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After cultivation with bacteria, the specimen was rinsed
with PBS(-) and immersed into a 2.5% glutaraldehyde solu-
tion for 2 hr for fixation. The specimens were rinsed with
PBS(—) again and immersed into an ethidium bromide solu-
tion (2 g/m/; Molecular Probes, Carlsbad, CA, U.S.A.) for
5 min for the staining of bacterial nucleic acid in biofilms
[26]; they were then immersed into a fluorescein isothiocy-
anate (FITC)-conjugated concanavalin A solution (50 g/
mi; Sigma-Aldrich, St. Louis, MO, U.S.A.) for 3 min for the
stining of polysaccharides in biofilms [1, 30]. A CLSM
(LSM 5 PASCAL; Carl Zeiss Microlmaging GmbH, Jena,
Germany) was used for fluorescent observation. The obser-
vation was carried out for 10 specimens.

Measurement of the mumber of bacteria by ATP assay:
An ATP-dependent luminescence reaction between
luciferin and luciferase was utilized to count the number of’
bacteria [20, 21]. Afier incubation, the specimen was rinsed
with PBS(—). Subsequently, ATP in the bacterial cytoplasm
was extracted by sonication for 10 min from the specimen
immersed in 0.5 m/ of 0.5% trichloroacetic acid solution.
The amount of ATP was measured using an ATP assay kit
(ENLITEN ATP Assay System Bioluminescence Detection
Kit: Promega. Madison, W1, U.S.A.) and a luminometer
(Auto Lumat; EG&G Berthold, Bad Wildbad, Germany).
The relations between the number of bacteria measured by a
hemocytometer for bacterial counting (A161; SLGC,
Tokyo, Jupan) and the relative light unit (RLU) measured by
the ATP assay system were established for the respective
bacteria. Utilizing these standard relations, the RLU values
measured in the experiments were converted to the numbers
of bacteria. The measurements were carried out for 10 spec-
imens.

Statistical analysis: The obtained data were analyzed by
two-way ANOVA to determine the effectiveness of PMB
coating and antibiotics in decreasing the number of bacteria.
Subsequently, statistical differences among cases in the
noncoated and PMB-coated surfaces were examined by
Scheffe's multiple comparison test.

RESULTS

CLSM observation: Figure 2 shows the example of a typ-
ical observation by CLSM. In every case of exposure to 5.
aureus, S. epidermidis. and P. aeruginosa. many bacteria
and polysaccharides were revealed to exist on the noncoated
surfaces of the specimens, as shown in Figs. 2(a). 2(c), and
2{e). On the other hand, there was little or no trace of bacte-
ria or polysaccharides on MPC-coated surfaces, as shown in
Figs. 2(b), 2(d), and 2(f). Accordingly, we concluded that
biofilm was formed on the noncoated surfaces whereas no
biofilm was formed on MPC-coated surfaces.

Number of bacteria measured by ATP assay: The ATP
assay was performed to measure the number of bacteria and
the data are presented in Table 1. Furthermore, statistical
analysis was carried out and significant differences between
the experimental groups were examined. The analyzed
results are illustrated in Fig. 3. In the cases of 8. aureus and

S. epidermidis, application of either kind of antibiotics
decreased the number of bacteria on the noncoated surfaces
(7<0.01). On the PMB-coated surfaces, their numbers were
smaller thun those on the noncoated surfaces (p<0.01), The
application of antibiotics further decreased the number
(p<0.01). In the cases of P. aeruginosa, application of gen-
tamicin decreased the number (p<0.01) whereas cefazolin
increased the number of bacteria (p<0.01) on the noncoated
surfaces. On the PMB-coated surfaces, their numbers were
smaller than those on the noncoated surfaces (p<0.01). The
application of gentamicin decreased the number (p<0.01)
whereas cefazolin increased the number (p<0.01).

DISCUSSION

Device-associated infections are caused by the bacteria
adhered to internal prosthetic devices and are thought to
oceur through many critical steps [3. 7. 10, 18, 22]. These
steps are as follows: adsorbance of various molecules,
including peptides and proteins, onto the surfaces of the
devices; the mediation of bacterial attachment via these
molecules; and the formation of biofilms. If biofilm forma-
tion is completed. the bacteria in the biofilm are protected
from the biological defense mechanism, and furthermore,
from the administered antibacterial agents. Hence, the for-
mation of biofilms on the surface of devices establishes a
refractory infection, i.¢., device-associated infections [6, 8,
19, 24, 27, 28].

The MPC polymer has the phospholipid polar group and
the methacryloyl group in its molecular structure. This con-
fers MPC excellent polymerization ability. The MPC poly-
mers have desirable properties for the inhibition of protein
adsorption and cell adhesion. Recently, the MPC polymer
was utilized for the coating of medical devices such as arti-
ficial blood vessels, implantable artificial hearts, and artifi-
cial lungs and successful preventions of thrombus formation
were reported [13—17. 25]. Since the attachment of bacteria
to the material's surface is also mediated by adsorbed pro-
teins, MPC might be most favorably utilized to inhibit the
formation of biofilms. In this investigation, we utilized the
PMB as an MPC polymer for the coating materials of metal-
lic specimens to explore the possible uses for the prevention
of device-associated infections.

S. aureus, S epidermidis, and P. aeruginosa were chosen
for this experiment since these bacteria are the most com-
mon species causing device-associated infections in the
field of orthopedics. and they are also implicated in the
pathogenesis of osteomyelitis [10]. Their cultivation was
performed following the biofilm formation assay estab-
lished in previous reports [1, 9, 27, 30]. Then the specimens
were stained with ethidium bromide for bacterial nucleic
acid and (FITC)-conjugated concanavalin A for polysaccha-
rides and examined by a CLSM, which was also adopted in
the biofilm formation assay |1, 26, 30].

In the experiments, the observations by a CLSM clearly
demonstrated the presence of bacteria and the existence of
polysaccharides on the noncoated surfaces of specimens, as
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Table |

Number of bacteria ( 10F cells/specimen) on noncoated and PMB-coated surfaces on specimens after 24 hr incubation in

which antibiotics were absent or either cefizolin or gentamicin were added, following 24 hr b without antibi The
values are represented as mean £ SD
coating none PMB coating
antibiotics none cefazolin gentamicin none cefizolm gentmicin
S. aurcus 2702 + 303 1722 + 200 1621 £91 1633+£96 1.469 £ 0.305 12630134
S cpidermidis 4199627 16772 0.186 1789 £0249 O0OR291+0109 0428300486 03172 £0,0357
P neruginozn 2008 £ 263 6080 = 385 1278 2 295 294£212 48921237 9.209 +0.345

shown in Figs. 2(a), 2(c). and 2(¢), which provided a mor-
phological evidence of the formation of biofilms.

The number of bacteria was measured by the ATP assay,
and it was demonstrated that the number of bacteria on the
noncoated surface of the specimens decreased with statisti-
cal significance following the application of cefazolin or
gentamicin in the cases of 8. aureus, as shown in Fig. 3(a).
However, the application of antibiotics did not even halve
the number of bacteria. The number of P. aeruginosa was
not halved by the antibiotics in a similar manner as shown in
Fig. 3(¢). Contrastively, the number of bacterial was
increased when they were cultivated in the cefazolin added
medium. This might be attributed to that the specimens
were incubated for 24 hr in medium without antibiotics and
then they were incubated for another 24 hr in new medium
containing cefazolin, 1o which P. aeruginosa was not sus-
ceptible. In cither case of bacteria, anyhow, the fact that
antibiotics could not halve the bacteria provided a functional
evidence of the formation of biofilms, in which the bacteria
were enveloped and protected from the antibiotics. On the
other hand, the number of S. epidermidis bucteria on the
noncoated surface was decreased to less than 1/10 times of
the original number by the application of the antibiotics, as
shown in Fig. 3(b). The biofilms formed by 5. epidermidis
were seemingly less effective in protecting the bacteria.

