Oral Cancer-Induced Osteoclast Formation 971
AJP February 2010, Vol. 176, No. 2

Table 1.  Primers Sequences Used for RT-PCR
Gene Forward primer Reverse primer

Human PTHrP 5'-GCTGTGTCTGAACATCAGCT-3' 3'-TTTGTACGTCTCCACCTTG-5’
Human RANKL 5’'~CCAGCATCAAAATCCCAAGT-3’ 3'-CCCCAAAGTATGTTGCATCCTG-5'
Human IL-6 5'-AAATTCGGTACATCCTCGAC-3' 3'-CAGGAACTGGATCAGGACTT-5'
Human ACTB 5'-AAACTGGAACGGTGAAGGTG-3' 3'-TCAAGTTGGGGGACAAAAAG-5'
Mouse Pthrp 5'-CGGTTTGGGTCAGACGATG-3’ 3'-TTCCCGGTGTCTTGAGTG-5'
Mouse Rank! 5'-ATGATGGAAGGCTCATGGT -3’ 3'~CCAAGAGGACAGAGTGACTTT-5'
Mouse Opg 5’'-CTGCCTGGGAAGAAGATCAG-3' 3'-TTGTGAAGCTGTGCAGGAAC-5’
Mouse /-6 5'-GAGGATACCACTCCCAACAGACC-3' 3'-AAGTGCATCATCGTTGTTCATACA-5'
Mouse Tnf-« 5’'-GGCATGGATCTCAAAGACAACC-3' 3'-CAGGTATATGGGCTCATACCAG-5'
18SrRNA 5'-GTAACCCGTTGAACCCCATT-3’ 3'-CCATCCAATCGGTAGTAGCG-5'

lated ST2 cells onto a 24-well plate (5 x 10% cells/well)
and cultured them in a-modified minimum essential me-
dium containing 10% FBS, 1 x 1078 mol/L 1,25-dehy-
droxyvitamin Dg (Sigma-Aldrich), and 1 X 1077 mol/L
dexamethasone (Sigma-Aldrich) for 24 hours. Then,
mouse bone marrow cells (5 X 10° cells/well) isolated
from the femora and tibiae of 6-week-old C57BL/6 mice
were cocultured with ST2 cells in 0.5 ml of e-modified
minimum essential medium containing 10% FBS, 1 X
10® mol/L 1,25-dehydroxyvitamin D; and 1 X 107 mol/L
dexamethasone in the presence or absence of CM de-
rived from each cancer cell line. The culture medium was
replaced every other day. After coculturing for 6 days, the
cells were fixed in 10% buffered formalin and stained with
tartrate-resistant acid phosphatase for osteoclast identi-
fication by incubation with 0.1 mol/L sodium acetate
buffer (pH 5.0) containing AS-MX phosphate (Sigma-
Aldrich) and red violet LB salt (Sigma-Aldrich) in the
presence of 50 mmol/L sodium tartrate (Sigma-Aldrich).
Tartrate-resistant acid phosphatase-positive cells that
contained more than three nuclei were identified as os-
teoclasts and were counted.

Xenograft Experiments of HSC3 Cells into
Athymic Mice

HSC3 cells (5 X 10° cells/injection) were injected onto
the periosteal region of the parietal bones in athymic
mice using a 1-ml syringe after the periosteum was
scratched once with the syringe needle. Three weeks
after the transplantation, the calvarial region was dis-
sected and fixed with 4% paraformaldehyde. Soft X-ray
photographs were taken after fixation. The tissues were
embedded in paraffin after decalcification with 10%
EDTA at 4°C for 10 days. The sections were used for
histological observation including immunohistochemical
analysis for RANKL, human IL-6, and mouse IL-6. The
experimental procedures were reviewed and approved
by the Animal Care and Use Committees at Tokyo Med-
ical and Dental University.

Statistical Analyses

Statistical analyses were performed using Student's {-test
and Pearson’s correlation coefficient. P < 0.05 was con-
sidered significant. The data are the mean * SEM of
independent replicates.
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Results

Expression of IL-6 and PTHrP mRNA in Primary
Human OSCC

The clinical and pathological data for the 43 cases of
primary OSCC used for microarray analysis are summa-
rized in Table 2. As shown in Figure 1A, mRNA expres-
sion of IL-6 varied among the cancers and the oral epi-
thelium adjacent to the cancers. Although only two SCC
specimens expressed IL-6 mRNA at extremely high lev-
els, the average fluorescence intensity in the cancer cells
was 199.82 = 427.67 and that in the adjacent oral epi-
thelium was 302.92 + 367.88 without a significant differ-
ence between these two groups (Figure 1A). In contrast,
most of the cancer tissue specimens overexpressed
PTHrP mRNA (average fluorescence intensity 735.58 =
769.59) compared with the adjacent epithelial specimens
(average fluorescence intensity 20.59 *+ 12.80) (Figure
1B), demonstrating significantly higher expression level
of PTHrP mRNA in the cancer tissues than in the adjacent
epithelium (P < 0.000001). These results imply that many
of the OSCC specimens overexpressed PTHrP mRNA,
but few overexpressed /L-6 mMRNA, compared with the
adjacent epithelium specimens. ’

Expression of IL-6 at Bone Invasive Region in
Gingival SCC

To confirm the expression profile of {L-6 by microarray
analysis, we examined immunchistochemically the distri-
bution of IL-6-positive cells at the bone-invasive regions
in gingival SCC. Although IL-6 was expressed in some
tumor cells and oral epithelia adjacent to the tumors,
expression varied among the cases studied. More impor-
tantly, the fibroblastic cells at the tumor-bone interface
also expressed IL-6 (Figure 2, A and B). Incubation of the
sections with nonimmunized IgG exhibited no positive
reactions (data not shown). The fibroblastic cells at the
bone-invasion region also expressed RANKL (Figure 2C).
These findings were noted in 10 of 13 specimens exam-
ined; we further analyzed the distribution of the positive
cells in these 10 specimens by histomorphometry. Be-
cause the percentages of RANKL- and IL-6-positive cells
among the total number of fibroblasts in a given area
varied among the specimens examined (RANKL-positive
cells, 11.4 to 65.9%; IL-6-positive cells, 25.1 to 84.1%),
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Table 2. Clinical and Histological Characteristics of the 43 Cases of Primary Human Oral Squamous Cell Carcinoma Used for
Microarray Analysis
Case Sex Age Primary site T N Histological grade*
1 M 56 Lower gingiva 2 0 Moderately
2 M 55 Upper gingiva 2 0 Well
3 M 56 Upper gingiva 2 0 Well
4 F 64 Lower gingiva 4a 1 Well
5 M 77 Lower gingiva 2 2b Poorly
6 M 78 Lower gingiva 2 1 Well
7 M 71 Lower gingiva 3 2b Well
8 M 60 Lower gingiva 4 2b Moderately
9 M 57 Upper gingiva 4a 1 Poorly
10 M 52 Lower gingiva 4a 2b Moderately
11 M 66 Lower gingiva 2 0 Well
12 F 66 Upper gingiva 2 0 Moderately
13 M 72 Lower gingiva 2 0 Well
14 M 68 Lower gingiva 4a 2b Moderately
15 F 66 ‘Tongue 2 0 Moderately
16 M 80 Tongue 2 0 Well
17 M 30 Tongue 2 0 Well
18 F 60 Tongue 2 0 Well
19 M 59 Tongue 3 0 Moderately
20 M 54 Tongue 1 0 Well
21 M 43 Tongue 2 0 Moderately
22 M 46 Tongue 2 0 Well
23 M 58 Tongue 2 0 Well
24 M 66 Tongue 1 2b Moderately
25 M 61 Tongue 1 2c Moderately
26 M 70 Tongue 3 1 Moderately
27 M 37 Tongue 2 3 Poorly
28 M 73 Tongue 2 0 Poorly
29 - M 32 Tongue 3 0 Moderately
30 F 54 Tongue 2 2b Moderately
31 M 60 Tongue 4 2c Moderately
32 M 53 Tongue 2 2b Moderately
33 M 62 Buccal mucosa 1 0 Well
34 F 74 Buccal mucosa 2 1 Moderately
35 M 71 Buccal mucosa 3 2b Poorly
36 M 58 Floor of mouth 2 0 Well
37 M 58 Floor of mouth 3 0 Moderately
38 M 66 Floor of mouth 3 1 Moderately
39 M 59 Floor of mouth 4 1 Moderately
40 M 67 Floor of mouth 4 1 Well
41 M 72 Hard palate 1 0 Moderately
42 F 81 Retromolar pad 1 0 Well
43 M 68 Retromolar pad 2 0 Moderately

M, male; F, female; T, tumor; N, node.

*Histological grading: well, well differentiated SCC; moderately, moderately differentiated SCC; poorly, poorly differentiated SCC.

we tested the correlation between the numbers of each
cell type per specimen. The number of RANKL-positive
fibroblastic cells correlated significantly with the IL-6-
positive fibroblastic cells at the tumor-bone interface (r =
0.935926, Y = 0.8115X — 28.644, P < 0.0001) (Figure
2D), suggesting that the RANKL and IL-6 synthesized by
stromal cells interact closely. The RANKL-positive cells
are located close to the bone surface and osteoclasts
(Figure 2C). The distribution of IL-6-positive cells at the
tumor-bone interface varied depending on the areas ex-
amined in each case; the cells were located close to the
cancer nests at some areas (Figure 2B) and to the bone
and osteoclasts at other areas (Figure 3, B-D).

