde—phosphate-
buffered saline overnight at 4°C, processed, embedded in paraffin, and sectioned.
RNA in situ hybridization was performed as described previously (3). Briefly,
slides were deparaffinized, treated with proteinase K (1 pg/ml) for 20 min at
37°C, and hybridized with 3°S-labeled antisense riboprobes in hybridization
buffer (50% deionized formamide, 300 mM NaCl, 20 mM Tris-HCI [pH 8.0], 5
mM EDTA, 0.5 mg of yeast tRNA/ml, 10% dextran sulfate, and 1X Denhardt
solution) in a humidified chamber at 60°C overnight. After hybridization, the
slides were treated with RNase A, washed to a final stringency of 50% form-
amide, 2X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at 60°C,
dipped in emulsion, exposed for 3 days to 3 weeks, and developed. The probes
for Indian hedgehog, MMP9, VEGF and MMP13, MT1-MMP, Runx2 and
Osterix, and osteocalcin and osteopontin were provided by Y. Kawakami (Salk
Institute), S. M. Krane (Harvard Medical School), Z. Werb (University of
California, San Francisco), T. Vu (University of California, San Francisco), K.
Nakashima (Tokyo Medical and Dental University), and S. Nomura (Osaka
University Graduate School of Medicine), respectively. The HMGBI probe was
a 1.2-kb cDNA fragment encoding the COOH-terminal domain and the 3'-
untranslated region (UTR). The Collal probe was a 0.8-kb cDNA fragment
encoding the COOH-terminal domain.

Organ culture. Metatarsal bones and tibiae were harvested from mouse
embryos at embryonic day 15.5 (E15.5) and E14.5, respectively. They were
cultured for 5 days in conditioned medium as described previously (20). The
expression levels of HMGBI and lactate dehydrogenase (LDH) in the super-
natant were assessed by immunoblotting with rabbit anti-HMGB1 antibody
(Pharmingen) and goat anti-LDH antibody (Chemicon, Temecula, CA) as
described previously (45). Rib chondrocytes were purified from the ventral
parts of rib cartilage of 2- to 4-day-old BALB/c mice (28), followed by
induction of necrosis as described previously (45), and were used as a positive
control for the HMGBI1 protein. The concentrations of HMGBI released into
conditioned supernatant were measured in triplicate with an enzyme-linked
immunosorbent assay (ELISA) using commercially available kits (Shino-
Test) (57).

Preparation of osteoclasts and osteoblasts. Human osteoclast precursor cells
(Poietics; Cambrex Bio Science Walkersville, Inc., Walkersville, MD) were cul-
tured in alpha-minimal essential medium (alpha-MEM) containing 10% fetal
bovine serum, penicillin-streptomycin, and HEPES containing alpha-MEM me-
dium with receptor activator of nuclear factor B ligand (RANKL; PeproTech
EC, Ltd., London, United Kingdom) and M-CSF (R&D Systems, Minneapolis,
MN). Cells were incubated in a CO, incubator in a humidified atmosphere of
95% air and 5% CO, at 37°C. After complete osteoclast differentiation at day 7,
the medium was replaced with serum-free alpha-MEM; the cells were starved for
2 h and then used for chemotaxis assays. MC3T3-E1 osteoblastic cells were
purchased from the American Type Culture Collection (Manassas, VA) and
cultured in alpha-MEM with 10% fetal bovine serum.

Chemotaxis assays. Chemotaxis assays were performed as described previ-
ously (22). The assays were carried out in Boyden chambers with polycarbonate
filters with 9-um pores (Corning Costar, Corning, NY). Osteoclasts were pre-
pared by sequential treatment with trypsin, and the remaining cells were then
gently lifted off the plates with a rubber policeman. The osteoclasts were seeded
in 48-transwell plates in alpha-MEM containing 0.1% (wt/vol) Albumax and kept
for 4 h with or without addition of rat cytokine-quality HMGBI1 (obtained from
HMGBiotech, Milan, Italy) and VEGF (R&D Systems). Invasion was deter-
mined as the ratio of osteoclasts that migrated through the collagen gel to reach
the lower side of the membrane compared to the total number of osteoclasts in
the insert. The chemotaxis assays for MC3T3-E1 cells were also performed
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FIG. 1. Analysis of skeletal development in Hmgbl '~ mice by double staining with alcian blue and alizarin red. (A) Hmgbl '~ embryos (right)
are smaller than wild-type (WT) littermates (left) at E16.5. (B) At this stage, facial and skull bones formed by intramembranous ossification appear
similar between two groups, whereas sphenoid bones (arrowhead) and basioccipital (arrow) of the chondrocranium, which are formed by
endochondral ossification, appear reduced in size and in intensity of alizarin red staining in Hmgbl '~ embryos. (C) The pelvis has smaller alizarin
red-stained zones in Hmgbl '~ embryos. (D) The radius and ulna in Hmghl '~ forelimbs are not only reduced in size and calcification, but bent
(arrowhead); the humerus is often fractured (arrow). The thorax in Hmghl /~ embryos shows severe hypoplasia accompanied by spinal scoliosis
(E) and kyphosis (A). Ribs stained less intensely for alizarin red and are thin and bent (arrows) (F), and clavicles are hypoplastic and crooked in
Hmgbl ™'~ embryos (G). (H) Statistical comparison between wild-type (7 = 6) and Hmgbl '~ (n = 6) embryos at E16.5. The wild type is defined
as 100%. Diameters of calvariae (skull size): wild-type, 100% * 2.7%; mutant, 97.7% =+ 2.2% (no statistical difference). Tibia length: wild-type,
100% = 1.6%; mutant, 87.4% = 6.9% (P < 0.001). Length of the ossified zone (alizarin red positive) of tibia: wild-type, 100% = 6.9%; mutant,
63.6% =+ 9.6% (P < 0.0001). The asterisk indicates a significant statistical difference (P < 0.01).