In contrast, on the PMB-coated surfaces, the bacteria and
polysaccharides were not detected by confocal laser micros-
copy. as shown in Figs. 2(b). 2(d), and 2(f); this provided a
morphological evidence of the absence of biofilms.

The ATP assay demonstrated that the number of bacteria
on the PMB-coated surfaces of the specimens decreased
with statistical significance compared to those on noncoated
surfaces. Although the number of bacteria decreased
approximately only 1/20 times the original number in the
cases of 8 aureus, the application of antibiotics further
decreased the number of bacteria to approximately 1/2000
times, as shown in Fig. 3(a). This phenomenon proved that
the bacteria are not protected from antibiotics and implies
that S. aureus on the PMB-coated surface, which could not
be removed by rinsing, did not form a biofilm. Similarly,
the number of 8. epidermidis was decreased to approxi-

mately 1/50 times the original number on the PMB-coated
surface. and the application of antibiotics further decreased
the number to approximately 1/1200 times, as shown in Fig.
3(b). The number of P. aeruginosa was decreased to
approximately 1/70 times on a PMB-coated surface, and the
application of gentamicin further decreased the number to
approximately 1/220 times, but cefazolin was not effective
in reducing the number of bacteria, as shown in Fig. 3(c).
The difference in the response toward cefazolin and gentam-
icin is explained by the fact that cefazolin is a beta-lactam
antibiotic. which is active against gram-positive bacteria
such as Staphylococcus sp. but not against P. aeruginosa,
and gentamicin is an amino-glycoside antibiotic that is
active against gram-negative bacteria, including P. aerugi-
nosa as well as gram-negative bacteria.

Hence, the observed decreases in the number of bacteria
by the application of antibiotics provided a functional evi-
dence that PMB coating prevented the formation of bio-
films.

Thus, we concluded that the PMB coating effectively pre-
vented the formation of bacterial biofilms on the surface of
metallic specimens. Although our results were limited to in
vitro experiments and further investigations are necessary,
the decrease in the number of bacteria in the order of 1/100
to 1/1,000 is encouraging. We expect that the PMB coating
combined with validated uses of antibiotics might provide
an effective approach to the simultaneous achievement of a
biocompatible surface of devices and the prevention of the
device-associated infections.

Further investigations are necessary to achieve successful
clinical applications. One of the issues 1o be examined is.
durability of the coating. Yoneyama [32] implanted the
MPC polymer coated artificial vessels made of polyester
fibers to carotid arteries of rabbit, and observed the anti-
thrombogenicity as long as 4 weeks after implantation. We
confirmed the prevention of biofilm forming with the use of
PMB coating in 48 hr experiments; however, verification of
the durability should be performed. Furthremore, the toxic-
ity of the polymer cluted from the coating layer should be
examined.

Fig 2.

C1.8M observations of the specimens with noncoated and PMB-coated surfaces after 48 hr incubation. (4). S awrews on noncoated

surfoce, (b) 8. aureus on PMB-coated surface, (¢) S epidermidis on noncoated surface, (d) S epidermidis on PMB-coated surface, (e) P
aeruginosa on noncoated surface, (1) £. aeruginosa on PMB-coated surface. The nucleic acid in bacteria was stained with ethidium bro-
mide (red) and polysaccharide by FITC conjugated concanavalin A (green). Bar is 10 gm. Many bacteria and polysacchanides were
detected on the noncoated surfaces, whereas they were very few on PMB.coated surfaces



172 K. FUJIL ET AL
L 1]

" qu P . = = Y ~ “ lm
E 0% .§ 107 PR ————
e E ——
2 : e
£ 107 E 10°
3 35
Z F

106 10°

10% 10*

none cefa. gent. none cefa. gent. nonc cefa. gent. none cefa. gent.
(a) noncoated PMB-coated (b) noncoated PMB-coated
—2 ., 000
g ,—_tLL—.
g 107 ——
F—‘;l

= 108 e
2
g
Z 10

100

none cefa. gemt. none cefa.  gent

(c) noncoated PMB-coated
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(@) Number of 8 aurens on the surfaces on specimens, ** Significant difference (p<0.01) was observed; between noncoated and PMB-coated
surfaces; between cases in which antibiotics were either absent or present on the noncoated and PMB-coated surfaces

(b) Number of S epridermidis on the surfaces on specimens. ** Significant difference (p<0,01) was observed, between noncoated and PMB-
coated surfaces, between cases in which antibiotics were absent and cefazolin and gentamicin were added on the PMB-coated surfaces

() Number of P. aeruginosa on the surfaces on specimens. ** Significant difference (p<0.01) was observed; between noncoated and PMB-
couted surfaces, between cases in which antibiotics were absent, cefazolin and gentamicin were added on the noncoated and PMB-coated
surfaces
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Objective. Type X collagen and runt-related tran-
scription factor 2 (RUNX-2) are known to be important
for chondrocyte hypertrophy during skeletal growth and
repair and development of osteoarthritis (OA) in mice.
Aiming at clinical application, this study was under-
taken to investigate transcriptional regulation of human
type X collagen by RUNX-2 in human cells,

Methods. Localization of type X collagen and
RUNX-2 was determined by immunohistochemistry,
and their functional interaction was examined in cul-
tured mouse chondrogenic ATDC-5 cells. Promoter ac-
tivity of the human type X collagen gene (COLIDAL)
was examined in human Hela, HuH7, and OUMS27
cells transfected with a luciferase gene containing a
4.5-kb promoter and fragments. Binding to RUNX-2 was
examined by electrophoretic mobility shift assay and
chromatin immunoprecipitation.

Results, RUNX-2 and type X collagen were co-
localized in mouse limb cartilage and bone fracture
callus. Gain and loss of function of RUNX-2 revealed
that RUNX-2 is essential for type X collagen expression
and terminal differentiation of chondrocytes. Human
COLI0AT promoter activity was enhanced by RUNX-2
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alone and more potently by RUNX-2 in combination
with the coactivator core-binding factor f§ in all 3
human cell lines examined. Deletion, mutagenesis, and
tandem repeat analyses identified the core responsive
element as the region between —89 and —60 bp (termed
the hypertrophy box [HY box]), which showed specific
binding to RUNX-2, Other putative RUNX-2 binding
motifs in the human COLI0AI promoter did not re-
spond to RUNX-2 in human cells,

Conclusion. Our findings indicate that the HY
box is the core element responsive to RUNX-2 in human
COL10A1 promoter. Studies on molecular networks
related to RUNX-2 and the HY box will lead to treat-
ments of skeletal growth retardation, bone fracture, and
OA.