To further characterize the IL-6-positive cells, we per-
formed dual immunohistochemical analysis using fluores-
cence-labeled antibodies. Numerous fibroblastic cells
expressed IL-6; furthermore, IL-6 expression was also
observed in cancer cells located at the periphery of
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cancer nests (Figure 3, B-D). Several osteoclasts were
also IL-6-positive (arrows in Figure 3, A and C). Many
IL-6-positive fibroblastic cells coexpressed vimentin (Fig-
ure 3B); furthermore, the number of IL-6-positive fibro-
blastic cells was very high compared with the number of
IL-6-positive B cells (Figure 3C) and macrophages (Fig-
ure 3D), suggesting that fibroblastic cells dominantly pro-
duce IL-6.

Human Oral Cancer Cells Secrete Factors That
Stimulate Osteoclast Formation by Inducing
RANKL Expression in Stromal Cells

We performed in vitro experiments to examine whether
CM derived from the various cancer cell lines could in-
duce RANKL expression in stromal cells. The CM derived
from all cancer cell lines, with the exception of A549,




A Fluorescence intensity (/L-6)
case 0 500 1000 1500 2090 2590
3
oscc |[#E
3 b
N :
=
ry
E
2E
R T
g ;m
Normal %E
epithelium #E
RE
40 =
B Fluorescence intensity (PTHrP)
Yy
case o 500 1000 1500 2000 2500 3000 3500
1 F T T T T T T 1
H
e
6 [e—
TP
g ————
Il
14
15 |ju
16
17
18
'23 P e—
0OScC ?% —
24 p—
23 pEEE———
26 pESEEEE——
27 p———
28 (et—
29
pE—
32 |jeeeseeTE———
33
4
g __
:
0 j—
:I, -_
I — T
:
Normal ]
epithelium | %
5
o

Figure 1. Expression of /L-Gand PTHrPin OSCC. Expression profiles of /L-G
(A) and PTHrP mRNA (B) in 43 primary human OSCC specimens assessed by
microarray analyses as described in Materials and Methods. Expression levels
in normal epithelium are also shown at the bottom of A and B. The fluores-
cence intensity, which was the absolute value of fluorescence intensity in
each case, was used to indicate the mRNA expression level.

stimulated Rankl mBNA expression in ST2 cells (Figure
4A). The CM derived from BHY and HSC3 cells markedly
increased this expression. in addition, the CM derived
from oral cancer cell lines (BHY, Ca9, and HSC3) signif-
icantly enhanced RANKL mRNA expression in mesen-
chymal stem cells isolated from human bone marrow
(Figure 4B). However, none of the CM significantly al-
tered Opg mRNA expression (data not shown).

We also investigated the effects of CM on osteoclast
formation by using a mouse coculture system. As shown
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in Figure 4C, the CM derived from all of the cancer cell
lines increased the number of tartrate-resistant acid
phosphatase-positive osteoclasts. These results suggest
that oral cancer cell lines as well as cancer cells origi-
nating from nonoral regions stimulate osteoclast forma-
tion by inducing RANKL expression in stromal cells.

IL-6 and PTHrP Synthesized by Cancer Cells
Are Involved in RANKL Expression and
Osteoclast Formation

We then investigated the expression levels of IL-6 and
PTHrP in various cancer cell lines. As shown in Figure 5A,
all of the cell lines expressed PTHrP mRNA at substantial
levels, whereas only BHY and HSC3 cells, which are
derived from QSCC, expressed IL-6 mRNA at substantial
levels. These results suggest that many OSCC cells
express PTHrP, but only limited numbers of OSCC
express IL-6.

To explore the roles of IL-6 and PTHrP, we next exam-
ined the effects of neutralizing antibodies against mouse
IL-6 receptor®? and human PTHrP33 on Rankl mRNA ex-
pression in ST2 cells. Both antibodies inhibited BHY-CM-
induced Rankl mRNA expression (Figure 5B) in a dose-
dependent manner (Supplemental Figure S1, see http.//
ajp.amjpathol.org). The maximum concentration of PTHrP
antibody used (10 wg/ml) almost completely blocked
PTHrP-induced cAMP production in ROS 17/2.8-5 cells.®®
Similar results were obtained with HSC3-CM (data not
shown). Because BHY and HSCS3 cells expressed /L-6
mRNA at substantial levels, we tested the effects of these
antibodies on Rank/ mRNA expression by using CM de-
rived from Ca9 cells (Ca9-CM), which expresses /L-6
mRNA at undetectable levels (Figure 5A). As expected,
human PTHrP antibody significantly inhibited Ca9-CM-
induced Rankl expression in ST2 cells (Figure 5C). Inter-
estingly, anti-mouse IL-6 receptor antibody inhibited
Ranki mRNA expression more effectively than anti-human
PTHrP antibody (Figure 5C). These results suggest that
IL-6 synthesized not only by human oral cancer cells but
also by mouse ST2 cells can stimulate Rank/ expression
in ST2 cells.

As shown in Figure 5D, antibodies against both human
PTHrP and mouse IL-6 receptor significantly inhibited
BHY-CM-induced osteoclast formation. Considered col-
lectively, these results suggest that IL-6 and PTHrP are
involved in the osteoclast formation induced by OSCC.

Oral Cancers Induce IL-6 Expression in Stromal
Cells, Leading to RANKL Expression

The results described above suggest that oral cancer
cells induce IL-6 expression in stromal cells and that this
cytokine in turn plays a role in osteoclast formation in-
duced by OSCC. The distribution of IL-6-positive fibro-
blastic cells in human gingival SCC as determined by
immunohistochemical analysis (Figures 2 and 3) strongly
supports this hypothesis. To confirm this finding, we in-
vestigated the effects of the CM derived from all of the
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Figure 2. Distribution of RANKL-positive and
IL-6-positive cells at the interface of the tumor
front and resorbing bone in human gingival SCC
A: Histological analysis of tumor-bone interface
Ca, cancer cells; Bo, bone. H&E staining.
B: Distribution of IL-6-positive cells. C: Distribu-
tion of RANKL-positive cells. Cells stained brown
in B and C represent positive cells for each
antibody. Original magnification, X 200. D: Cor-
relation between the number of RANKL-positive
“ and IL-6-positive fibroblastic cells at the tumor-
bone interface in 10 human gingival SCCs; a

7 positive correlation was noted (r = 0.935926,
G Y = 0.8115X — 28.644, P < 0.0001)
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cancer cell lines on IL-6 expression in stromal cells. We
found that CM derived from oral cancer cell lines signif-
icantly increased /I-6 mRNA expression in ST2 cells (Fig-
ure 6A). The stimulatory effects of CM derived from BHY
and HSC3 cells were much higher than those of CM from
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Ca9 and HO1 cells. The CM derived from the non-oral
cancer cell lines, with the exception of MCF7, failed to
induce /-6 mRNA expression (Figure 6A). The CM de-
rived from every cancer cell line induced the production
of IL-6 protein from ST2 cells in a similar fashion to levels

Figure 3. Characterization of IL-6-positive cells
at the interface of the tumor front and resorbing
bone in human gingival SCC. A: Histology of the
tumor-bone interface. H&E staining. B: Dual im-
munohistochemical analysis for IL-6 (green) and
vimentin (red). Inset: High magnification image
of the fibroblastic cells dual positive for [L-6 and
vimentin. C: Dual staining for IL-6 (green) and
CD20 (red). D: Dual staining for IL-6 (green)
and CD14 (red). A and C are the same section; the
section was stained with H&E (A) after pictures
were taken for immunohistochemical analysis in
(C). White dotted lines indicate interfaces of can-
cer nest and stroma. Arrows in A and C indicate
osteoclasts. Ca, cancer cells, Bo, Bone. Original
magnification: X400 (A-D); X 1600 (inset in A)
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Figure 4. Effects of CM on RANKL expression in stromal cells and on
osteoclast formation. Effects of CM derived from various cancer cell lines on
mouse Rankl (mRankl) mRNA expression in ST2 cells (A). ST2 cells were
cultured for 2 days in the presence or absence (Ctl) of CM derived from
various cancer cell lines, and the expression levels of Rankl were determined
by using mouse specific primers. *P < 0.05, *P < 0.01, **P < 0.005,
significantly different from Ctl. B: Effects of CM derived from OSCC cell lines
on human RANKL (hRANKL) mRNA expression in human mesenchymal stem
cells. These cells were cultured for 2 days with or without (Ctl) CM, and the
expression levels of RANKL were determined by using human specific prim-
ers. *P < 0.01, significantly different from Ctl. C: Effect of CM derived from
various cancer cell lines on osteoclast formation. Osteoclast formation was
assessed by adding CM from various cancer cell lines to coculture of ST2 with
mouse bone marrow cells as described in Materials and Methods. *P < 0.01,
*P < 0.005, significantly different from the control (Ctl). TRAP, tartrate-
resistant acid phosphatase; MNCs, mononuclear cells.