according to the method as described above. All experiments were performed at previously (36). Human articular chondrocytes were isolated from human carti-
least twice in four replicates. lage, and a primary cell culture was established (21). Both types of chondrocytes
Three-dimensional pellet culture. Mice rib chondrocytes were prepared from were cultured in three-dimensional cell pellets for 18 days as described before

the ventral parts rib cartilage of 2- to 4-day-old C57BL/6 mice as described (5). Briefly, 1-ml aliquots containing 2 X 10° cells each were added to 15-ml
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FIG. 2. Localization of HMGBI protein in developing limbs. Adjacent sections of tibia were stained with safranin O (A, C, and E) and antibody
to HMGBI (B, D, and F). HMGBI is expressed in the prehypertrophic chondrocytes at E14.5 (B) and in the hypertrophic chondrocytes at E15.5
(D). In contrast, resting and proliferating chondrocytes do not show any positive staining in either nuclei or cytoplasm. (F) Expression is robust
in the limbs at E14.5 and E15.5 but attenuates at E16.5. (G) Large magnifications of the humerus at E15.5. HMGBI is positive in the nuclei of
prehypertrophic chondrocytes (arrows) and in the cytosol of hypertrophic chondrocytes (arrowheads). (H) At E16.5, metacarpal bones also show
HMGBI expression in the nuclei of prehypertrophic chondrocytes, as well as in the cytoplasm of hypertrophic chondrocytes. (I) The positive
staining in hypertrophic cartilage is absent in sections from Hmgbl '~ metacarpal bones at E16.5. The staining in perichondrium is nonspecific
(arrowheads). (J and K) Analysis of HMGB1 expression and apoptosis in radius at E15.5. Arrowheads indicate the HMGB1-positive cells (J) and
TUNEL-positive cells presenting apoptosis of hypertrophic chondrocytes (K). ph, prehypertrophic cartilage; h, hypertrophic cartilage; c, calcified
cartilage; bm, bone marrow. Scale bars: A to F, J, and K, 200 pm; G to I, 50 pm.

conical polypropylene centrifuge tubes (Becton Dickinson, San Diego, CA), and
the cells were pelleted by centrifugation at 600 rpm for 5 min at room temper-
ature. The cultures were maintained at 37°C in 5% CO, in a humidified incu-
bator. Pellets were maintained up to 18 days in Dulbecco modified Eagle
medium-F-12 supplemented with 50 g of ascorbate phosphate (Sigma)/ml, 100 p.g
of pyruvate/ml, 1% penicillin-streptomycin (Gibco, Grand Island, NY), and 50
mg of ITS+Premix (Becton Dickinson, Bedford, MA; a final concentration of
6.25 pg of bovine insulin/ml, 6.25 pg of transferrin/ml, 6.25 ng of selenous
acid/ml, 1.25 mg of bovine serum albumin/ml, and 5.35 pg of linoleic acid/ml)/ml.
The medium was changed every 3 days. Cryostat-sectioned pellets were used for
immunofluorescence assay. The supernatant of pelleted mouse rib chondrocytes
and human articular chondrocytes was used for chemotaxis assay with or without

addition of anti-HMGBI1 IgY neutralizing HMGBI, a gift from Shino-Test (1),
and control IgY (Promega, Madison, WT).