Hypertrophic differentiation of chondrocytes
during endochondral ossification is an essential step in
skeletal growth and repair (1.2). We and others have
reported that chondrocyte hypertrophy also contributes
to cartilage degradation during the development of
osteoarthritis (OA) (3-5). Type X collagen is a short,
network-forming collagen specifically expressed by hy-
pertrophic chondrocytes (6). The physiologic impor-
tance of type X collagen has been shown by the impair-
ment of endochondral ossification and skeletal growth
that results from loss of function of the type X collagen
gene in mice (7-9). Similarly, mutations in the carboxy-
terminal domain of the human type X collagen gene
(COLIOAL) cause a severe skeletal disorder called
Schmid-type metaphyseal chondrodysplasia, with growth
retardation, waddling gait, and OA (10-12). Hence,
clucidation of the mechanisms regulating the type X
collagen gene will contribute to understanding the mo-
lecular backgrounds of skeletal growth and repair and
OA not only in mice, but also in humans,
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The specificity of type X collagen expression in
hypertrophic chondrocytes underlies tight control by
transcriptional regulation of gene expression. Runi-
related transcription factor 2 (RUNX-2) was originally
isolated on the basis of its ability to transactivate the
osteoblast-specific osteocalcin gene and is well known as
a key molecule for bone formation (13,14). However,
recent in vivo studies in mice have revealed that
RUNX-2 is the pivotal transcription factor for type X
collagen expression and chondrocyte hypertrophy during
endochondral ossification (15-20). RUNX-2 is known to
function by forming a heterodimer with a cotranscription
factor called core-binding factor g (CBFg) (21).

In a previous study (22,23), we created an exper-
imental OA model by induction of joint instability in
mouse knee joints (5). RUNX-2 expression was induced
in articular cartilage chondrocytes, followed by type X
collagen expression and chondrocyte hypertrophy. Type
X collagen expression and cartilage degradation were
greatly suppressed in the joints of heterozygous Runy2-
knockout (Runx2 '~ mice as compared with their wild-
type littermates. These findings indicate that the
RUNX-2-type X collagen signal is likely to play a crucial
role in pathologic skeletal disorders, such as OA, as well
as in physiologic skeletal growth and repair. Although
RUNX-2 has been reported to activate the promoter of
the mouse Coll0al gene directly via its putative
RUNX-2 binding motifs (20). the mechanism of tran-
seriptional regulation of the human COLIOAT gene by
RUNX-2 remains unknown. Hence. aiming at clinical
application of this signal to treatments of skeletal growth
retardation, bone fracture, and OA, in this study we
investigated the mechanism underlving the transcrip-
tional regulation of human COLIDAT by RUNX-2 in
human cells.

MATERIALS AND METHODS

Animals. All experiments were performed according to
a protocol approved by the Animal Cure and Use Commitiee
of the University of Tokyo. Wild-type and heterozygous
Runx2-deficient mice with the lucZ gene inserted at the site of
the Runx2 gene deletion (Runx2* ") were maintained on a
C57BL/6 background and were fed a standard rodent diet
(CE-2: Clea, Tokyo, Japan).

Bone fracture experiment, A transverse osteolomy wis
created using a bone saw at the midshaft in the left femur of
S-week-old male Runx2” "% mice, and was internally stabi-
lized with an intramedullary nail using the inner pin of a
22-guuge spinul needle, as previously described (24-26). For
histologic analyses, animals were killed by CO, asphyxiation 9
days after surgery, and femurs were excised.

Histologic analysis. Excised tibial limbs and femurs
were fixed in 4% formaldehyde buffered with phosphate
buffered saline (pH 7.4) for 1 hour a1 4°C and rinsed 3 times
with washing buffer (0.1M sodium phosphate, 0,025 Nonidet
P40, 0.01% deoxycholic acid, and 2 mM MgCl, [pH 7.4]). To
detect B-galactosiduse activity, tibial limbs and femurs were
subsequently stained with X-Gal staining buffer (I mg/ml
X-Gal, 5 mM potassium ferricvanide, and 5 mM potassium
ferrocyanide buffered with the washing buffer described
ahove) for 36 hours. The femurs were additionally decalcified
for 2 weeks with 10% EDTA (pH 7.4) at 4°C. Afer dehydra-
tion with an increasing concentration of ethanol and embed-
ding in paraffin, they were sectioned into 4-pm slices. For
immunohistochemistry, after treatment with 25 pgiml hyal-
uronidase for | hour, sections were incubated overnight with
rabbit polyclonal antibodies to rat type X collugen or with
nonimmune serum (1:500 dilution; LSL, Tokyo, Japan). Lo-
calizations. were detected with a horseradish  peroxidase-
conjugated secondary untibody (Promega, Madison, WI).

Construction of expression vectors, Full-length human
RUNX-2Z (gccession no, NM_004348) complementary DNA
(cDNA) and CBFf (accession no. NM_022845) cDNA were
amplified by polymerase chain reaction (PCR) and cloned into
pCMV-HA (Clontech, Palo Alto, CA), RUNX-2 (accession
no. NM_009820) ¢DNA and ¢DNA for a dominunt-negative
mutant of RUNX-2 (dnRUNX-2) were cloned into pMx
veetors (27). A vector expressing dnRUNX-2 was generated by
the form which contains the runt domain with N-terminal
domain of RUNX-2 and lacks the C-terminal region. as
previously described (19). Production of retrovirus vectors was
performed as previously described (28,29). Plat-E cells (2 >
10") were plated in 60-mm dishes and transfected with 2 pg of
pMx vector using FuGene 6 (Roche, Mannheim, Germany).
After 24 hours, the medium was replaced with fresh medium,
which was collected and used as the retrovirus supematant 48
hours after transfection, The blasticidin resistance gene was
inserted into the pMx vector of RUNX-2 and that of
dnRUNX-2 for selection of stable cells.

Cell cultures. Hela cells, HuH7 cells, COS-7 cells
(RIKEN Cell Bank, Tsukubas, Japan), and OUMS27 cells
(Health Science Research Resources Bank, Tokyo, Japan)
were cultured in high-glucose Dulbecco’s modified Eagle's
medium (DMEM) with [0% fetsl bovine serum (FBS).
ATDC-5 cells (RIKEN Cell Bank) were grown and maintained
in DMEM-Ham’s F-12 (I:1) with 3% FBS. To induce hyper-
trophic differentiation, ATDC-5 cells were cultured in the
presence of insulin-transferrin—sodium selenite supplement
(Sigmit. St. Louis, MO) for 3 weeks, and then with a-minimum
essential medium/5% FBS with 4 mAM inorganic phosphate for
2 days, as previously described (30). For generation of the
stuble cell lines, 3 x 107 ATDC-5 cells were plited and
cultured in 60-mm dishes for | day, and the retrovirus super-
natant was added to the cells with Polybrene (8 pg/ml final
concentration). After 2 days, the cells were passaged into
100-mm dishes and cultured with medium containing 10 pg/ml
blasticidin until confluency. For alizarin red staining, cultured
cells were fised in 10% buffered formalin and stained for 10
minutes with 2% alizarin red S (pH 4.0) (Sigmu). For von
Kossa's stuining, cells were fixed with 100 ethanol for 15
minutes and stained with 5% silver nitrute solution under
ultraviolet light for 5 minutes.
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Reverse transcriptase-PCR (RT-PCR) and real-time
RT-PCR analyses. Total RNA from cells was solated with an
RNeusy Mini kit, zecording to the recommendations of the
manufacturer (Qiagen, Hilden, Germany), and 1 aliquot (1 pg)
was reverse-transcribed with a QuantiTect Reverse Transcrip-
tion kit (Qingen) to make single-stranded ¢DNA. For RT-
PCR, ¢DNA was amplified for 30 cycles in 8 PCR thermal
cycler using Tukara Ex Tag (Takara Bio, Shiga, Japan) and the
following primer pairs: for the N-terminal region of RUNX-2,
S"“GCAAGATGAGCGACGTGAG-3" and 5°-GTCCGC-
GATGATCTCCAC-3'; for the C-terminal region of RUNX-2,
S“CCCAGCCACCTTTACCTACA-3" and 5-TATGGAGT-
GCTGCTGGTCTG-3'; and for B-actin, 5-AGATGTGGAT-
CAGCAAGCAG-3" and 5 -GCGCAAGTTAGGTTTTGTCA-
1