of /-6 mRNA induced by each CM (Figure 6B). CM de-
rived from OSCC cell lines also enhanced /L-6 mRNA
expression in human mesenchymal stem cells (Figure
6C). These results indicate that oral cancer cells effec-
tively induce IL-6 expression in stromal cells. None of the
CM induced Pthrp or Tnf-a mRNA expression in ST2 cells
(Supplemental Figure S2, see http.//ajp.amjpathol.org).
To discriminate between the roles of IL-6 synthesized
by cancer cells and stromal cells in the induction of Rank!
expression, we conducted experiments using antibodies
that specifically neutralize human IL-6 and mouse IL-6.
Both antibodies inhibited BHY-CM-induced Rankl mRNA
expression in ST2 cells (Figure 7A). Moreover, compared
with treatment with one of these antibodies alone, simul-
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Figure 5. Role of IL-6 and PTHrP in Rankl expression and osteoclast
formation. A: mRNA expression of /L-6 and PTHrP in various cancer cell
lines. B and C: Effects of anti-human PTHrP antibody and anti-mouse IL-6
(mIL-6) receptor antibody on Rankl mRNA expression induced by BHY-CM
(B) and Ca9-CM (C) in ST2 cells. ST2 cells were cultured for 2 days in the
presence or absence of BHY or Ca9-CM, and the expression of Rankl was
determined by using mouse specific primers. *P < 0.05, **P < 0.01, signifi-
cantly different from the value for BHY-CM(+) and antibody(—) in B, and
*P < 0.05, significantly different from the value for Ca9-CM(+) and antibody
(=) in C. D: Effects of anti-human PTHrP and anti-mouse IL-6 receptor
antibodies on formation of tartrate-resistant acid phosphatase (TRAP)-posi-
tive osteoclast after stimulation with BHY-CM in cocultured ST2 and bone
marrow cells. *P < 0.01, **P < 0.005, significantly different from the value of
BHY-CM treated cells without any antibodies. In each experiment, the cells
were treated with 10 pug/ml of each antibody. MNCs, multinucleated cells.
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Figure 6. Stimulation of 1L-6 in ST2 cells and human mesenchymal stem
cells by various cancer cell lines. Effects of CM derived from various cancer
cell lines on fI-6 mRNA expression (A) and IL-6 production (B) in ST2 cells.
ST2 cells were cultured for 2 days in the presence or absence (Ct) of CM
derived from various cancer cells and mouse /-6 (mIL-6) mRNA expression
was determined by using mouse specific primers (A). IL-G protein levels
secreted by ST2 cells, which were measured by enzyme-linked immunosor-
bent assay using culture supernatants obtained from ST2 cells cultured for 24
hours with various CM in the absence of FBS (B). *P < 0.05, **P < 0.005,
**P < 0.0005, significantly different from the control culture (Ctl). C: Effects
of CM derived from OSCC cell lines on human /L-6 (hIL-6) mRNA expression
in human mesenchymal stem cells. These cells were cultured for 2 days in the
presence or absence of CM derived from OSCC cells, and the expression of
human /-6 mRNA was examined by using human specific primers. *P <
0.001, **P < 0.005, ***P < 0.0005, significantly different from human mesen-
chymal stem cells cultured in the absence of any CM.
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taneous treatment with both produced an additive inhib-
itory effect on Rankl mRNA expression (Figure 7A). When
we used CM derived from Ca9 cells (Ca3-CM), which
expressed /IL-6 mRNA at undetectable levels (Figure 5A),
the anti-human IL-6 antibody did not alter Rankl mRNA
expression, whereas anti-mouse [L-6 antibody signifi-
cantly inhibited it (Figure 7B). These results demonstrate
that IL-6 synthesized by both cancer cells and stromal
cells induces RANKL expression in stromal cells.

We explored the factors that regulate IL-6 production
in stromal cells. Because PTHrP is reported to stimulate
IL-6 synthesis in osteoblastic celis,3” we examined the
effects of anti-human PTHrP antibody on /-6 mRNA ex-
pression in ST2 cells. As shown in Figure 7C, this anti-
body partially inhibited OSCC (BHY, Ca9, HSC3, and
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Figure 7. Effects of anti-human IL-6 antibody (hIL6Ab) and anti-mouse 1L-6
antibody (mIL6Ab) on Rankl mRNA expression induced by BHY-CM (A) and
Ca9-CM (B) in ST2 cells. ST2 cells were cultured for 2 days in the presence
or absence of each CM, and the Rankl mRNA expression in ST2 cells was
determined by using mouse specific primers. *P < 0.01, **P < 0.05. C: Effect
of anti-human PTHrP antibody on mouse /-6 mRNA expression induced by
CM-isolated from OSCC cell lines in ST2 cells. ST2 cells were cultured for 2
days in the presence or absence of CM isolated from each OSCC cell line, and
the effect of anti-PTHrP antibody on /-6 expression was determined. In each
experiment, the cells were treated with 10 ug/ml each antibody. Black bars,
values treated with each CM only; gray bars, values treated with each CM and
anti-PTHrP antibody; white bars, values treated with each CM and normal
mouse 1gG, (10 pg/mb. *P < 0.05, significantly different from each CM
induced /-6 mRNA expression.

HO1)-induced /-6 mRNA expression (15 to 36% inhibi-
tion) at a concentration of 10 pg/ml. Aimost the same
inhibitory effects on BHY-CM-induced /-6 mRNA expres-
sion in ST2 cells occurred at concentrations of 5 and 10
wg/ml of anti-PTHrP antibody (Supplementat Figure S3,
see http://ajp.amjpathol.org), suggesting that the concen-
tration of anti-PTHrP antibody used (10 ug/ml) exerted
the maximum inhibitory effect. These results support the



hypothesis that PTHrP is partially involved in the regula-
tion of cancer-induced IL-6 expression in stromal cells.

Xenograft Experiments of HCS3 Cells into
Athymic Mice

Soft X-ray analysis revealed that transplantation of HSC3
cells onto the periosteal region of the parietal bone in-
duced marked bone destruction in all athymic mice in-
jected with HSC3 cells (n = 3) (Figure 8, A and B).
Histologically, many osteoclasts were observed on the
bone surface exposed to the injected cancer cells (Fig-
ure 8C). In addition, numerous fibroblastic cells were
located between the cancer cells and the resorbing bone
surface. These findings are similar to the bone resorption
caused by human OSCC found in the surgical speci-
mens. We therefore investigated the expression of
RANKL, human IL-6, and mouse IL-6 by immunohisto-
chemistry. The fibroblastic cells between the cancer cells
and the bone surface expressed RANKL (Figure 8D).
Interestingly, mouse IL-6 was identified in the fibroblastic
cells (Figure 8E), which originated from athymic mice,
whereas the expression of human IL-6 was limited to the
cancer cells, which were derived from human OSCC
(Figure 8F).

125

Oral Cancer-Induced Osteoclast Formation 977
AJP February 2010, Vol. 176, No. 2

Figure 8. Xenograft experiments of HSC3 cells
into athymic mice. The HSC3 cells were trans-
planted onto the periosteal region of parietal
bone as described in Materials and Methods.
A and B: Bone resorption was confirmed by soft
X-ray examination 3 weeks after transplantation.
A soft X-ray picture of calvaria in control group
with injection of PBS only (A). A soft X-ray
picture of calvaria in experimental group with
injection of HSC3 cells (B). Arrows in B indicate
the margin of bone destruction. C-F: Histology
of bone resorbing region by HSC3 cells in
semiserial sections. C: Typical histological ap-
pearance of the bone resorbing region by HSC3
cells. Note that fibroblastic cells are scattered
between cancer cells (Ca) and bone (Bo) sur-
face. Numerous osteoclasts are observed on the
bone surface. H&E stain. D: Immunohistochem-
ical analysis of RANKL. Note the RANKL-positive
fibroblastic cells between cancer cells and bone
surface. E: Immunohistochemical analysis of
mouse IL-6 (mIL-6). Note that only fibroblastic
cells between cancer cells and bone surface are
positive for mlIL-6. F: Immunohistochemical
analysis of human IL-6 (hIL-6). Note that only
cancer cells are positive for hIL-6.

Discussion

Several reports have demonstrated that the elevated levels
of serum IL-6 in patients with head and neck SCC serve as
a valuable biomarker for predicting clinical outcome such
as radioresistance, recurrence, and survival.'®~'® However,
direct evidence of IL-6 production by OSCC is not well
documented. Woods et al®® reported that IL-6 was ex-
pressed in all of the 12 OSCC specimens examined, but
other groups have reported that the expression levels var-
ied among the OSCCs they tested."”*® The results of mi-
croarray analysis in the present study demonstrated that a
few OSCC specimens expressed IL-6. Thus, the cells re-
sponsible for the elevated serum IL-6 levels noted in human
OSCC patients should be investigated further. The immu-
nohistochemical analysis in this study using bone-invasive
human gingival SCC specimens revealed that IL-6 was
expressed both in cancer cells located at the periphery of
the cancer nests and in the fibroblastic cells at the tumor-
bone interface. Because various cell types produce IL-6,
we confirmed the nature of IL-6-producing cells by dual
fluorescence immunohistochemistry and found that fibro-
blastic cells, not B cells or macrophages, are the major cells
responsible for IL-6 production. Furthermore, the number of
IL-6-positive fibroblastic cells significantly correlated with
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the number of RANKL-positive fibroblastic cells at the tu-
mor-bone interface. We also found that oral cancer cell lines
effectively stimulated IL-6 synthesis in cultured stromal cells
and that this cytokine participates in the induction of RANKL
expression.