Quantitative PCR. Total RNA was extracted and oligo(dT)-primed cDNA was
prepared from 500 ng of total RNA by using Superscript I (Invitrogen, Carlsbad,
CA). The resulting cDNAs were analyzed by using the SYBR green system for
quantitative analysis of specific transcripts according to the manufacturer’s in-
structions (Applied Biosystems, Foster City, CA). All mRNA expression data
were normalized to GAPDH expression in the corresponding sample. The prim-
ers used in real-time PCR are as follows: Coll0al, 5'-GCCTCAAATACCCTT
TCTGC (sense) and 5'-GTGTCTTGGGGCTAGCAAGT (antisense); MMP13,
5'-GAAGACCTTGTGTTTGCAGAGC (sense) and 5'-CTCGGAGCCTGTCA
ACTGTG (antisense); Hmgbl, 5'-GGCTGACAAGGCTCGTTATG (sense)
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FIG. 3. Expression of chondrocyte differentiation markers in wild-type and Hmgh! '~ tibia. (A and B) Indian hedgehog (Ihh) is comparable
between wild-type and Hmgh1 '~ embryos at E14.5. (C to F) Col10al appears in the region of hypertrophic chondrocytes at E14.5 (C and D) and
then declines in the most mature hypertrophic chondrocytes at the center of hypertrophic zones at E15.5 in both groups without an apparent
difference between wild-type and mutant embryos (E and F). Scale bars, 200 pwm.

and 5'-GGGCGGTACTCAGAACAGAA (antisense); and GAPDH, 5'-ATGT
GTCCGTCGTGGATCTGA (sense) and 5'-GATGCCTGCTTCACCACCTT
(antisense).

Statistics. The statistical analysis at present study was performed by using a
two-tailed Student ¢ test.

RESULTS

Analysis of skeletal development in Hmghl '~ mice. We first

examined bone and cartilage development in HmghI ~'~ mice.
Since Hmgbl '~ mice die soon after birth (11), we analyzed
Hmgbl ™'~ embryos. Alcian blue staining revealed no apparent
difference in skeletal formation between Hmghl '~ and wild-
type littermate embryos at E13.5 (see Fig. S1A in the supple-
mental material). At E16.5, however, Hmgbl '/~ embryos were
smaller than wild-type embryos, suggesting a discrepancy dur-
ing ossification (Fig. 1A). At this stage, facial and skull bones
formed by intramembranous ossification appeared similar be-
tween the two groups, although the shape of Hmghl /'~ cal-
variae was relatively flat and depressed. In contrast, sphenoid
bones and the basioccipital region of the chondrocranium,
which are formed by endochondral ossification, appeared to be
reduced in size and in intensity of alizarin red staining in
Hmgbl '~ mice (Fig. 1B). Other bones formed by endochon-
dral ossification, such as the pelvis, had smaller alizarin red-
stained zones (Fig. 1C). The radius and ulna of Hmgbl /'~
forelimbs were not only reduced in size and calcification but
abnormally bent, suggesting a reduction of mineralization (Fig.
1D). Moreover, fractures were observed in the humeri of some
(4 of 14) Hmgbhl '/~ mice. Thorax formation showed severe
hypoplasia accompanied by spinal scoliosis (Fig. 1E) and ky-
phosis (Fig. 1A). Ribs stained less intensely for alizarin red and
were thin and bent (Fig. 1F). The clavicles were hypoplastic
and crooked (Fig. 1G). At E16.5, the diameters of calvariae
were similar in both groups, whereas the lengths of the
Hmgbl '~ tibias reached 87% of that of the wild type, and the
alizarin-positive region reached 64% of the wild-type length

(Fig. 1H). These findings suggest that in Hmgbl /~ mice en-
dochondral ossification is impaired, whereas intramembranous
ossification is only affected slightly and was not investigated
further.