Real-time RT-PCR was performed with an ABI Prism
TO00 Sequence Detection System (Applied Biosystems, Foster
City, CA) using QuantiTect SYBR Green PCR Master Mix,
according 1o the rec lations of the fucturer (Qia-
gen). All reactions were run in triplicate. After data collection,
the messenger RNA (mRNA) copy number ol a specific gene
in total RNA was calculated using a stundard curve generated
with serially dilmed plasmids containing PCR amplicon se-
quences and normalized 1 rodemt total RNA (Applied Bio-
systems) with mouse f-actin as an internal control. Standard
plusmids were synthesized with a TOPO TA cloning kit,
according o the rea fations of the facturer (In-
vitrogen, Carlsbad. CA). PCR amplification was performed
using the following primer pairs: for type X collagen, 5'-
CATAAAGGGCCCACTTGCTA-Y  and  5-TGGCT-
GATATTCCTGGTGGT-3"; and for #-uctin, 5'-AGATGTG-
GATCAGCAAGCAG-3" und 5'-GCGCAAGTTAGGTIT-
TGTCA-3'.

Sequence search of COLIOAT promolers. A sequence
search for the RUNX-2 binding motil was performed using
Vector NTI (Invitrogen). To search sequences that were
conserved between the human and mouse COLIOAT proximal
promoters, we performed 5 BLASTN search (31) against the
mouse genomic plus trunscript databuse using a 4.5-kb frag-
ment of the human COLIOAL 5"-e¢nd flanking region.

Luciferase assay. The human COLIOAL promoter
region from —4.459 bp to +39 bp relative to the transcription
start site was obtained by PCR using human genomic DNA as
a template and wis cloned into the pGl3-Basic vector (Pro-
mega). Deletion and mutation constructs were created by
PCR. Tundem repeat constructs were created by ligating
double-stranded oligonucleotides into the pGL3-Basic vector.
Trunsfection of Hela, HuH7, OUMS27, and ATDC-3 cells
was performed in triplicate in 48-well plates using FuGene 6
with plasmid DNA (100 ng of pGL3 reporter vector, 50 ng of
effector vecior, and 4 ng of pRL-TK vector [Promegal) for
internal control per well. Cells were harvested 48 hours ufier
transfection. Luciferase assay was performed with a dual
luciferase reporter assay system (Promega) using a GloMax 96
microplate luminometer (Promega). Results were shown as the
ratio of firelly activity 1o Remilla activity.

Electrophoretic mohility shift assay (EMSA). Nuclear
extructs were obtained from COS-7 cells overexpressing empty
vector, RUNX-2, or the combination of RUNX-2 and CBFB
48 hours sfter transfection using NE-PER, according 10 the
Fect Lations uf the facturer (Pierce, Rocklord, 11).
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Each expression vector was transfected using FuGene 6.
EMSA was carned out using a DIG Gel Shift kit, secording to
the recommendations of the manufacturer (Roche), Binding
reactions were incubated for 30 minutes at room emperuture,
For competition analyses, a 100-fold excess of unlabeled
competitor probe was included in the binding reaction. For the
supershift experiments, 1 pl of anti-RUNX-2 antibody (M-70
X: Sunta Cruz Biotechnology, Santa Cruz, CA) was added
after 30 minutes of binding reaction, and the reaction was
incubated for an additional 30 minutes al room temperature.
Samples were loaded onto Novex 6% Tris-horate-EDTA gels
(Invitrogen) and electrophoresed at 100V for 60 minutes.

Chromatin immunoprecipitation (ChlP) assay. A
ChIP assay was performed with a OneDay ChIP kit, sccording
to the recommendations of the manulacturer (Disgenode,
Liege, Belgium)., HuH7 cells were transfected with empty
vector and the combination of RUNX-2 and CBFS using
FuGene 6. In vivo crosslinking was performed 48 hours after
transfection. To shear genomic DNA, the lysates were then
sonicated on ice 10 times for 30 seconds each. For immuno-
precipitation, anti-RUNX-2 antibody (M-70 X) and normal
rabbit IgG (negative control; Promega) were used.

RESULTS

Localization of RUNX-2 and type X collagen
during endochondral ossification. We imitially examined
the in vivo expression patterns of RUNX-2 and type X
collagen during endochondral ossification in skeletal
growth and repair using specimens of limb cartilage
from neonatal mice and bone fracture callus from adult
mice (Figure 1). Due to the lack of appropriate and
sensitive antibodies or riboprobes to examine RUNX-2
localization in wild-type mouse cartilage tissue, we used
X-Gal staining in heterozygous Runy2-deficient mice
with the lacZ gene insertion at the Rume2-deletion site
(Runx2 %) (32), RUNX-2 was widely expressed in
cartilage and bonc arcas, but was expressed most
strongly in hypertrophic chondrocytes in both speci-
mens, Strong RUNX-2 expression was well colocalized
with the area of positive immunostaining with type X
collugen, consistent with the results we previously re-
ported for OA cartilage (22) and confirming the molec-
ular interaction between RUNX-2 and type X collagen
during endochondral ossification,

Functional role of RUNX-2 in type X collagen
expression and terminal differentiation of cultured
chondrocytes. To investigate the function of RUNX-2
during endochondral ossification, we examined the ef-
feets of gain and loss of function of RUNX-2 on mouse
chondrogenic ATDC-5 ¢ells that were cultured in differ-
entiation medium (30). For the gain-of-function analy-
sis, we established stable lines of ATDC-S cells overex-
pressing RUNX-2 or the empty vector through retroviral
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Figure 1. Expression of runt-related transcription factor 2 (RUNX-2) and type X collagen in A, the proximal
tibial limb cartilage of 1-day-old neonatal mice and B, the bone fracture callus of 8-weck-okd adult mice ¥ days
after osteotomy at the femur midshaft. Specimens from heterozygous Ru2-deficient mice with the RUNX-2
promoter and facZ gene knockin at the Rune2 deletion site (Rum "™ mice) were stained with X-Gal and
antibody to type X collagen (left and middle) or with X-Gal and nonimmune control serum (right). RUNX-2
localization is shown as blue X-Gal staining to detect S-galactosidase activity, Type X collagen localization is
shown as brown immunostaining with an antibody to type X collagen. The middle and rght panels show
higher-magnification views of the boxed areas in the left panels. The blue, red, and green bars in A indicate layers
of proliferative zone, hypertrophic zone, and bone arca, respectively, Bars = 100 gem,

transfection and found that the type X collagen mRNA
level as well as the terminal differentiation determined
by alizarin red and von Kossa's stainings were potently
stimulated by RUNX-2 overexpression (Figure ZA).
Next, to determine the effects of loss of function
of RUNX-2, we established stable lines of ATDC-5 cells
overexpressing a dominant-negative mutant of RUNX-2
that lacks the C-terminal region (19), which were cul-
tured in differentiation medium (Figure 2B). The type X
collagen mRNA level and the intensity of the stainings