Thus, we are the first group to propose that IL-6 syn-
thesized by stromal cells plays a significant role in OSCC-
induced osteoclast formation, but the regulatory mecha-
nism by which OSCC cells stimulate IL-6 synthesis in
stromal cells remains unclear. We demonstrated that
an anti-PTHrP antibody partially inhibited OSCC-CM-in-
duced /-6 expression in ST2 cells. PTHrP is reported to
induce IL-6 production in osteoblastic cells®”; thus, it
might be one of the secretions of OSCC that stimulates
IL-6 expression in stromal cells. Mata et al*° reported on
the synergistic effects of IL-6 and PTHrP on bone resorp-
tion, and so PTHrP might enhance IL-6 activity during
bone destruction by OSCC. However, other factors in-
volved in induction of IL-6 in stromal cells should be
explored because anti-PTHrP antibody exerted only par-
tial inhibitory effects (15 to 36%) (Figure 7C). Sohara et
al*! reported that neuroblastoma cells also stimulate IL-6
production in bone marrow mesenchymal stem cells and
that this cytokine subsequently activates osteoclasts.
More recently, they demonstrated that galectin-3-binding
protein secreted by neuroblastoma cells is responsible
for inducing IL-6 expression in bone marrow stromal
cells.*? It has also been reported that myeloma cells
up-regulate IL-6 in bone marrow stromal cells.*344 In the
present study, we found that IL-6 expression in stromal
cells was enhanced to a greater degree by CM derived
from OSCC cells than by those derived from non-oral
cancer cells, suggesting that the specific factor(s) pro-
duced by OSCC induces IL-6 expression in stromal cells.

We identified IL-6-positive osteoclasts on the resorbing
bone surface at the tumor-bone interface by immunohis-
tochemical analysis. Expression of IL-6 in osteoclasts has
been reported in several bone diseases, such as Paget'’s
disease of bone,*® giant cell tumors,“® renal osteodystro-
phy,*” and fibrous dysplasia of bone.*® It was suggested
that the numbers of IL-6-expressing osteoclasts are sig-
nificantly higher in osteoclasts within diseased bone than
in normal osteoclasts.*® Previous reports suggested that
IL-6 synthesized by osteoclasts plays a role in osteoclas-
togenesis via an autocrine/paracrine fashion in patholog-
ical bone diseases.*64%:%° Thus, IL-6 synthesized by stro-
mal cells, cancer cells, and osteoclasts may collaborate
to induce osteoclastic bone resorption in OSCC-associ-
ated bone destruction and elevate serum IL-6 levels in
patients with OSCC.

In the present study, microarray analyses of human pri-
mary OSCC specimens revealed that many of the speci-
mens overexpressed PTHrP mRNA. The PTHrP expression
profile identified in this study was consistent with that de-
scribed in previous reports.?®?” By using a neutralizing
antibody against PTHrP, we found that PTHrP is involved in
Rankl mRNA expression in stromal cells and osteoclast
formation induced by CM derived from oral cancer cells.
These results provide the first evidence that PTHrP synthe-
sized by oral cancer cells participates in osteoclast forma-
tion. Although these findings suggest that PTHrP is involved
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Cancer cells

Figure 9. Schematic representation of the roles of IL-6 and PTHrP in
OSCC-induced osteoclast formation. OC, osteoclasts; OB, osteoblasts.

in bone resorption induced by OSCC, the contribution of
PTHrP to bone destruction might be smaller than that of IL-6
because neutralizing antibody against IL-6 more effectively
inhibited Rankl expression in ST2 cells and osteoclast for-
mation than that against PTHrP.

Figure 9 summarizes our hypothesis that IL-6 and PTHrP
play important roles in OSCC-induced osteoclast formation.
OSCC cells provide a suitable microenvironment for oste-
oclast formation not only by producing IL-6 and PTHrP but
also by stimulating stromal cells to synthesize IL-6. IL-6 and
PTHrP produced by OSCC cells and IL-6 by stromal cells
induce fibroblastic cells/osteoblasts to synthesize RANKL,
and subsequently they activate osteoclast formation and
bone resorption. To prove this hypothesis, suitable in vivo
experimental models are required. A few animal models
have been generated for this purpose in previous stud-
ies''%: however, in these models, OSCC cells are usually
in direct contact with the resorbing bone surface lacking the
substantial amount of fibrous stroma typically observed in
the case of bone-invasive human OSCC. Therefore, these
models will not be of much help in clarifying the role of IL-6
synthesized by stromal cells in response to OSCC. To over-
come this problem, we successfully developed a suitable
bone destruction model by xenotransplantation of OSCC
cells (HSC3) into the periosteal region of athymic mice,
which exhibits bone invasion patterns similar to those of
human OSCC. In this model, we confirmed RANKL expres-
sion in fibroblastic cells at the tumor-bone interface. IL-6
expression was also identified in both fibroblastic and can-
cer cells. Thus, this model will be useful in understanding
molecular mechanisms underlying cancer-associated bone
destruction.
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Latexin is the only known carboxypeptidase A inhibitor in mammals. We previously demonstrated that
BMP-2 significantly induced latexin expression in Runx2-deficient mesenchymal cells (RD-C6 cells), dur-
ing chondrocyte and osteoblast differentiation. In this study, we investigated latexin expression in the
skeleton and its role in chondrocyte differentiation. Immunohistochemical studies revealed that prolifer-
ating and prehypertrophic chondrocytes expressed latexin during skeletogenesis and bone fracture

Keywords: repair. In the early phase of bone fracture, latexin mRNA expression was dramatically upregulated.
;;ep)flzn BMP-2 upregulated the expression of the mRNAs of latexin, Col2al, and the gene encoding aggrecan
Chondrocyte (Agcl) in a micromass culture of C3H10T1/2 cells. Overexpression of latexin additively stimulated the
Bone regeneration BMP-2-induced expression of the mRNAs of Col2a, Agcl, and Col10al. BMP-2 treatment upregulated
Cartilage Sox9 expression, and Sox9 stimulated the promoter activity of latexin. These results indicate that latexin

is involved in BMP-2-induced chondrocyte differentiation and plays an important role in skeletogenesis
and skeletal regeneration.

Bone fracture
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Chondrocytes and osteoblasts originate from common progeni-
tors called mesenchymal stem cells [1]. During the differentiation
of these cells, bone morphogenetic proteins (BMPs) play a crucial
role in inducing the expression of lineage-specific transcription
factors such as Runx2 [1-3] and Sox9 [4,5]; Runx2 is an essential
transcription factor that regulates osteoblast differentiation
[1,6,7] and chondrocyte maturation [8], and Sox9 is an important
transcription factor that regulates chondrocyte differentiation
from mesenchymal stem cells [5,9].

We established a clonal cell line, RD-C6, from Runx2-deficient
mouse embryos and demonstrated that this cell line could differ-
entiate into both osteoblasts and chondrocytes in response to
BMP-2 treatment via a Runx2-independent pathway [10]. By
microarray analysis of this cell line with and without BMP-2 treat-
ment, we identified latexin as a downstream factor of BMP-2 sig-
naling [10]. This implied that latexin expression was regulated by
BMP-2 signaling via a Runx2-independent pathway.
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Latexin is composed of 222 amino acids and has a molecular
weight of 29 kDa; further, it is the only known carboxypeptidase
A inhibitor in mammals [11,12]. The latexin was discovered in
the lateral neocortex of rats, and it acts as a marker of regionality
and development of both the central and the peripheral nervous
systems [11]. Further, latexin is expressed in several other tissues,
including hematopoietic and lymphoid organs, and plays an impor-
tant role in regulating the activity of hematopoietic stem cells
[12,13]. By microarray analysis, Balint et al. [14] briefly mentioned
that latexin was one of the upregulated genes in BMP-2-treated
C2C12 cells. This suggests a possible role of latexin in osteoblast
differentiation, because C2C12 cells exclusively differentiated into
osteoblasts and not into chondrocytes by BMP-2 treatment [15]. In
addition, we demonstrated that BMP-2 induced RD-C6 cells to dif-
ferentiate into both osteoblast and chondrocyte lineage cells [10].
However, it remained unclear whether latexin is involved in oste-
ogenic differentiation, chondrogenic differentiation, or both.

To investigate the role of latexin in skeletal cell differentiation,
we first investigated latexin expression during skeletogenesis and
skeletal regeneration and examined its role in chondrocyte differ-
entiation by using a multipotent mesenchymal cell line, C3H10T1/
2. Here, we describe that latexin is expressed in chondrocytes and
involved in BMP-2-induced chondrocyte differentiation.
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Materials and methods

Immunohistochemistry. Immunohistochemical staining was per-
formed on 4% paraformaldehyde-fixed, ethylenediaminetetraacetic
acid (EDTA)-decalcified, and paraffin-embedded sections. Endoge-
nous peroxidase activity was blocked with 10% hydrogen peroxi-
dase/methanol, and nonspecific binding was blocked with 10%
horse serum. The sections were incubated with goat anti-latexin
(Everest Biotech, Oxfordshire, UK) or rabbit anti-Sox9 (Santa Cruz
Biotechnology Inc., Santa Cruz, CA) overnight at 4 °C. After wash-
ing, they were incubated with horseradish peroxidase-conjugated
secondary antibodies (Dako, Glostrup, Denmark). The antigen-
bound peroxidase activity was visualized by staining the sections
with 3-amino-9-ethyl-carbazole (AEC) chromogen.