HMGBI1 expression in normal growth plates. To investi-
gate the mechanism of endochondral ossification defect in
Hmgb1 '~ embryos, we examined the localization of HMGB1
protein in the developing limbs of normal wild-type mice by
immunohistochemistry. Safranin O staining showed that pre-
hypertrophic cartilage appeared in the tibia at E14.5 (Fig. 2A),
differentiating into hypertrophic cartilage, followed by calcified
cartilage at E15.5 (Fig. 2C), and was replaced by bone marrow
and bone trabeculae at E16.5 (Fig. 2E). By using the specific
anti-HMGBI polyclonal rabbit antibody which does not detect
HMGB2 and HMGB3 (19), we found that HMGBI1 was ex-
pressed in the prehypertrophic chondrocytes of the tibia at
E14.5 (Fig. 2B) and in hypertrophic chondrocytes at E15.5
(Fig. 2D). Large magnifications of the humerus at E15.5
showed that HMGBI1 was detected in the nuclei of prehyper-
trophic chondrocytes and in the cytosol of hypertrophic chon-
drocytes (Fig. 2G). On the other hand, resting and proliferat-
ing chondrocytes did not show any positive staining in either
nuclei or cytoplasm. Not only large long bones but also other
small long bones formed by endochondral ossification, such as
metacarpal bones, exhibited HMGBI expression in the nuclei
of prehypertrophic chondrocytes, as well as in the cytoplasm of
hypertrophic chondrocytes (Fig. 2H). This positive staining in
hypertrophic cartilage was absent in Hmgbl '~ sections (Fig.
2I). These results indicate that HMGBI is expressed and trans-
located from the nucleus to the cytosol during a specific stage
of cartilage maturation. At the end of the cascade of chondro-
cyte maturation, terminal hypertrophic chondrocytes undergo
apoptotic cell death (17). We analyzed HMGBI1 expression
and apoptosis in the radius at E15.5 and detected HMGBI in
hypertrophic chondrocytes (Fig. 2J) but not in terminal hyper-
trophic chondrocytes, which were positive for TUNEL staining
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FIG. 4. Analysis of osteoclast markers in the primary ossification center. MMP9-positive osteoclastic cells are present in the perichondrium of the
tibia (A) and radius and ulna (C) of wild-type embryos at E15.5 but are barely found in Hmgbl '~ bones (B and D). At E16.5, MMP9-positive cells are
lining the transverse septae of cartilage-bone junctions that lead the vascular invasion front in wild-type radius (E, arrows), while they are still located in
the primary ossification center in Hmgb1 '~ bone (F, arrow). (G and H) The expression of MT1-MMP is similar to that of MMP9 in forelimbs at E16.5.
TRAP staining indicates a significant reduction in the number of TRAP-positive cells in Hmghl '~ tibia (J) compared to wild-type bone (I, arrows) at
E15.5. (K) Quantification of the number of TRAP-positive cells in wild-type and Hmgbl '~ tibias. The total numbers of embryos were as follows: at
E15.5, four wild-type and three mutant (pool of two littermates); and at E16.5, four wild-type and three mutant (pool of three littermates). The horizontal
bars show the mean counts of TRAP-positive cells found either outside the calcified hypertrophic cartilage at the perichondrium-periosteum or inside
the calcified hypertrophic cartilage. In both stages, there is a significant difference in the total number of TRAP-positive cells between wild-type and
Hmgb1~'~ mice (*, P < 0.01). Scale bars, 200 pm.
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FIG. 5. Comparison of vascularization in wild-type and Hmgbl /'~ skeletal elements during development. Safranin O staining (SO) of E15.5
tibias reveals that blood vessel invasion into the hypertrophic zone occurs in wild-type mice (A, arrows) but not in Hmgbl /= mice (B). (C) At
E16.5, hypertrophic cartilage is replaced by bone marrow and bone trabeculae in wild-type mice. (D) In contrast, the primary ossification center
of Hmgb1 ™/~ tibia is still intact with a wide hypertrophic zone (arrowheads) at the onset of blood vessel invasion (arrows). CD31 immunostaining
shows that blood vessels start to invade the hypertrophic zone of wild-type tibia at E15.5 (E, arrows), but they are only surrounding the surface
of Hmgh1 ™'~ tibia (F). At E16.5, blood vessels have fully penetrated into the primary ossification center and distribute in bone marrow in wild-type
tibia (G), whereas they still only surround the hypertrophic cartilage in Hmgbl '~ tibia (H, arrows). (I and J) VEGF expression in hypertrophic
cartilage is similar for wild-type and Hmghl '~ tibias at E15.5. (K and L) MMP13 expression in the calcified cartilage of wild-type tibia also

resembles that of Hmgbl '~ tibias at E15.5. Scale bars, 200 wm.

(Fig. 2K), suggesting that HMGB1 was expressed just before
cell death.

Impaired invasion of osteoclasts in Hmghl '~ mice. Next,
we sought to identify which process during endochondral os-
sification was disturbed by Hmgb1 gene deficiency. To examine
the rate of hypertrophic chondrocyte differentiation, we ob-
served the expression of Indian hedgehog, a marker of prehy-
pertrophic chondrocytes of cartilage elements (52), and found
that it did not differ between wild-type (Fig. 3A) and
Hmgb1 '~ (Fig. 3B) tibias. Col10al appeared in the region of

hypertrophic chondrocytes at E14.5 (Fig. 3C and D) and then
declined in the most mature hypertrophic chondrocytes at the
center of hypertrophic zones at E15.5 with a similar pattern in
both groups (Fig. 3E and F). These findings indicate that
Hmgbl gene deficiency does not affect the onset of cartilage
maturation. In contrast, MMP9-positive osteoclastic cells (53)
were distributed around the perichondrium in the tibias and
radii of wild-type mice at E15.5 (Fig. 4A and C) but were
barely detectable in Hmgbl '~ bones (Fig. 4B and D). At
E16.5, the discrepancy became more remarkable. In the wild-
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FIG. 6. Osteoblast differentiation markers in Hmghl '~ forelimbs at E16.5. Von Kossa staining shows that calcified cartilage has not progressed
to bone marrow in the radii and ulnas of Hmgbl '~ embryos (B) compared to wild-type embryos (A). Osteopontin (OP) is strongly expressed in
the calcified hypertrophic cartilage of Hmgbhl '~ bones (D), in which Collal-positive cells are not found (F). (C and E) In contrast, these
osteoblastic cells are widely distributed in the bone marrow of wild-type bones. Runx2 and Osterix are highly expressed in the primary ossification
center in wild-type radius (G and I, arrowheads), although they are barely detectable in Hmghl '~ bones (H and J). Osteocalcin (OC) is found
at the periphery of hypertrophic cartilage in Hmghl '~ bones (L, arrows), while it appears in bone marrow in wild-type mice at E16.5 (K). Scale

bars, 200 pwm.