were decreased by the overexpression, indicating that
RUNX-2 is a crucial factor for type X collagen expres-
sion and terminal differentiation of chondrocytes.
Transactivation of the human COLIOAT pro-
moter hy RUNX-2 and identification of the responsive
element. To examine the mechanism underlying the
induction of type X collagen expression by RUNX-2 in
humans, we initially compared sequences of the 4.5-kb
fragment of the 5'-end fanking region of the human
COLI0DATL gene with the corresponding mouse genes
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Figure 2. Effect of gain and Joss of function of runt-related transeription factor 2 (RUNX-2) on type X collagen
(COLI) expression and terminal differentiation in cultured mouse chondrogenic ATDC-S cells. A, Type X
collagen mRNA level, determined by real-time reverse (ranscriptase—polymerase chuin reaction (RT-PCR), and
alizarin red and von Kossa's staining in stable lines of ATDC-S cells retrovirally transfected with empty vector
(EV: control) or with RUNX-2 after cullure for 3 weeks with insulin-transferrin-sodium selenite and for 2 days
with inorganic phosphate, B, Type X collagen mRNA level, determined by RT-PCR, and alizarin red and von
Kimsa's staining in stable lines of ATDC-S cells retrovirally transfecied with emply vector or with dominunt
negative RUNX-2 (dnRUNX-2), which contains the N-terminal region (Rum2-N), but not the C-terminal region
{Runx2-C) of RUNX-2, under the same culture conditions as in A, Gene expression of RUNX-2 and dnRUNX-2
was confirmed by RT-PCR analysis using 2 primer sets for the Noerminal region and the C-terminal region of

RUNX-2, Bars show the mean and SD of 3 wells per group.

(Figure 3A). The sequences were substantially different,
except for 2 regions that were =707% conserved between
the specices.

We then analyzed the promoter activity of the
human COL10A1 gene using 3 human cell lines, epithe-
lial HeLa cells, hepatic HuH7 cells, and chondrogenic
OUMS27 cells. that were transtected with a luciferase
reporter gene construct containing the 4.5-kb fragment
of the 5°-end flanking region of the COLI0AT gene and
the series of deletion fragments (Figure 3B), The tran-
scription activity determined by the luciferase reporter
assay was enhanced by cotransfection with RUNX-2 and

more potently by cotransfection with both RUNX-2 and
the coactivator CBFB as compared with the control
empty vector, confirming activation of the COLI0AI
promoter by RUNX-2 and enhancement by the CBFp
cotransfection in all cell lines. Deletion analysis by a
series of 3'-deletion constructs identified the responsive
region to RUNX-2 as being between =81 bp and —76
bp, containing a putative RUNX-2 binding sequence
{(TGAGGG). which is similar to that identified in the
promoter region of human interleukin-3 (TGTGGG)
(33). This was within the highly conserved region in the
comparative mapping described above (Figure 3A).
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Figure 3. A. Comparison of sequences of COLIOAL proximal promoter regions in human and mouse genes, The

).5-kb fragment of the human 3%-end flanking region was compared with the mouse genomic plos transcrip

database. B, Luciferase assays for human COLIOAT promoter activity induced by transfection with RUNX-2 and

identification of the responsive region by diletion analysis in humun cells. Three human cell lines, epithelial Hela
epatic HuH7 cells, and chondrogenic OUMS27 cells, transfected with luciferase reporter constructs
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We therefore [\rcp.‘u'c.l the f-lt-l\|1 ¢lement (from box) (F gpure $). To determine the core re Sponsive
—89 to —60 bp) containing the identified region for clement in the HY box. we performed site-directed
further analyses, and called it the hypertrophy box (HY mutagenesis analysis of the luciferase assay by creating 3



HIGASHIKAWA ET

HYbox -89 81 -8 -60
WT ] ———ACCAACTTIGAGGGGAGGAGCTTAAGCTCA——
mi _EEm TCAGGG
m2 EER TGAGIG

m3 S TCAGIG

A — Hela Hub7

JETT S s—
P T
o uEm_ s
a5
3003
RPN L
_:"—-—f-n \-.-.-,‘ +19

82 88 .o

] 4 L] 12 0 4 L] 12 o § 1w 15

-2+CBF|\

F

= = =l
O 4=

F

ma

Figure 4. Luciferase assays for determination of the core responsive element in the hvpertrophy boy
(HY box: =89 bp o =6l bp) contuining the wentified responsive region (fr =81 bp 10 =76 bp,
underfined) in the human COLI0AL promoter by site-directed muotagenesis (underlined ) and deletion
d with emply

and dise-response analvais of the tandem repeats using 3 human cell lines cotransfec
vector (control), RUNX-2 alone, or RUNX-2 and the coactivator core-binding lactor § (CBFg). A,
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nking region between =339 bp and 439 bp,
type (WT)HY box. B, Dose-respaonse analysis
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und luciferase actvity was compared with that i the wld-1y
of the wndem repeats of the WT and the mutiated (m2) HY box was performed. Bars show the mean
and S relative luciferase activity of 3 wells per group; See Figure 2 for other definitions.
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Figure 5. [nvitroand in vivo binding of RUNX-2 and the hypertrophy box (HY box), A, Electrophoretic mobility
shift assay (EMSA) for binding of the digoxigenin-labeled HY hox oligonucieotide probe with nuclear extracts
(N.E.) of COS-7 cells transfected with empty vector (control), RUNX-2 alone. or RUNX-2 and core-binding
fuctor g (CBER). B, EMSA for binding of the wild-type (WT) and mutated HY box probes with nuclear extracts
of COS-T cells transfected with RUNX-2 and CBFg, Mutations (underiined) were created inside (m2 and m3)
andd owside (m-owt) the responsive region (from =81 bp o =76 bp: underlined), Cold compettion with
100-fald excess of unlabeled WT or mutated probes is shown, C, Chromatin immunoprecipitation assay for in vivo
binding of RUNX-2 and the HY box. Cell lysates of HuH7 cells transfected with empiy vector (control) or
RUNX-2 and CBF were amplified with o primer set (from =113 bp 1o + 119 bp) spanning the HY box before

(input) and after immunoprecipitation with an antibody 10 RUNX-2 or the control nomimmune 1gG or in the
N

abwence of antibody (Ab [ =1L Open arrowhends indicate the shifted bands of the RUNX-2-DNA probe complex:
solid nrrowheads indicate the bands supershifted by an antibody to RUNX-2. See Figure 2 for other definitions

mutations in the identified responsive region (mutation
1 at —80 bp. mutation 2 at =77 bp. and mutation 3 at
both —80bp and —77 bp) of the fragment between —339
bp and 439 bp (Figure 4A). Transactivation by RUNX-2
alone and in combination with CBF S was suppressed by
mutation 2 and mutation 3, but not by mutation 1,
indicating that the =77 bp site is crucial for the trans-
activation of COL10AT by RUNX-2. Luciferase assays
by 1-15-bp deletions starting at the =81 bp site in the