Fracture model. The midshafts of the tibiae of 8-week-old mice
were fractured using a bone saw and internally stabilized with
an intramedullary nail by using the inner pin of a spinal needle
with 22-G diameter. The mice were sacrificed and submitted for
histological and real-time reverse-transcriptase polymerase chain
reaction (RT-PCR) analyses on 5, 10, and 15 days after the opera-
tion. All animal studies were approved by the Animal Ethics Com-
mittee of Jichi Medical University and performed in accordance
with the Jichi Medical University Guide for the Care and Use of Lab-
oratory Animals, following the principles of laboratory animal care
formulated by the National Society for Medical Research.

Cell culture. C3H10T1/2 (clone 8) cells were purchased from Cell
Bank, RIKEN BioResource Center (Tsukuba, Japan). The cells were
maintained in Eagle's basal medium containing 10% fetal bovine
serum (FBS; Sigma, St. Louis, MO), 1-glutamine, 50 U/ml penicillin
G, and 50 mg/ml streptomycin. For a micromass culture, the
C3H10T1/2 cells were suspended in the medium at a concentration
of 1 x 107 cells/ml, and a 10-pl drop of this cell suspension was
placed in the center of a culture dish. The cells were allowed to ad-
here for 3 h, and a medium with or without recombinant human
BMP-2 (rhBMP-2; 100 ng/ml; Astellas Pharma Inc., Tokyo, Japan)
was added to the culture. The cells were stained with Alcian blue
solution (pH 2.5) on days 2 and 4 in vitro.

Mouse cDNA containing latexin open reading frame was obtained
by PCR and subcloned into pMSCV (Clontech, CA). Retrovirus was
produced and cells were infected with the retrovirus according to
the manufacturer’s instructions. After infection, the cells were
selected in a puromycin-containing medium for 2 weeks.

Western blot analysis. The cells were lysed with radioimmuno-
precipitation assay (RIPA) buffer containing protease inhibitor
cocktail (Roche Diagnostics, Basel, Switzerland). Western blot anal-
ysis was performed according to the standard procedure. SDS-
polyacrylamide gel electrophoresis (PAGE) was performed using
1x sample buffer containing 5% B-mercaptoethanol. The proteins
were transferred to nitrocellulose membranes, which were then
incubated with the following primary antibodies for 1 h: goat
anti-latexin, rabbit anti-Sox9, and anti-actin (SC-1616; Santa Cruz
Biotechnology Inc.). Next, the membranes were incubated with the
respective secondary antibodies for 1 h. Chemiluminescence was
detected with an enhanced chemiluminescence (ECL) Plus chemi-
luminescence detection kit (GE Healthcare, UK).

Real-time RT-PCR. Total RNA was extracted from the cultured
cells using RNA Smart Total RNA Isolation Kit (Macherey-Nagel
GmbH & Co. KG, Diiren, Germany). RNA aliquots of 500 ng were
reverse transcribed to cDNA by using a First-Strand cDNA synthesis
kit for RT-PCR (Invitrogen Corp., Carlsbad, CA) and an oligo-dT pri-
mer. mRNA expression was quantified by real-time RT-PCR, using a
MiniOpticon system (Bio-Rad Laboratories, Hercules, CA) with the
iQ SYBR Green supermix (Bio-Rad Laboratories). Relative amount
of each mRNA was normalized to 18 S rRNA expression. The primer
sequences are listed in Table 1.
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Table 1
Primers used for real-time-based RT-PCR.

Forward primer Reverse primer

Lxn 5'- GTCGCCTGCGGTTATGTAAT 5'- GGCGGCTGTTGTGTTTTACT

Col2a1 5'-TGCACGAAACACACTGGTAAG 5'- CACCAAATTCCTGTTCAGCC

Agcl 5'- AGGAGACCCAGACAGCAGAA 5'-ACAGTGACCCTGGAACTTGG

Col10al  5'-TGGGTAGGCCTGTATAAAGAACGG  5'-CATGGGAGCCACTAGGAATCC
TGAGA

Sox9 5'- CTCGCAATACGACTACGCT 5'-CTGGTTGTTCCCAGTGCT

18S rRNA  5'-GTAACCCGTTGAACCCCATT 5'-CCATCCAATCGGTAGTAGCG

Luciferase activity assay. The proximal promoter region of human
latexin was obtained from a bacterial artificial chromosome (BAC)
clone, RP11-bA39F4, by PCR, and the product was cloned into
pGL3-basic (latexin-luc; Promega, Madison, WI). The latexin-luc
plasmid was transfected into C3H10T1/2 cells, using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. The
amount of latexin-luc plasmid was 0.5 pug in every experiment.
Luciferase activity was measured 48 hours after the transfection
by using a luciferase assay kit (Promega) according to the manufac-
turer’s instructions.

Statistics. Statistical analyses were performed using Student’s
unpaired t-test. Each experiment was conducted at least twice.
The data presented represent means + standard deviation (SD) of
independent replicates (n > 3).

Results

Some chondrocytes express latexin in embryonic skeleton and
regenerative bone

We first investigated latexin expression during skeletogenesis
in embryonic mice and skeletal regeneration in adult mice by
immunohistochemistry. Latexin expression was observed in rest-
ing to prehypertrophic chondrocytes but not in hypertrophic chon-
drocytes in E15.5 embryos (Fig. 1A and B). The distribution of
latexin-positive cells was similar to that of Sox9-positive cells
(Fig. 1C and D). Some osteoblastic cells at periosteoal region in
bone collar showed weak signals for latexin expression (Fig. 1A).
The peripheral nerves at perichondral membrane exhibited strong
signals of latexin (Fig. 1A).

We next examined latexin expression during bone fracture heal-
ing at the tibial diaphyses by immunohistochemistry (Fig. 1E-]). In
our experimental model, chondrocytes appeared at the periosteal
region around the bone fracture site on day 5 after the injury
(Fig. 1E). Immunohistochemical studies revealed that many of these
chondrocytes were positive for latexin (Fig. 1F). Interestingly,
immunoreactivity was detected in the nuclei as well as the cyto-
plasm of numerous chondrocytes. Numerous hypertrophic chondro-
cytes and newly formed trabecular bones were observed on day 10,
but only proliferating or prehypertrophic chondrocytes were posi-
tive for latexin (Fig. 1G and H). Hypertrophic chondrocytes showed
no apparent signals for latexin expression (Fig. 1H). On day 15, the
process of new bone formation progressed by replacing the pre-
existing cartilage (Fig. 1I), and osteoblasts covering newly formed
bone trabeculae showed no apparent signals of latexin (Fig. 1]).
The number of latexin-positive cells dramatically decreased on day
15 as compared with those on days 5 and 10. No apparent signals
were found in the osteoblastic cells covering the trabecular and cor-
tical bones away from fracture sites.

Real-time RT-PCR analysis confirmed that latexin expression
was undetectable before the injury; however, its expression dra-
matically increased on day 5 after the injury and then gradually de-
clined on days 10 and 15 (Fig. 1K).

These results indicate that latexin is expressed in chondrogenic
cells during skeletogenesis in mouse embryos, and its expression is
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image of the square in A is shown in B. (C,D) Immunohistochemical staining of Sox9
in the tibia of an E15.5 mouse embryo. A higher magnification image of the square
in C is shown in D. Arrows in A, B, C, and D indicate hypertrophic chondrocytes
zones. An asterisk in A shows latexin-positive peripheral nerves. (E, G, and [)
Hematoxylin-eosin staining images of fracture repair on days 5 (E), 10 (G) and 15 (I)
after injury in tibiae of adult mice. (F, H, and ]J) Immunohistochemical staining of
latexin during fracture repair. Note that latexin-positive chondrocytes in F and H.
Hypertrophic chondrocytes in H and osteoblasts covering newly formed bone
trabeculae exhibit few signals for latexin. Dotted lines in E-] indicate fracture end of
cortical bones. (K) Latexin mRNA expression during fracture repair assessed by real-
time RT-PCR as described in Materials and methods.

limited to the chondrocytes appearing during fracture repair in
adult mice.

BMP-2 induces latexin expression in C3H10T1/2 cells along with
chondrocyte differentiation

To investigate the role of latexin in chondrocyte differentiation,
we used a micromass culture of C3H10T1/2 cells. The cultured cells
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produced Alcian blue-positive extracellular matrix on day 2, the
amount of which increased on day 4 in the culture (Fig. 2A).
BMP-2 treatment increased the production of Alcian blue-positive
extracellular matrix on days 2 and 4 as compared with the respec-
tive control cultures (Fig. 2A). The treatment significantly in-
creased the in vitro expression of the mRNA for Col2al and
aggrecan (Agcl), which encode the major components of extracel-
lular matrices synthesized by chondrocytes, on days 2 and 4
(Fig. 2B). These results indicate that C3H10T1/2 cells maintained
in a micromass culture differentiate into chondrogenic cells in re-
sponse to BMP-2. We next investigated latexin expression in
C3H10T1/2 cells cultured in this system by real-time RT-PCR and
Western blot analysis. BMP-2 upregulated the latexin expression
on days 2 and 4 at the mRNA and protein levels (Fig. 2C and D).
These results suggest that BMP-2 induces latexin expression along
with chondrocyte differentiation.