type radius, MMP9-positive cells were lining the transverse
septae of cartilage-bone junctions that lead the vascular inva-
sion front (Fig. 4E), whereas they were still located in the
primary ossification center in Hmgbl '~ radius (Fig. 4F). The
expression of MT1-MMP, which is highly expressed in osteo-
clasts (44), was similar to that of MMP9 (Fig. 4G and H). To
confirm the apparent reduction in osteoclast numbers, we

stained for TRAP and found significant reduction in the num-
ber of TRAP-positive cells in Hmghl '~ tibias at E15.5 (Fig. 41
and J). Quantification of the number of these cells inside
versus outside the calcified hypertrophic cartilage showed a
significant difference between wild-type and Hmgbl '~ tibias
(Fig. 4K). These findings demonstrate that osteoclast recruit-
ment was suppressed in the Hmgbl /~ bones.
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FIG. 7. HMGBI is released extracellularly by developing cartilage. Metatarsal bones were isolated from wild-type embryos at E15.5 and
cultured for up to 5 days. Immunohistochemistry reveals that HMGBI is localized in hypertrophic chondrocytes of metatarsal bones on day 2
(A) and that expression is attenuated on day 5 (B). (C and D) Von Kossa staining with the adjacent sections shows that HMGBI1 expression occurs
in hypertrophic cartilage and not in calcified cartilage. Scale bars, 200 wm. Immunoblotting was carried out to determine the release of HMGBI1
by cultured metatarsal bones. (E) HMGBI is present in the supernatant with a peak 3 days after the start of organ culture, and then it decreases.
(F) A large long bone, the tibia, which was isolated from embryos at E14.5, also releases HMGBI in the supernatant. (G) The supernatant of the
tibia does not contain LDH, a marker for cell necrosis; mouse rib chondrocytes undergoing necrosis are used as a positive control (P/C). (H) The
HMGBI level in the supernatant of tibia organ culture was quantified by ELISA. HMGBI is released in a time-dependent fashion, which peaked
on days 3, 4, and 5 at concentrations of 10.8 = 5.4, 10.7 + 1.6. and 11.2 * 4.4 ng/ml, respectively. Statistically significant differences from the
HMGBL level in control supernatant are indicated (x, P < 0.01; {, P < 0.05).

Altered vascularization of skeletal elements in Hmgbl '~
mice during development. MMP9-positive cells enter the mes-
enchyme surrounding the bone rudiments and migrate to-
gether with endothelial cells through the nascent bone collar at
the primary ossification center (15). Thus, we examined the
vascularization in skeletal elements of Hmghl '~ mice. Safra-
nin O staining revealed that blood vessel invasion into the
hypertrophic zone occurred in wild-type tibias at E15.5 (Fig.
5A) but not in Hmgbl /'~ tibias (Fig. 5B). At E16.5, hypertro-
phic cartilage was replaced by bone marrow and bone trabec-
ulae in wild-type mice (Fig. 5C). In contrast, the primary os-
sification center of Hmgbl /™ tibias was still intact with a wide
hypertrophic zone and only the onset of blood vessel invasion
(Fig. 5SD). Using CD31 (PECAM) antibody, which is a marker
of endothelial cells, we performed immunostaining and found
that blood vessels started to invade the hypertrophic zone of
wild-type tibia at E15.5 (Fig. SE), but they were only on the
surface of Hmgbl /'~ tibia (Fig. 5F). At E16.5, blood vessels
had fully penetrated into the primary ossification center and

distributed in bone marrow in wild-type tibia (Fig. 5G),
whereas they were still only surrounding the hypertrophic car-
tilage in Hmgbl '~ bone (Fig. SH). At the growth plate, hy-
pertrophic cartilage expresses VEGF, and inhibition of VEGF
activity blocks the recruitment of MMP9-positive and TRAP-
positive cells, as well as endothelial cells (17). We found no
difference in VEGF expression in hypertrophic cartilage be-
tween wild-type and Hmgbl '~ tibia at E15.5 (Fig. 5I and J).
MMP13, which is expressed by both terminal hypertrophic
chondrocytes and osteoblasts, is also important for the vascu-
larization of hypertrophic cartilage because it degrades native
collagen, a major component of the hypertrophic cartilage
(47). MMP13 expression in the calcified cartilage of the wild-
type tibia resembled that of the Hmgbl '~ tibia (Fig. 5K and
L). Taken together, these findings suggest that the cell in-
vasion into hypertrophic cartilage by endothelial cells was
disrupted in Hmgbl '~ bones during the process of endo-
chondral ossification, although VEGF and MMP13 expres-
sion was unaltered.
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FIG. 8. HMGBI release from differentiating cultured rib chondrocytes. (A) Immunofluorescence assay shows that monolayer rib chondrocytes
isolated from the ventral parts of mice rib cartilage express HMGBI1 only in the nucleus, whereas in pelleted rib chondrocytes cultured for 2 days
HMGBI is localized in the cytosol. The extracellular release of HMGBI1 was verified with immunoblotting. (B) HMGB1 was determined in the
supernatant of pelleted mice rib chondrocytes (mRC) on days 1 and 2, whereas human articular chondrocytes (hAC) do not release HMGBI in
pellet culture. (C) Immunoblotting with LDH antibody shows that this secretion is independent of necrotic cell death. The positive control (P/C)
is the same sample as shown in Fig. 7G. (D) During the culture of pelleted mRC for 18 days, quantitative PCR demonstrates that the mRNA level
of cartilage maturation markers such as Col10al and MMP13 increases significantly on day 18, although that of HMGBI is unchanged. (E) Only
the supernatant on day 3 contains HMGBI. Statistically significant differences from mRNA expression on day 3 are indicated, respectively (*,