HY box confirmed that promoter activation by RUNX-2
was suppressed when the —77 bp site was included in the
deletions (Figure 4A). Dose-response analysis of tan-
dem repeats of the wild-type and the mutated (mutation
2) HY box clearly revealed that the wild-type HY box
responded to RUNX-2 alone and in combination with
CBFB in a repeat number—dependent manner in all
cells, while mutation 2 at the —77 bp sitc markedly
suppressed the responses (Figure 4B).
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Figure 6. RUNX-2 transactivation of and hinding to the A box (from —1849 bp to ~1820 bp), B box (from —369 bp 1o =340 bp), and HY box (from
-89 hp to =60 hp) in the human COLI0AT promoter. A, Response of luciferase activity 1o tandem repeats of the HY box. A box, and B box using
humun cells cotransfected with empty vector (control), RUNX-2 slone, or RUNX-2 and core-tanding facior 8 (CBFB). Bars show the mean and
SD relutive luciferase activity of 3 wells per group. B, Electrophoretic mobility shift assay (EMSA) for specific hinding of digoxigenin-labeled
oligonueleotide probes of the FIY bax, A bax, und B box with nuclear extracts of COS-7 cells transfected with RUNX-2 and CBFA. In addition 1o
the 3 human elements, binding of 3 mutated Y box probes (m2) that mutated to the corresponding mouse sequence only at =77 bp in the core
responsive region (mouse HY [partial]), and that fully mutated to the corresponding miouse sequence (mouse HY [full]) were examined. Open
prrowheads indicate shifted bands of the RUNX-2-DNA complex; solid arrowheads indicate bands supershifted by un untibody 1o RUNX-2. G,
Chromatin immunoprecipitation ussay for in vive binding of RUNX-2 with the hunman elements. Cell lysates of HuH7 cells transfected with RUNX-2
and CBFf were amplificd with a primer set spanaing the HY box (from =113 bp to +119 bp), A box (from =199 bp 101,718 bp). or B box (from
=491 hp w =272 bp), ur a primer set that did not include 1 RUNX-2 hinding motif (from =352 hp to ~2.838 hp) before (input) and after
immunoprecipitation with an antibody to RUNX-2

Specific binding of RUNX-2 to the HY box. We COS-7 cells transfected with RUNX-2 and CBFB (Fig-

further examined in vitro and in vivo binding of urc 5A). The complex was barcly detected with nuclear
RUNX-2 to the HY box by EMSA and ChIP assay, extracts of cells transfected with RUNX-2 alone, sug-
respectively. EMSA showed complex formation by the gesting that CBFPB is necessary for binding, However,

HY box oligonucleotide probe and nuclear extracts of supershift of the complex by an antibody to RUNX-2
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confirmed the binding of RUNX-2 to the HY box
(Figure SA).

Mutagenesis analyses in the HY box oligonucleo-
tide probe showed that complex formation was abol-
ished by the mutations inside the identificd responsive
region (from =81 bp to =76 bp) (mutations 2 and 3 in
Figure 4), but not by mutations outside the region
(Figure 5B). Cold competition with an excess amount of
the unlabeled wild-type and outside mutation probes
suppressed complex formation, while competition with
the unlubeled inside mutation probes did not affect it
(Figure 5B). These results demonstrate the specific
binding between RUNX-2 and the identified responsive
region (from =81 bp to =76 bp) of the HY box.

ChIP assay showed in vivo binding of RUNX-2to
the COLI0A] promoter regulatory region, including the
HY box, in the presence of CBFp (Figure 5C). Speci-
ficity was confirmed as RUNX-2 because it was not
immunoprecipitated in the absence of the antibody or by
the negative control nonimmune 1gG.

Involvement of other RUNX-2 binding motifs in
the activation of the human COLIOAI promoter by
RUNX-2, Next, we screened for other possible RUNX-2
binding motifs with the putative consensus sequences
(20) in the 4.5-kb fragment of the 5'-end flanking region
of the human COL10AT promoter. Of the 6 identified
regions, we selected the 2 most probable regions. The
region from —1.839 bp to —1.834 bp was shown by
comparative genomic analysis to correspond to the core
responsive element of RUNX-2 in the mouse CollOal
promoter identified in a previous study (20). and the
region from =357 to —352 was the most proximal to the
transcription start site of the 6 regions. We then pre-
pared the 30-bp elements that included these 2 regions
for further analyses, and called them A box (from
— 1,849 bp 10 —1,820 bp) and B box (from =369 bp to
—340 bp) (Figure 6).

When we compared the dose-response effects of
the tandem repeats on luciferase activity using the 3
human cell lines as described above., neither the A box
nor the B box responded to RUNX-2 alone or to
RUNX-2 in combination with CBFS regardless of the
number of repeats, in contrast to the HY box, which
showed potent repeat number-dependent increases
(Figure 6A). In addition to the 3 human clements, we
examined binding of the partially or fully mutated HY
box probe 1o the corresponding mouse sequence with
RUNX-2 by EMSA. None of the mutated HY box
probes formed a complex with the nuclear extract of
RUNX-2 and CBFp-transfected cells (Figure 6B), sim-
ilar to mutation 2 in Figure 5B. However, both A box

and B box oligonucleotide probes did form complexes
with the nuclear extracts, which were supershified by
addition of an antibody to RUNX-2, indicating the
specific binding of RUNX-2 to all human wild-type
elements: HY box, A box, and B box (Figure 6B). More
interestingly. when in vivo binding of RUNX-2 to the 3
clements was examined by ChIP assay using human
HuH7 cells, RUNX-2 bound to the COLI0AL promoter
region that included the HY box, but not to the region
including the A box or B box or to the region without the
putative RUNX-2 binding motif (Figure 6C).

The results of luciferase assay, EMSA, and ChIP
suggested that the HY box was the principal responsive
element of RUNX-2 under specific epigenctic environ-
ments in human cells. In fact, when we used mouse
chondrogenic ATDC-5 cells instead of human cells for
the luciferase assays, neither RUNX-2 alone nor a
combination of RUNX-2 and CBFg affected COLI0AI
promoter activity. (Data are available online at http://
www. h.u-tokyo.ac.jp/ortho/Supplemental_Figures.pdf.)
Interestingly, however, there was a decrease in the
region between =81 bp and =76 bp in not only RUNX-
2-induced activity, but also basal promoter activity.
Furthermore, luciferase assays of the tandem repeats of
the human clements showed a moderate but repeat
number—dependent increase in HY box activity in
ATDC-5 cells whether or not they were transfected with
RUNX-2, although ncither the mutated HY box (muta-
tion 2), A box, nor B box showed the response. (Data are
available online at http://www.h.u-tokyo.ac.jp/ortho/
Supplemental_Figures.pdf.) Hence, the HY box may
also function as a basal responsive ¢lement for various
transcriptional stimulations regardless of species.

DISCUSSION

The present study showed that human COLIOAI
promoter activity was enhanced by RUNX-2 alone and
was enhanced even more potently by RUNX-2 in com-
bination with the coactivator CBFB. and further identi-
fied the HY box as the principal and specific responsive
¢lement in the 3 human cell lines. Although this is the
first study to identify the promoter clement responsive
to RUNX-2 in the human COLIOA] gene, RUNX-2
binding sites have previously been identified at more
distal regions in the mouse Coll0al promoter (20),
which is not within the highly conserved region between
mouse and human genes (Figure 3A). The human
promoter region that corresponds to the mouse respon-
sive clement (A box) showed little response to RUNX-2
and did not show in vivo binding with RUNX-2 in
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human cells (Figures 6A and C). The mouse promoter
region that corresponds to the human HY box did not
bind to RUNX-2 (Figure 6B), and the human HY box
did not respond to RUNX-2 in mouse ATDC-5 cells.
(Data are available online at hip:/iwww.h.u-tokyo.ac.jp/
ortho/Supplemental_Figures.pdf.) These findings indi-
cate that there are different mechanisms of type X
collagen transactivation by RUNX-2 in humans and
mice, and demonstrate that RUNX-2 binds to and
activates the HY box in the specific microenvironment in
human cells.