Overexpression of latexin stimulates BMP-2-induced chondrocyte
differentiation

We overexpressed mouse latexin gene in C3H10T1/2 cells by
infecting the cells with a retrovirus. The infected cells were cul-
tured with and without rhBMP-2 for 2 days. The cells overexpress-
ing latexin induced no changes in the expression of the mRNAs of
Col2al, Agcl, and Col10al in the absence of BMP-2, compared with
the control culture (Fig. 3). In contrast, the cells overexpressing lat-
exin significantly increased the expression of the abovementioned
mRNAs in the presence of BMP-2, as compared with the BMP-2-
treated cells transduced with green fluorescent protein (GFP)
(Fig. 3). These results suggest that latexin additively stimulates
BMP-2-induced chondrocyte differentiation.

Sox9 stimulates the promoter activity of latexin

BMP-2 induced latexin expression in RD-C6 cells, Runx2-defi-
cient cell line, as well as in C3H10T1/2 cells. These results
prompted us to investigate whether BMP-2 directly stimulated
the promoter activity of latexin, and we found that BMP-2 treat-
ment induced no apparent stimulation of the promoter activity
of latexin at concentrations of 100 and 500 ng/ml (data not shown).
It has been reported that BMP-2 efficiently induces Sox9 expression
along with chondrogenic differentiation [4,5], and we also con-
firmed BMP-2-induced upregulation of Sox9 mRNA expression in
C3H10T1/2 cells on day 2 (Fig. 4A). Therefore, we investigated
whether Sox9 regulates the promoter activity of latexin. As shown
in Fig. 4B, Sox9 stimulated the promoter activity of latexin. These
findings suggest that BMP-2-induced Sox9 regulates latexin
expression in chondrogenic differentiation.

Discussion

Latexin is expressed in various tissues, including brain tissues
and hematopoietic and lymphoid organs [11-13,16,17], but its
expression and function in skeletal tissues have not been reported
in detail. We previously identified latexin as a downstream factor of
BMP signaling by a microarray analysis of RD-C6 cells, a Runx2-
deficient cell line, with and without BMP-2 treatment [10]. Since
BMP-2 treatment induced RD-C6 cells to differentiate into both
osteoblasts and chondrocytes [10], we first investigated latexin
expression during skeletogenesis and skeletal regeneration to
identify the skeletal cells that express latexin in vivo by immuno-
histochemistry. This study revealed that the proliferating and pre-
hypertrophic chondrocytes in the embryonic tibiae and callus
appearing during skeletal regeneration in adult mice expressed lat-
exin. Real-time RT-PCR analysis also indicated the great induction
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Fig. 3. Overexpression of latexin stimulated BMP-2-induced chondrocyte differentiation in a micromass culture of C3H10T1/2 cells. The cells were cultured for 2 days with
and without BMP-2 (100 ng/ml). The expression of the mRNAs of Col2a, Agc1, and Col10al were determined by real-time RT-PCR as described in Materials and methods).
Relative amount of each mRNA was normalized to 185 rRNA expression. P < 0.05 versus control cells.

of latexin mRNA expression in the early phase of skeletal regener-
ation. Taken together, these results suggest that latexin plays an
important role in skeletogenesis and skeletal regeneration.

These immunohistochemical findings prompted us to investi-
gate the role of latexin in chondrocyte differentiation, for which
we used a micromass culture of C3H10T1/2 cells. The culture
experiments revealed that the expression of latexin mRNA corre-
lated with that of other chondrocyte differentiation-related mRNAs
such as those of Col2al and Agc1. In addition, overexpression of lat-
exin additively stimulated BMP-2-induced chondrocyte differentia-
tion. Interestingly, overexpression of latexin induced no significant
changes in the expression of the abovementioned mRNAs in the
absence of BMP-2, suggesting a close interaction between the
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regulation of latexin expression and BMP signaling. To further
investigate the underlying mechanism, we examined the effects
of BMP-2 on the activation of latexin promoter and found that
BMP-2 did not stimulate the promoter. Since it has been reported
that BMP-2 induces Sox9 expression [4,5], we examined the effects
of Sox9 on the transactivation of latexin promoter and demon-
strated that Sox9 stimulated the promoter activity of latexin. These
results suggest that latexin is involved in chondrocyte differentia-
tion via Sox9, the expression of which is upregulated by BMP-2.
There have been no reports about the regulatory mechanism of lat-
exin expression even in neural tissues, and Sox9 is the first candi-
date transcription factor that regulates latexin expression.
However, its latexin-transducing activity was not observed to be
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strong. These findings suggest that activation of latexin transcrip-
tion requires other transcription factors or coactivators of Sox9
such as Sox5, Sox6, and cAMP response element binding (CREB)-
binding protein (CBP)/p300 [18-21].

Latexin is the only known endogenous carboxypeptidase A
inhibitor in mammals [12]. It is structurally composed of two
nearly identical domains that have a high conformational homol-
ogy with the cystatins [22]. Latexin has the potential heparin/hep-
aran sulfate-binding sites and directly interacts with a heparin
component in a mast cell cuiture [22,16]. Heparan sulfate is an
important component of the extracellular matrix of cartilage and
essential for chondrocyte differentiation [23,24]. This suggests an
interaction between latexin and heparan sulfate during extracellu-
lar matrix synthesis in cartilage. Our immunohistochemical study
revealed the nuclear localization of latexin in chondrocytes
appearing during fracture repair. It will be interesting to investi-
gate the interaction between latexin and heparan sulfate in the nu-
clei, because some reports have indicated the nuclear localization
of heparin sulfate [25].

In the present study, we demonstrated that latexin is expressed
in chondrocytes during skeletogenesis and skeletal regeneration.
Latexin-deficient mice, which were provided by Dr. Arimitsu [26],
exhibited no growth retardation or apparent radiographic changes
in the skeleton (unpublished results), suggesting the limited
changes in the skeletal tissues of the mice. Since the present study
revealed the dramatic upregulation of latexin mRNA expression in
the early phase of fracture repair, it will be interesting to investi-
gate the process of fracture repair in latexin-deficient mice. Such
studies are currently being conducted by our group. The findings
of these studies will provide important information regarding the
role of latexin in skeletal growth and regeneration.
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Synovial chondromatosis is characterized by the formation of osteocartilaginous nodules (free bodies)
under the surface of the synovial membrane in joints. Free bodies and synovium isolated from synovial
chondromatosis patients expressed high levels of BMP-2 and BMP-4 mRNAs. BMP-2 stimulated the

expression of Sox9, Col2a1, and Aggrecan mRNAs in free-body and synovial cells and that of Runx2, Collal,
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and Osteocalcin mRNAs in the free-body cells only. BMP-2 increased the number of alcian blue-positive
colonies in the free-body cell culture but not in the synovial cell culture. Noggin suppressed the expres-
sion of Sox9, Col2al, Aggrecan, and Runx2 mRNAs in both the free-body and synovial cells. Further, it
inhibited Osteocalcin expression in the synovial cells. These results suggest that BMPs are involved in
the pathobiology of cartilaginous and osteogenic metaplasia observed in synovial chondromatosis.

© 2009 Elsevier Inc. All rights reserved.

Synovial chondromatosis is characterized by the formation of
osteocartilaginous nodules (free bodies) under the surface of the
synovial membrane in joints [1]. This disease occurs most com-
monly in the knee joints [1] and occasionally in the temporoman-
dibular joint [2,3]. Although clonal karyotypic abnormalities [4,5]
and rare malignant changes [6,7] have been reported in synovial
chondromatosis, this disease is generally considered to be a meta-
plastic, and not a neoplastic, disease of synovial cells. However, the
precise pathobiology involved in cartilaginous metaplasia in this
disease has not been elucidated.

Mesenchymal stem cells differentiate into various types of mes-
enchymal cells such as osteoblasts, chondrocytes, adipocytes, and
muscle [8]. During the differentiation of these cells, various local
factors are involved in determining cell lineage by the regulation
of lineage-specific transcription factors [9]. In the case of chondro-
cyte differentiation, bone morphogenetic proteins (BMPs) activate
Sox9 [10], which is an essential transcription factor for chondro-
cyte differentiation [11,12]. BMPs also stimulate osteoblast differ-
entiation by regulating Runx2 [8,13], which is an essential
transcription factor for osteoblast differentiation [13,14]. Further,
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BMP-2 converts the differentiation pathway of myogenic cells to
osteoblast lineage cells by inhibiting the MyoD family transcription
factors [15] and activating Runx2. Thus, BMPs play critical roles in
the differentiation of various types of mesenchymal cells from
mesenchymal stem cells. It has been demonstrated that synovial
tissues express BMP-2, BMP-6, and BMP-7 in chronic arthritis
[16-18]. Several lines of evidence indicate that synovial fibroblasts
are capable of differentiating into chondrocytes by stimulation of
BMPs [19-21]. These results suggest that synovial cells express
BMPs under pathological conditions, and these BMPs induce the
differentiation of synovial cells into chondrocytes. This prompted
us to explore the role of BMPs in the pathobiology of synovial
chondromatosis. .