P < 0.01).

Osteogenesis in Hmgbl '~ mice. As shown in Fig. 1,
Hmgbl '~ forelimbs appeared to be reduced in size and cal-
cification and were abnormally bent or fractured. Since these
findings suggest a reduction of bone mineralization, we inves-
tigated osteoblast differentiation in Hmgbl '~ bones. Using
von Kossa staining, we found that calcified cartilage had pro-
gressed to bone marrow in the radii and ulnas of wild-type
mice (Fig. 6A) but not in Hmgbl '~ mice (Fig. 6B). Osteopon-
tin, a hypertrophic cartilage marker as well as an osteoblast
marker (35), was strongly expressed in the calcified hypertro-
phic cartilage of HmgbI '~ bones (Fig. 6D) in which Collal-
positive cells, an early marker of osteoblast differentiation (18),
were not found; these cells were accumulated at the collar
surrounding the growth plate (Fig. 6F). In contrast, Collal-
positive cells were widely distributed in the bone marrow of
wild-type mice (Fig. 6E), suggesting that osteoblast invasion

was suppressed in Hmgbl '~ limbs. The essential transcription
factors for osteoblast differentiation, Runx2 (27) and Osterix
(34), were highly expressed in the primary ossification center of
the wild-type radius (Fig. 6G and I), whereas they were barely
detectable in the Hmgbl '~ bones (Fig. 6H and J). Osteocal-
cin, which is thought to be a terminal marker for osteoblastic
maturation (29), was found at the periphery of hypertrophic
cartilage in HmgbhI '~ bones at E16.5 (Fig. 6L); however, it
appeared in the bone marrow at E17.5 (data not shown) rather
than at E16.5 as in wild-type mice (Fig. 6K). Thus, the delay in
primary ossification of Hmgbl '~ hypertrophic cartilage was
coupled to a delay in recruitment of osteoblasts, suggesting
that subsequent osteoblastic differentiation progressed simi-
larly in wild-type and Hmgbl '~ mice.

HMGBI is released from differentiating cartilage in organ
culture. To examine the secretion of HMGBI1 from chon-
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FIG. 9. Chondrocyte-secreted HMGBI1 is a chemoattractant for
osteoclasts. The chemotactic effect of recombinant HMGB1 on osteo-
clasts was examined by Boyden chambers with or without addition of
HMGBL to either the lower chamber (LC) or the upper chamber (UC)
as indicated. (A) HMGBI recruits osteoclasts at 10 ng/ml, and efficacy
peaks at 100 ng/ml. The addition of HMGBI to the upper chamber
does not significantly activate osteoclast invasion. (B) HMGBLI also
recruits osteoblastic MC3T3-E1 cells with a tendency similar to that
described above, although VEGF does not. Statistically significant
differences from control migrations without added chemoattractants
are indicated, respectively (x, P < 0.01; T, P < 0.05). (C) Chemotaxis
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drocytes, we used the cartilage organ culture system (20).
Metatarsal bones were isolated from embryos at E15.5 and
cultured in conditioned medium for up to 5 days. Immuno-
histochemistry revealed that HMGB1 was localized in hy-
pertrophic chondrocytes on day 2 (Fig. 7A) and that expres-
sion was attenuated on day 5 (Fig. 7B). Von Kossa staining
of the adjacent sections indicated that this expression oc-
curred in hypertrophic cartilage and not in calcified carti-
lage (Fig. 7C and D). Using immunoblotting, we determined
that HMGB1 was present in the supernatant, with a peak 3
days after the start of organ culture, and then it decreased
(Fig. 7E), showing that HMGBI1 was released into the me-
dium by hypertrophic chondrocytes. This result was repro-
duced with a large long bone, the tibia, which was isolated
from the embryos at E14.5 (Fig. 7F). Immunoblotting with
LDH antibody was negative, indicating that HMGB1 was
actively secreted and not released passively as a conse-
quence of necrotic cell death (Fig. 7G). Using ELISA, we
quantified the HMGBI protein released into the medium of
tibia organ culture and found that it peaked on days 3
through 5 at concentrations of >10 ng/ml (Fig. 7H).