Nevertheless, the present study showed the co-
localization of RUNX-2 and type X collagen in mouse
specimens (Figure 1) and the induction of endogenous
type X collagen expression by RUNX-2 in mouse cells
(Figure 2). Our study had incvitable limitations, since
neither human samples during endochondral ossifica-
tion nor human chondrogenic cell lines that undergo
hypertrophic differentiation are available, Indeed, the
endogenous type X collagen induction in mouse cells by
RUNX-2 shown in Figure 2 may not be due 1o transac-
tivation of the mouse HY box. but to transactivation of
the responsive element identified in a previous mouse
study (20). However, mutations in the RUNX-2 gene
cause cleidocranial dysplasia in both humans and mice
(32,34.35). In addition, mutations in the COL10AL gene
cause skeletal abnormalities similar to Schmid-type me-
taphyseal chondrodysplasia in both species (9-12), We
therefore believe that RUNX-2 and type X collagen play
u role in endochondral ossification in humans as well as
in mice.

The temporal and spatial specificity of type X
collagen expression has been shown to be under the tight
control of positive and negative regulators. In contrast to
the positive regulator RUNX-2, parathyroid hormone
(PTH) and PTH-related protein (PTHrP) are known to
be crucial inhibitors of transcription (36-3R). Previous
searches in the human COLI0AL promoter have located
a regulatory region between —2.410 bp and —=1.875 bp
upstream of the transcription start site, the activity of
which was suppressed by PTH/PTHrP (38-42). In the
central part of the region, a functional sctivator protein
I (AP-1) site was identified between —2,144 bp and
—2.135 bp as a responsive region of FosB and Fra-1 (42).
Another enhancer region was identified between 2,273
bp and —2.244 bp, although the related transcription
factor remains unknown (41). The deletion analysis of
the luciferase assay that was performed in the present
study, however, failed to deteet a decrease in activity
between —2,349 bp and — 1,899 bp, which contains the 2
above-mentioned regions, with or withour RUNX-2
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transfection in any cell line (Figure 3B), indicating a
different mechanism of RUNX-2 transcriptional regula-
tion than of PTH/PTHrP and AP-1 transcriptional reg-
ulation in humans,

For the examination of RUNX-2 localization in
the limb cartilage and the bone fracture callus, we used
X-Gal staining in heterozygous Runy2-deficient mice
with lacZ gcm: insertion at the Runc2-deletion site
(Runx2 ' " mice) (32). This is because neither antibod-
ies nor riboprobes worked appropriately in the localiza-
tion of RUNX-2 by immunostaining or in situ hybrid-
ization, respectively, of the tissue of wild-type mice. Our
preliminary studies confirmed that the Runx2 ™™ mice
showed normal skeletal phenotypes, except that they
exhibited a dysplastic clavicle, which is typical of cleido-
cranial dysplasia, as previously reported (32) (Details
are available online at hup://www.h.u-tokyo.ac.jp/ortho/
Supplemental_Figures.pdf.) Their growth plate pheno-
types were also comparable with those of their wild-type
littermates before and after birth. In addition. fracture
callus formation and type X collogen expression in the
callus were similar between the 2 genotypes.

These findings indicate that the RUNX-2 haplo-
insufficiency in Runx2 '™ mice did not cause abnor-
malities in skeletal growth or repair, confirming the
adequacy of using Runx2 ™" mice instead of wild-type
mice for the analysis. However, in a previous study in
which we ereated an experimental OA model by induc-
tion of knee joint instability, Runx2* " mice exhibited
suppression of tvpe X collagen expression and degrada-
tion in joint cartilage (22). The fact that RUNX-2
haploinsufficiency prevented OA progression without
affecting physiologic skeletal growth and repair suggests
that RUNX-2-related signaling can be a therapeutic
target of this disorder without severe skeletal side ef-
fects.

The HY box is indeed a core promoter element
in the human COL10AT gene responsive to RUNX-2 in
human cells. However, basal luciferase activity without
RUNX-2 transfection was also decreased in the region
between —81 bp and —76 bp in the HY box not only in
mouse ATDC-5 cells, but also in 3 human cell lines
(Figure 3B), although not to as great an extent as
RUNX-2-induced activity. Furthermore, the site-
directed mutagenesis (Figure 4A) and tandem repeat
expeniments (Figure 4B) in the HY box showed a
decrease and a repeat number—dependent increase,
respectively, of basal luciferase activity in human cells
without RUNX-2 transfection. These indicate that the
HY box may also function as a potent universal en-
hancer in the human COLI0AT promoter, responding to
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various trunscriptional stimulations besides RUNX-2 in
human cells. Considering that chondrocyte hypertrophy
is a crucial step for skeletal growth, repair, and OA
progression. the HY box will be useful in the compre-
hensive sereening of transcription factors or cofactors
for COLI0A] transactivation and chondrocyte hypertro-
phy. which might be therapeutic targets for skeletal
growth retardation, fractures, and OA.
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137-146 and 533-539, respectively). some information on sample collection and a funding source was
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B Radiographic Analysis of the Cervical Spine in Patients
With Retro-Odontoid Pseudotumors

Hirotaka Chikuda, MD,* Atsushi Seichi, MD,t Katsushi Takeshita, MD,* Naoki Shoda, MD,*
Takashi Ono, MD,* Ko Matsudaira, MD." Hiroshi Kawaguchi, MD,.*

and Kozo Nakamura, MD*

Study Design. A retrospective review of 10 consecu-
tive patients with a noninflammatory retro-odontoid
pseudotumor.

Objective. To examine the radiographic characteristics
in patients with a retrc-odontoid pseudotumor and to
evaluate the efficacy of posterior fusion.

Summary of Background Data. A retro-odontoid
pseudotumor, a reactive fibrocartilaginous mass, is
known to develop after chronic atlantoaxial instability;
however, one-third of the reported cases showed no overt
atlantoaxial instability. The pathomechanism for such
“atypical” cases remains unclear, although altered cervi-
cal motion secondary to ossification of the anterior lon-
gitudinal ligament (DALL) or severe spondylosis has been
implicated,

Methods. We reviewed the charts and radiographs of
10 patients with & retro-odontoid pseudotumor who un-
derwent surgery. Preoperative radiographs were evalu-
ated for atlas-dens interval (ADI), presence of OALL,
range of motion, and segmental motion adjacent to the
atlantoaxial joint. Computed tomography was evaluated
for degenerative changes of zygapophysial joints.

Results. There ware 6 men and 4 women, Atlantoaxial
instability (ADI >4 mm) was observed in 2 patients. ADI
was less than 3 mm in 5 patients. Frequent association of
OALL (6 patients) and marked decrease in C2 to C7 range
of motion (mean, 17.6% range, 3°-36°) ware noted. Anky-
losis of 0-C1 was observed in 4 patients and C2to C3in 6.
Severe degenerative change of C2 to C3 zygapophysial
joint was observed in 4 patients. The patients underwent
occipito-cervical fusion (9 patients) or direct removal of
the pseudotumor (1 patient), Postoperative magnstic res-
onance imaging invariably demonstrated the mass re-
gression,

Conclusion. Retro-odontoid pseudotumors were not
always associated with radiographic atlantoaxial instabil-
ity. Our data indicate that extensive OALL and ankylosis
of the adjacent segments are risk factors for the formation
of the pseudotumor, Retro-odontoid pseudotumors may
develop as an “adjacent segment disease” after altered
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biomechanics of the cervical spine, especially those in the
adjacent segments. Posterior fusion was effective even in
cases without radiographic atlantoaxial instability.