In the present study, we investigated the role of BMPs in regu-
lating chondrocyte differentiation by using cells isolated from
synovial chondromatosis patients. Here, we propose that BMPs
are involved in the pathobiology of synovial chondromatosis. Our
results also provide evidence that BMPs play important roles in
mesenchymal cell differentiation not only in the normal develop-
mental process but also under pathological conditions.

Materials and methods

Samples. Synovium and enucleated free bodies were obtained
from two synovial chondromatosis patients, who visited the Dental
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Hospital at Tokyo Medical and Dental University. These patients
had synovial chondromatosis in the temporomandibular joint.
Written informed consent was obtained from both the patients,
and the experiments were approved by the hospital’s Ethical Re-
view Board.

BMP production by the synovium and free bodies in synovial chon-
dromatosis. BMPs were detected by reverse transcription-polymer-
ase chain reaction (RT-PCR) and immunohistochemistry. For the
RT-PCR analysis, total RNA was extracted from unfixed frozen sam-
ples of the synovium and free bodies maintained at —80 °C and
from cultured synovial cells by using NucleoSpin (Macherey-Nagel,
Duren, Germany). RNA aliquots were reverse transcribed to com-
plementary DNAs by using Oligo(dT) primer (Roche, Mannheim,
Germany), deoxynucleotide triphosphate (dNTP; Promega), and
Moloney murine leukemia virus (M-MuLV) reverse transcriptase
(Fermentas, Hanover, MD). The complementary DNA products
were subjected to PCR amplification, using gene-specific primers
for BMP-2, BMP-4, BMP-6, and BMP-7 (Table 1). The amplified prod-
ucts were electrophoresed on 2% agarose gel containing ethidium
bromide, using OneSTEP ladder 100 (Nippon Gene, Japan).

For immunohistochemistry, synovium and a few enucleated
free bodies were fixed in 10% phosphate-buffered formalin and
embedded in paraffin. The free bodies were decalcified by treat-
ment with 10% ethylenediaminetetraacetic acid (EDTA) at 4 °C
for 1 week before embedding in paraffin. The embedded specimens
were cut into 4 um sections. Endogenous peroxidase activity was
blocked with 10% hydrogen peroxidase/methanol, and nonspecific
binding was blocked with 10% horse serum. Antigen retrieval was
performed by incubating the specimens in an antigen retrieval buf-
fer (10 mM Tris, 1 mM EDTA; pH 9.0) in a microwave at 80 °C for
60 min. The sections were incubated with goat anti-BMP-2/BMP-
4 antibody (dilution, 1:500; Santa Cruz Biotechnology, Santa Cruz,
CA), which specifically recognizes both BMP-2 and BMP-4. Anti-
goat immunoglobulin G (IgG) (Vector laboratories, Burlingame,
CA) was used as the secondary antibody. The antigen-bound perox-
idase activity was visualized using 3,3’-diaminobenzidine
chromogen.

Cell culture. To isolate cells from the free bodies and synovium
obtained from our two patients, each tissue was cut into small
pieces (approximately less than 1 x 1 mm), and the pieces were
treated with 0.25% trypsin—EDTA solution at 37 °C for 20 min. After
washing with phosphate-buffered saline (PBS) and Dulbecco’s
modified minimum essential medium (DMEM; Nacalai Tesque,
Kyoto, Japan), the cells were re-incubated with DMEM containing
0.15% collagenase (Collagenase type II; Worthington Biochemical
Corporation, Lakewood, NJ) and 0.25% trypsin (Becton, Dickinson
and Company, Franklin Lakes, NJ) at 37 °C for 4 h. The harvested
cells were inoculated into 24-well plates at a density of 2.0 x 10*
cells per well and cultured in DMEM containing 10% fetal bovine
serum (Invitrogen/Gibco, Carlsbad, CA), penicillin G (50 U/ml),

Table 1
Primers sequences used for RT-PCR.

and streptomycin (50 mg/ml). The culture medium was changed
every 3 days and maintained for 6 days with or without 500 ng/
ml of recombinant human BMP-2 (rhBMP-2), which was provide
by Astellas Pharma, Inc., Tokyo, Japan. To investigate the role of
BMPs in chondrocyte and osteoblast differentiation, the cells iso-
lated from the free bodies and synovium were cultured in the pres-
ence or absence of 500ng/ml of noggin (R&D Systems,
Minneapolis, MN).

RT-PCR analysis. Total RNA was extracted from the cultured cells
and RNA aliquots were reverse transcribed to complementary
DNAs as described above. The complementary DNA products were
subjected to PCR amplification, using gene-specific primers for
Sox9, Collal, Col2al, Col10al, Aggrecan (Agc1), Runx2, and Osteocal-
cin (Table 1). Real-time RT-PCR amplification was performed using
a LightCycler System (Roche) with a Platinum SYBR Green qPCR
SuperMix UDG kit (Invitrogen, Carlsbad, CA). The relative amount
of each mRNA was normalized to g-actin mRNA.

Histochemical staining. Cultured cells were fixed in 10% phos-
phate-buffered formalin for 5 min, washed twice with 10 mM
Tris-HCI (pH 7.5), and then double stained with alkaline phospha-
tase (ALP) and alcian blue. ALP staining was performed at 37 °C for
20 min by using 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-
tetrazolium chloride (INT) as a formazan dye with 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) as an enhancer (Roche). After
the ALP staining, alcian blue (pH 2.5) staining was performed. Al-
cian blue-positive nodules were defined as those having a diameter
of more than 50 pm.

Measurement of ALP activity. Cultured cells were sonicated in
radioimmunoprecipitation assay (RIPA) buffer to obtain the cell ly-
sate. ALP activity was determined using p-nitrophenylphosphate
solution (Wako Pure Chemicals, Osaka, Japan) as the substrate.
The amount of p-nitrophenylphosphate released was estimated
by measuring the absorbance at 405 nm after 30 min of incubation
at 37°C. The protein concentration was determined using a
bicinchoninic acid (BCA) protein assay kit (Thermo, Waltham, MA).

Statistical analyses. We used t-test for the statistical analysis of
the influence of rhBMP-2 and noggin. P values less than 0.05 were
considered significant. Each analysis was performed at least 3
times. The data are presented as mean + standard error of mean
(SEM) of independent replicates (n > 3).

Results and discussion

The synovium and free bodies expressed BMPs in synovial
chondromatosis

In synovial chondromatosis, free bodies were produced in the
joints (Fig. 1A), which are composed of cartilaginous tissues
(Fig. 1B). We hypothesized that the synovium and free bodies syn-
thesized BMPs, which might be involved in the excess formation of

Gene Forward primer Reverse primer

BMP-2 5'-GCAGTGCTACTGTTGAG 3’-AGATCAGCAATGTCTGGT
BMP-4 5'-AAGCGTAGCCCTAAGCATCA 3'-TGGTTGAGTTGAGGTGGTCA
BMP-6 5'-GCGACACCACAAAGAGTTCA 3'-CCCATACTACACGGGTGTCC
BMP-7 5'-GGTCATGAGCTTCGTCAACC 3'-GCAGGAAGAGATCCGATTCC
Sox9 5'-AGCAAAGGAGATGAAATCTGTTCTG 3'-AGAGTCTTGTGGTCGTCAATTGGA
Aggrecan 5'-AAGTATCATCAGTCCCAGAATCTAGCA 3'-TTGGTGGAGACGTAAGGTGC
Collal 5'-CACCAATCACCTGCGTACAGAA 3'-CAACACGCTACTGCACTAGACA
Col2al 5'-CGAGTACCGATCACAGA 3’-ACTGCGGTTAGAAAGTATTTG
Col10a1 5'-GCCCGATCTTGTGTGC 3'-CTTACCTGCGTGCTGG

Runx2 5'-AGAAGGCACAGACAGAAGCTTGA 3'-TCACTAAATCCCGCGTAAGGA
Ocn 5'-GGCAGCGAGGTAGTGAAGAG 3'-CTGGAGAGGAGCAGAACTGG

p-Actin 5'-AAACTGGAACGGTGAAGGTG 3'-TCAAGTTGGGGGACAAAAAAG
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BMP-6

A-actin

Fig. 1. Free bodies and BMP expression in synovial chondromatosis. (A) Gross findings of free bodies used for isolation of culture cells. Thirty-eight enucleated nodules were
isolated from the temporomandibular joint in one patient. (B) Typical histology of a free body, which is composed of hyaline cartilage. Right upper insert shows a high
magnification view of cartilage. (C) Expression of BMP-2, BMP-4, and BMP-6 mRNA:s in the free bodies (F) and synovium (S) or cultured synovial cells (Sc). RT-PCR analysis
was performed as described in Materials and methods. (D,E) Immunohistochemical detection of BMP-2/BMP-4 in the free bodies (D) and synovium (E). Inmunoreactivity
(brown) is seen in chondrocytes (D) and some fibroblastic cells (E). Immunohistochemistry was performed as described in Materials and methods.