HMGBI is released specifically from hypertrophic chondro-
cytes. It has been previously demonstrated that HMGBI is
released from osteoclasts and osteoblast-like cells (12, 42). To
prove that the release of HMGBI into the supernatant was
from chondrocytes in organ culture, we used pellet cultures of
rib growth plate chondrocytes, since this culture system mimics
in vivo cartilage differentiation (5). Monolayer chondrocytes
isolated from the ventral parts of mouse rib cartilage expressed
HMGBI1 only in the nucleus; however, when cultured as dif-
ferentiating cell pellets, HMGB1 was localized in the cytosol
(Fig. 8A). Extracellular HMGB1 was detected in the superna-
tant of pelleted rib chondrocytes on days 1 and 2; in contrast,
articular chondrocytes, which do not differentiate to hypertro-
phic cartilage under the three-dimensional condition such as
pellet or alginate culture (6, 40), did not release HMGB1
(Fig. 8B). Immunoblotting with LDH antibody showed that
HMGBI release was not caused by necrotic cell death (Fig.
8C). In addition, to examine HMGBI1 expression in longer-
term cultures, we maintained the rib chondrocyte pellets for 18
days. Quantitative PCR demonstrated that mRNA of cartilage
maturation markers such as Coll0al and MMP13 increased
significantly, showing that chondrocyte differentiation had oc-
curred (Fig. 8D). Only the medium from day 3 contained
HMGBI (Fig. 8E), although the mRNA level of HMGBI1 did
not significantly change between day 3 and 18. These results
indicate that HMGBI is secreted during the early phase of
cartilage maturation.

HMGBI1 is a chemoattractant for osteoclasts and osteo-
blasts. As we showed in Fig. 4, 5, and 6, Hmgbl '~ embryos

assay using the supernatant of pelleted mice rib chondrocytes (mRC)
and human articular chondrocytes (hAC) after 3 days culture. The
supernatant of hAC does not recruit osteoclasts, whereas that of mRC
attracts osteoclasts significantly, and this effect is abrogated by addition
of anti-HMGBI1 IgY. Cell migration is shown as mean * the standard
deviation of four replicates. Statistically significant differences from
control migrations by the supernatant of hAC are indicated (*, P <
0.01).
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FIG. 10. Role of HMGBI in skeletal development. During endochondral ossification, a region of resting chondrocytes transforms into a zone
of proliferating chondrocytes that then undergo hypertrophy and subsequently apoptosis. HMGBI is released from the hypertrophic chondrocytes
just before undergoing programmed cell death; it acts as an extracellular signal for the migration of osteoclasts, osteoblasts, and endothelial cells
that replace cartilage with bone and bone marrow. ph, prehypertrophic cartilage; h, hypertophic cartilage; bm, bone marrow; HC, hypertrophic

chondrocytes.

were defective in invasion by TRAP- and Collal-positive cells,
as well as CD31-positive cells, at the primary ossification cen-
ter. Since HMGBI has chemotactic effects on endothelial cells
(32, 46), we tested for similar effects on osteoclasts and osteo-
blasts. Recombinant HMGBI at 10 ng/ml recruited osteoclasts
in Boyden chambers, and peak migration occurred at 100 ng/
ml; this level of efficacy was similar to that of VEGF used as a
positive control (22) (Fig. 9A). Addition of HMGBI to the
upper chamber did not significantly activate osteoclast migra-
tion. HMGBI also induced chemotaxis for MC3T3-E1 osteo-
blast-like cells with a tendency similar to that described above
(Fig. 9B), although VEGF did not (16). These findings suggest
that osteoclast and osteoblast invasion at the primary ossifica-
tion center might be a direct effect of HMGBI1-induced che-
moattraction.

Finally, we investigated whether HMGBI released by differ-
entiating chondrocytes could promote osteoclast migration.
Using the supernatant of pelleted rib chondrocytes and artic-
ular chondrocytes cultured for 3 days (see Fig. S2 in the sup-
plemental material), we compared the chemotactic effect for
osteoclasts. The supernatant of articular chondrocytes did not
recruit osteoclasts; however, the supernatant of rib chondro-
cytes attracted osteoclasts significantly, and the effect was ab-
rogated by neutralizing anti-HMGBI1 IgY (Fig. 9C). This result
supports our hypothesis that differentiating chondrocytes could
regulate cell migration directly via HMGB1 secretion.