Key words: retro-odontoid pseudotumor, atlantoaxial
joint, adjacent segment, ossification of the anterior liga-
ment, hyperostosis, myelopathy, range of motion, spinal
fusion. Spine 2009;34:E110-E114

A noninflammatory retro-odontoid pscudotumor is a re-
active Hbrocartlaginous mass formed posterior to the
odontoid process.'™ The retro-odontoid pseudorumor,
a rare bur increasingly recognized clinical entity, report-
edly develops subsequent to chronic atlantoaxial insta-
bility. This view has been further supported by the re-
gression of the mass after posterior fusion, which has
become the mainstay of the trearment.*~? Although
rerro-odonroid pseudotumors have been frequently asso-
ciated with atlantoaxial subluxation, we found rhar
about one-third of the cases reported in the literature
showed no overr atlantoaxial instabiliry.>**='* The
pathomechanism for such atypical cases remains un-
clear, although modified stress distribution of the cervi-
cal spine, secondary ro severe spondylosis or OALL, has
been implicated.' ™' Morcover, it has not been clarified
whether posterior fusion aiming at spontaneous mass
regression is similarly effective for the patients without
radiographic atlantoaxial instability.

To further elucidate the underlying parthomechanism
of the disease, we examined the radiographic character-
istics of the cervical spine in patients with the rerro-
odonroid pseudorumors. Special attention was paid to
the presence of OALL and the segmental mortion adja-
cent to the atlantoaxial joint (O-C1, C2-C3). We also
evaluated the efficacy of posterior fusion surgery.

m Materials and Methods

Afrer approval of institutional review board, we reviewed
the clinical records of 140 patients who underwent surgery
for upper cervical lesion ar our department between 2000
and 2006, We identified 10 parients with retro-odontoid
psendorumors, and the radiographs of the 10 patients were
examined. The diagnosis was made based primarily on mag-
netic resonance imaging (MRI) that revealed a mass lesion
posterior to the adontoid process with substantial cord com-
pression as evidenced by effacement of the subarachnoid
space and indentarion of the spinal cord. Masses were typi-
cally visualized as ranging from isointense to hypointense
relative to spinal cord tissue on Tl-weighted images and as
hypointense regions on T2-weighted images. The diagnosis
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Table 1. Scores of the Motor Functions of the Upper and
Lower Extremities for Cervical Myelopathy Set by the
Japanese Orthopaedic Association (JOA)

Mator function of the upper
extremities (upper

m-JOA}
Cannot eat with a spoon
1 Can eat with a spoon, but not with
chopsticks
2 Can eat with chopsticks, but to a limited
dagrea
3 Can eat with chopsticks, but awkward
4 No disability
Motor function of the lower
extremities (lower
m-JOA)}
0 Cannot walk
1 Needs cane or aid on flat ground
2 Needs cane or aid only on stairs
3 Can walk without cane or aid, but
slawly
4 Na disability

was furrther confirmed by the radiology report. Specimen of
the mass was available in 2 patients (patient 1 and 2). Sub-
sequent histologic examination revealed fibrocartilage and
degenerative ligamentous tissue. There was no recurrence of
the mass lesion during the follow-up period. Inflammatory
granularion of the synovium associated with rheumatoid ar-
thritis and retro-odontoid reactive lesions associated with
pseudarthrosis of the dens fracture were excluded from this
study. All patients had symptoms of progressive myelopa-
thy: hyperreflexia, positive pathologic reflexes, motor weak-
ness in the upper and lower extremirties, clumsiness in hands,
and gair disturbance. Neurologic status of the patients was
evaluated before surgery and at the last follow-up by a senior
author (A.S.). Motor function was rated using the motor
function scores of the upper and lower extremities for cer-
vical myelopathy set by the Japanese Orthopedic Associa-
tion (upper and lower m-JOA score) (Table 1). A full score
“4" mdicates normal function.

All radiographs were viewed using our instirution’s digiral
radiography software (Centricity Web-] software ver.1.6.11;
GE Yokogawa Medical Systems, Tokvo, Japan). The measure-
ment of the radiographs was performed independently by 2

Table 2. Radiographic Characteristics of the Cervical Spine

spine surgeons (H.C. and N.S.) with the program’s digital mea-
suring tool. The results of the 2 reviewers were averaged. The
atlas-dens interval (ADI) was measured on preoperanve flex-
ion-extension radiographs. The atlantoaxial instability was de-
fined as ADI >4 mm, according to the critena described by
White and Panjabi.'” Lateral radiographs and sagittal com-
puted tomography (CT) reconstructions were evaluated for the
presence of OALL. OALL was defined as bony mass antenor to
the verrebrac bridging over 2 or more intervertebral disc
spaces. Range of motion (ROM) was measured on preopera-
tve flexion-extension radiographs, The representative lines
used for the measurement were as follows: the McGregor line,
the line passing through the centers of anterior and posterior
arches of the atlas, and the line parallel to the endplate of
vertebrae. The mobility of cach segmenr was derermined by
measuring the difference between 2 corresponding points on
the nps of the spinous processes on Hexion versus extension.
Ankylosis was defined as absence of monon on both flexion
and extension radiographs. CT reconstructions were further
evaluated for degenerative change or fusion of the zygapophy-
sial joints. To assess the regression of the pseudotumor, fol-
low-up MRI obtained 1 year after surgery was reviewed. Max-
imal thickness of the retro-odontoid soft tissue was measured
on preoperative and postoperative MRIin T2-weighted sagirtal
view. Interobserver reliability of radiographic measurement
was assessed with inter class coefficient. All statistics were cal-
culated using SPSS, version 13.0 (SPSS Inc., Chicago, 1L).

B Results

There were 6 men and 4 women with a mean age at
surgery of 71 years (range, 58—82 years). Mean fol-
low-up was 30 months (range, 12— 84 months). Maximal
thickness of the retro-odontoid soft tissue was 9.4 = 1.3
mm (mean * SD; range, 7.6-11.4 mm). On examination
of the radiographic characteristics (Table 2), ADI aver-
aged 3.4 * 1.9 mm (mean = SD) in flexion and 1.8 £ 0.9
mm in extension. Only 2 patients showed overrt atlanro-
axial instability (ADI >4 mm). ADI was less than 3 mm
in § patients (Figure 1). We found extensive OALL in 6
patients: C2 to C7 in 4 patients, and C3 ro C7 and C3 to
C5 in 1 patient each. When ROM of the cervical spine
was examined, marked decrease in subaxial (C2-C7)

ADI (mm) ROM (*) Segmental Motion (%)
Patient No. Age (Yr), Sex Flexion Extension DALL 0-C2 c2-C7 0-C1 c2-c3
1 58, M 70=01 32=03 c2-C7 30=30 =15 7=10 10=30
F 67, F 66 =086 62=0 C3-Cs “=91 28=39 Naone*® None
3 L F 507 1.0=01 C£2-C7 3208 106 6= 11 836
i mnm 4=01 150 — 17=04 2107 Nona 3202
5 .M 33204 21=03 c2-C1 1853 5+ 49 8201 None
6 LM 28*06 15210 c2-C? BT R2+26 5+08 Nonet
7 13, F 271201 1904 — PSR A H=02 None 5+ 251
8 nBnm 20 =086 1.7=03 C3-C7 803 1M=24 None Nonet
) T.F 20=03 1709 — 8B=62 3 =28 4= 18 None
10 BaM 10«01 00 — 2427 3+35 15+3 Naonet

Data are shown as mean = SD [CC values for radiographic measuremant were as follows: ADIin lewon, 0.97; ADI in extension, 0.98; O-C2 ROM, 0.88; C2-C7
ROM, 0.88; O-C1 ROM, 0.96; and C2-C3 ROM, U.B7. The 2 reviewers were in accord regarding the categorical items including presence of OALL and segmantal

arkylosis
*Attanto-ocopial sssimitation
tSevara spondylosis of the C2-C3 zvgapophyseal jaunt

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