cartilage or bone in synovial chondromatosis. To corroborate our
hypothesis, we first investigated BMP expression in the synovium
or cultured synovial cells and the free bodies isolated from two
synovial chondromatosis patients. RT-PCR analysis revealed that
the synovium or cultured synovial cells and the free bodies ex-
pressed high levels of BMP-2 and BMP-4 mRNAs (Fig. 1C). BMP-6
expression was weak in the free bodies and undetectable in the
synovium or cultured synovial cells (Fig. 1C). No apparent BMP-7
expression was detected in either the synovium or the free bodies.
Immunohistochemical study demonstrated that chondrocytes in
the free bodies (Fig. 1D) and some fibroblastic cells in the syno-
vium (Fig. 1E) expressed BMP-2/BMP-4. These results indicate
the production of BMP-2 and BMP-4 by the free bodies and syno-
vium in synovial chondromatosis and suggest the possible involve-
ment of BMPs in the pathobiology of synovial chondromatosis.
These results prompted us to further investigate the effects of
rhBMP-2 on chondrogenic and osteogenic differentiation in the
free-body and synovial cells isolated from synovial chondromato-
sis patients.

rhBMP-2 stimulated the production of cartilaginous nodules and ALP-
positive cells in the culture of cells isolated from synovial
chondromatosis patients

We first assessed the effects of rhBMP-2 on chondrogenic and
osteogenic differentiation of cells by dual staining with ALP and
alcian blue in the cells isolated from the free bodies and syno-
vium. In the culture of free-body cells isolated from Case 1, we
found numerous nodules composed of spherical cells associated
with alcian blue-positive extracellular matrices, indicating chon-
drogenic differentiation (Fig. 2A). BMP-2 treatment (500 ng/ml)
for 6 days increased the number of these nodules by 1.5 times
than that in the BMP-2-untreated culture (Fig. 2B). Free-body
cells isolated from Case 2 formed a few such nodules (Fig. 2B).
Cultured synovial cells exhibited no apparent alcian blue-positive
nodules in the presence or absence of BMP-2 (data not shown).
These results indicate that free-body cells are capable of
differentiating into chondrocytes more effectively than synovial
cells.
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Fig. 2. Effects of rhBMP-2 on cartilaginous nodule formation (A,B) and ALP activity
(C-F). (A) Double staining of the cultured cells isolated from the free bodies with
ALP and alcian blue in the presence of rhBMP-2. Note that round-shaped alcian
blue-positive cells (blue) form a cartilaginous colony. No ALP-positive cells are
observed. (B) The number of alcian blue-positive colonies observed in culture of
free-body cells and synovial cells in the presence or absence of rhBMP-2 (500 ng/
ml). No positive colonies were observed in the synovial cell culture. (C,E) ALP
histochemistry in free-body cells (C) and synovial cells (E). Numerous ALP-positive
cells (brown) were observed in the cultures of free-body and synovial cells in the
presence of rhBMP-2. (D,F) ALP activity in the free-body cells (D) and synovial cells
(F) cultured with or without rhBMP-2.

ALP-positive cells were scattered in the cultures of both free-
body (Fig. 2C) and synovial cells (Fig. 2E). Almost all the cells were
polyhedral or spindle-shaped without any close association with
the alcian blue-positive nodules (Fig. 2C and E). BMP-2 treatment
increased the number of ALP-positive cells in the cultures of both
the free-body and synovial cells (data not shown). Further, BMP-
2 treatment significantly increased ALP activity in both the free-
body cells (Fig. 2D) and the synovial cells (Fig. 2F). ALP activity is
exhibited from early differentiated osteoblasts through mature
osteoblasts [8], but it appears in only mature hypertrophic cells
during chondrocyte differentiation. We found few nodules dou-
ble-positive for ALP and alcian blue even in the cultures treated
with rhBMP-2. These suggest that ALP-positive polyhedral or spin-
dle-shaped cells are osteoblast lineage cells.

BMP-2 stimulated the expression of mRNAs related to chondrocyte and
osteoblast differentiation in the culture of cells isolated from synovial
chondromatosis patients

We investigated the effects of rhBMP-2 on the expression of
mRNAs related to chondrocyte differentiation. The basal expres-
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sion levels of Sox9, Col2al, Aggrecan, and Col10al mRNAs were sig-
nificantly higher in the free-body cells than in the synovial cells
(data not shown). BMP-2 treatment increased Sox9 mRNA expres-
sion over 20-fold in the free-body cells (Fig. 3A). BMP-2 also signif-
icantly increased the expression of Col12al and Aggrecan mRNAs,
which are involved in the early differentiation of chondrocytes
[22] (Fig. 3A). The expression of Col10al mRNA, which is mainly
expressed by hypertrophic chondrocytes [22], was also stimulated
by the BMP-2 treatment, but its induction in the treated culture
was less than 2-fold as compared with that in the control cultures
(Fig. 3A). In the synovial cells, rhBMP-2 treatment significantly in-
creased the expression of Sox9, Col2al, and Aggrecan mRNAs
(Fig. 3B). BMP-2 increased Col10al expression more effectively in
the synovial cells than in the free-body cells. These results indicate
that rhBMP-2 stimulates the free-body and synovial cells to differ-
entiate into chondrogenic cells.

We next investigated the effects of rhBMP-2 on the expression
of mRNAs related to osteoblast differentiation. BMP-2 treatment
significantly increased Runx2 expression but failed to stimulate
Colal expression in the free-body cells. rhBMP-2 slightly, but sig-
nificantly, increased Osteocalcin expression in only Case 2. In the
synovial cells, BMP-2 treatment significantly increased the expres-
sion of Runx2, Collal, and Osteocalcin mRNAs. These results suggest
that rhBMP-2 induces osteoblast differentiation more effectively in
synovial cells than in free-body cells.

Taken together, these results indicate that BMP-2 treatment
stimulates chondrocyte and osteoblast differentiation in free-body
and synovial cells. Our histopathological examination of eight pa-
tients with synovial chondromatosis in the temporomandibular
joint revealed that free bodies in all the cases exhibited extensive
cartilage formation, and only one case was associated with bone
formation (unpublished results). These findings support that the
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Fig. 3. Effects of BMP-2 on the expression of mRNAs related to chondrocyte and
osteoblast differentiation in the free-body cells (A) and synovial cells (B). The cells
were cultured for 6 days in the presence or absence of BMP-2 (500 ng/ml), and the
expression of mRNAs was determined by real-time RT-PCR analysis as described in
Materials and methods. Agc1, Aggrecan. Thin slash bars indicate the data of Case 1,
and thick slash bars show that of Case 2. 'P<0.05, "P<0.01, "P<0.001 (n=3).
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free-body cells used in the present study had differentiated into
chondrogenic cells, and the synovial cells retained bipotency to dif-
ferentiate into both chondrocytes and osteoblasts.

Noggin inhibited the expression of marker genes related to
chondrocyte and osteoblast differentiation in the cultured cells

The free-body and synovial cells expressed substantial levels of

mRNAs related to chondrocyte and osteoblast differentiation in the

- absence of exogenous BMP-2. We also demonstrated that the free-
body and synovial cells expressed BMPs. These results suggested
that endogenous BMPs synthesized by the free-body and synovial
cells stimulated chondrocyte and osteoblast differentiation in an
autocrine or a paracrine fashion. To address this issue, we investi-
gated the effects of noggin, which is a specific antagonist for BMPs
[23,24], on chondrogenic and osteoblastic differentiation in the
free-body and synovial cells.

Noggin significantly inhibited Sox9 and Col2al expression in
both the free-body and synovial cells (Fig. 4A and B). Noggin also
inhibited aggrecan expression in the free-body cells but not in
the synovial cells (Fig. 4A and B}, which might be due to the low
level of basal aggrecan mRNA expression in the latter. The inhibi-
tory effect of noggin on Col10al expression was observed in only
one case each in the free-body and synovial cells (Fig. 4A and B).
These results indicate that BMPs synthesized by free-body and
synovial cells are involved in chondrogenic differentiation in syno-
vial chondromatosis.
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Fig. 4. Effects of noggin on the expression of mRNAs related to chondrocyte and
osteoblast differentiation in the free-body cells (A) and synovial cells (B). The cells
were cultured for 6 days in the presence or absence of noggin (500 ng/ml), and the
expression of MRNAs was determined by real-time RT-PCR analysis as described in
Materials and methods. Agc1, Aggrecan. Thin slash bars indicate the data of Case 1,
and Thick slash bars show that of Case 2. P <0.05, "P<0.01, "P<0.001 (n=3).

Noggin significantly inhibited Runx2 expression in the free-
body and synovial cells, but its inhibitory effect on Collal expres-
sion was observed in only synovial cells isolated from Case 1
(Fig. 4A and B). Noggin inhibited Osteocalcin expression in the
synovial cells but not in the free-body cells (Fig. 4A and B). The
ALP activity in the free-body (Fig. 4C) and synovial cells (Fig. 4D)
was also inhibited by noggin. These results suggest that BMPs syn-
thesized by free-body and synovial cells also participate in the reg-
ulation of osteoblast differentiation in synovial chondromatosis.

In conclusion, the present study demonstrated that the free
bodies and synovium isolated from synovial chondromatosis pa-
tients produced BMPs and that the free-body and synovial cells
are capable of differentiating into chondrocyte and osteoblast line-
age cells in response to BMPs. Thus, we propose that BMPs synthe-
sized by synovial and free-body cells promote cartilaginous and
osteogenic metaplasia in synovial chondromatosis in an autocrine
or a paracrine fashion. The present study also indicates that BMPs
play important roles in not only skeleton formation but also in the
cartilaginous and osteogenic metaplasia observed under patholog-
ical conditions. Thus, BMP antagonists such as noggin might be
useful therapeutic tools for preventing chondrogenic metaplasia
occurred in synovial chondromatosis.
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