DISCUSSION

This study demonstrates that the stage-specific secretion of
HMGBI in cartilage regulates endochondral ossification, at
least in part, by acting as a chemotactic factor for osteoclasts
and osteoblasts, as well as endothelial cells. We examined
skeletal development in Hmghl '~ embryos and found signif-

icant alterations in the bones formed by endochondral ossifi-
cation, whereas calvariae, which are formed by intramembra-
nous ossification, were somewhat misshapen, but the effect was
slight, and the cartilage formation was not affected. The anal-
ysis of Hmgbhl ™'~ limb sections revealed that the onset of
cartilage differentiation was similar in HmgbhI '~ and wild-type
embryos; however, the invasion of TRAP- and Collal-positive
cells, as well as CD31-positive cells, into the primary ossifica-
tion center was remarkably impaired in Hmgbl ~/~ limbs. Thus,
the Hmghl '~ growth plates are strikingly lengthened and
deficient in osteoblast and osteoclast invasion as well as vas-
cularization, which may result in weak bones that can bend or
fracture.

To examine the expression of HMGBI in developing limbs,
we used in situ hybridization: HMGB1 mRNA expression was
ubiquitous in the cells of all zones of the growth plate from
E14.5 through E16.5 (data not shown). In contrast, HMGBI1
protein was present in the nuclei of prehypertrophic chondro-
cytes in tibia at E14.5 and in the cytosol of hypertrophic chon-
drocytes at E15.5 but was not detectable in resting and prolif-
erating chondrocytes. The active secretion of HMGBI1 from
chondrocytes was verified with organ culture and pellet culture
systems; we found that HMGB1 was translocated from the
nucleus to the cytosol and actively secreted at the early phase
of chondrocyte differentiation, but the secretion ceased at the
late phase. Interestingly, secretion from pelleted rib chondro-
cytes occurred actively without added any stimulatory factor,
whereas articular chondrocytes did not release HMGBI1 in
pellet culture. Chondrocyte-secreted HMGB1 was sufficient to
chemoattract osteoclasts and osteoblasts, as well as endothelial
cells as previously shown by others (32, 46). These findings
suggest that HMGBI released from hypertrophic chondrocytes
may regulate skeletal development by controlling cell invasion
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into the growth plate. At present, however, a potential role of
HMGBI as a nuclear factor, which is its other function, still
remains possible in the developing cartilage.

Secretion of HMGBI1 during specific stages of cell differen-
tiation is not unique to chondrocytes and has been reported for
dendritic cells (14) and neonatal rat type I astrocytes (41),
although the mechanism of HMGBI secretion during cell dif-
ferentiation has yet to be elucidated. Thus far, Bonaldi et al.
have reported that HMGBI contains two nuclear localization
signals (NLSs), and the acetylation of both NLSs is involved in
the transport from the nucleus to the cytosol (8). Furthermore,
HMGBI can be phosphorylated, and the direction of transport
is regulated by phosphorylation of both NLS regions (58).
These findings suggest that HMGBI release is independent
from RNA expression and protein synthesis, which is compat-
ible with our data showing that HMGB1 mRNA levels do not
change in chondrocyte pellet cultures, despite its secretion.

The inhibition of the interaction between HMGBI1 and the
receptor for advanced glycation end products (RAGE), which
is a specific receptor for HMGBI, suppresses the tumor pro-
liferation, metastatic invasion, and expression of MMPs (48).
RAGE is expressed in osteoclasts, osteoblasts (12), and endo-
thelial cells (9), suggesting that RAGE might be associated
with cell invasion during endochondral ossification; however,
an analysis of Rage /™ mice (1) showed no alteration in skel-
etal development during embryogenesis (see Fig. S1B in the
supplemental material). Moreover, Rage '~ mice manifest in-
creased bone mass and bone mineral density and decreased
bone resorptive activity due to a defect in osteoclast function
(60). In our hands, however, MMP9 mRNA levels in calvariae
at E18.5 were similar between wild-type and Hmgbl '~ mice
(see Fig. S3A in the supplemental material), and MMP9-pos-
itive cells emerged in the bone marrow of developing limbs of
both types of mice at E18.5 (see Fig. S3B in the supplemental
material). The evidence that HMGB1-RAGE interaction is
sufficient but not necessary for mesoangioblast migration (38)
is a precedent for the idea that RAGE may not be the key
receptor for HMGB1-induced cell recruitment at the primary
ossification center. Additional HMGBI receptors have been
identified, including Toll-like receptors 2 and 4 (39), which
appear in osteoclasts, osteoblasts, and endothelial cells (26, 49,
50), and syndecan (43), which is expressed in osteoblasts (24).

Our results indicate that HMGB1 might be important not
only for tissue repair after injury but also for the organization
of bone and cartilage development in the embryo. In endo-
chondral ossification, a region of resting chondrocytes trans-
forms into a zone of proliferating chondrocytes that then un-
dergo hypertrophy and subsequently apoptosis (37). HMGBI1
release from the hypertrophic cartilage occurs just before pro-
grammed cell death (Fig. 10), suggesting that HMGB1 may be
an extracellular signal released from the tissue to be replaced
(cartilage) toward the cells of new tissue to be formed (bone
and bone marrow).
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