1362 Spine * Volume 35 * Number 14 « 2010

A

Figure 2. A 62-year-old woman
with posterior disc protrusion
and spinal cord compression at
T5-T6. A, T2 sagittal image. B, T2
axial image demonstrating that
the spinal cord is slightly com-
pressed by disc herniation on the
left side.

normalities detected on the MRI images included ossifi-
cation of the ligamentum flavum in 2 subjects, Schmorl
nodules in 2 subjects, and the enlargement of the central
canal of the spinal cord in 1 subject. Kappa scores were
0.60 for decrease in the signal intensity of the discs, 0.82
for posterior disc protrusion, 0.75 for anterior compres-
sion of the dural sac, and 0.57 for disc space narrowing,
indicating that the interobserver reliability of MRI read-
ing was good to excellent.

Comparison Between Cervical and Thoracic Spine
Eighty-five (90.4%) subjects exhibited positive MRI
findings, indicating degeneration at 1 or more interver-
tebral levels in the cervical spine (Table 3). The percent-
ages of subjects with a positive finding at 1 or more
intervertebral disc levels of the cervical spine were as
follows: 80.9% exhibited a decrease in the signal inten-
sity of the discs, 76.6% exhibited posterior disc protru-
sion, 80.9% exhibited anterior compression of the dural
sac, and 34.0% exhibited disc space narrowing. Thus, a
decrease in the signal intensity of the discs, posterior disc
protrusion, and anterior compression of the dura were

Table 3. The Percentage of the Subjects Who Had
Positive MRI Findings at 1 or More Intervertebral Discs

Cervical Spine Thoracic Spine P*

Decrease in signal intensity of discs 80.9 37.2 0.02
Posterior disc protrusion 76.6 309 0.05
Anterior compression of dura 80.9 29.8 0.03
Disc space narrowing 34.0 43 0.1
Any 1 of the 4 findings 90.4 46.8 0.12
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observed significantly more frequent in the cervical than
in the thoracic spine (P < 0.05).

Factors Associated With Degenerative MRI Findings

A decrease in the signal intensity of the discs was signif-
icantly associated with age (odds ratio [OR], 11.21;95%
confidence interval [CI], 2.70-46.5; P = 0.001); poste-
rior disc protrusion was significantly associated with age
(OR, 3.44; 95% CI, 1.02-16.61; P = 0.046), smoking
habit (OR, 4.94; 95% CI, 1.55-15.71; P = 0.007), and
presence of posterior disc protrusion in the cervical spine
(OR, 4.25;95% CI, 1.01-17.92; P = 0.048); and ante-
rior compression of the dura was significantly associated
with smoking habit (OR, 3.99; 95% CI, 1.28-12.44;
P = 0.017), whereas disc space narrowing was not asso-
ciated with any of the factors (Table 4).

m Discussion

This study revealed that approximately half (46.8 %) of the
asymptomatic individuals with a mean age of 48 years ex-
hibited positive MRI findings indicating degeneration at 1
or more intervertebral levels of the thoracic spine. The pos-
itive rates of each MRI finding increased with age, suggest-
ing that these positive MRI findings represent age-related
degeneration of the intervertebral discs. Degenerative MRI
findings in the thoracic spine were rarer than those in the
cervical spine (90.4% ); in particular, a decrease in the signal
intensity of the intervertebral discs (37.2% vs. 80.9%), pos-
terior disc protrusion (30.9% vs. 76.6%), and anterior
compression of the dura (29.8% vs. 80.9%) were signifi-
cantly less frequent in the thoracic than in the cervical spine.
Several factors that were significantly associated with tho-
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Table 4. Relationships Between Degenerative MRI
Findings and Factors

Decrease  Posterior  Anterior Disc
No. in Signal Disc Compression  Space

Factors Patients Intensity Protrusion  of Dura  Narrowing
Age

<40 28 3(10.7¢  6(21.4) 6(21.4) 1(3.6)

=40 66 32(485)  23(348) 22(33.3) 3(4.5)
Sex

Male 48 16 (33.3) 17 (35.4) 16 (33.3) 3(6.3)

Female 46 19 (41.3) 12(26.1) 12(26.1) 1(2.2)
Smoking

Smoker 21 8(38.1) 11(52.4)* 10 (47.6)* 1(4.8)

Nonsmoker 73 27 (31.0) 18(24.7) 18 (24.7) 3(4.1)
Sports

Regularly 16 6 (37.5) 6(27.5) 6(37.5) 2(12.5)

None 18 29(37.2) 23(29.5) 22(28.2) 2(26)
BMI

<25.0 69 26 (37.7) 19(27.5) 19(27.5) 3(43)

=25.0 25 9(36.0) 10 (40.0) 9(36.0) 1(4.0)
MRI finding

in cervical
spinet
Positive 33/76 (43.4)  26/72(36.1)* 27/76 (35.5)* 3/32(9.4)
Negative 2/18(11.1)  3/22(136)  1/18(5.6)  1/62(1.6)

Values in parentheses are percentage values.

*P < 0.05 (logistic regression analysis).

tMRI finding in the cervical spine corresponding to that in the thoracic spine
in the rows.

racic disc degeneration were age, smoking habit, and the
presence of cervical disc degeneration. Smoking has been
reported to promote disc degeneration in previous basic
and clinical studies.'”?° For example, Battie et al'® studied
pairs of identical twins with a high discordance in cigarette
smoking habit and found that the mean disc degeneration
score for the lumbar spine was 18% higher in the smokers
than in the nonsmokers. Thoracic intervertebral discs,
which are less exposed to mechanical stress than the cervi-
cal and lumbar intervertebral discs, might also be affected
by the detrimental effects of nicotine, similar to the lumbar
intervertebral discs.

The presence of posterior disc protrusion and anterior
compression of the dura in the cervical spine were signif-
icantly related to these parameters in the thoracic spine,
indicating that structural deterioration of the interverte-
bral discs can occur simultaneously in the cervical and
thoracic spine, as has often been reported for the cervical
and lumbar spine.”! Thus, spine surgeons should care-
fully determine the affected level responsible for, with
multilevel lesions.

To date, several imaging studies on degenerative changes
in the thoracic spine have been performed. Williams et al'®
reviewed T1-weighted sagittal MR images of the thoracic
spine obtained in 48 oncology patients and found an unex-
pectedly high prevalence of thoracic disc herniation
(14.5%). In another study by Wood et al,'* 73% of 90
asymptomatic subjects exhibited positive anatomic find-
ings at 1 or more levels, including disc herniation in 37%,
bulging of a disc in 58%, deformation of the spinal cord in
29%, and endplate irregularities in 38%. Compared with
this previous study, the prevalence of asymptomatic disc
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abnormalities was lower in our study. In particular, a re-
markable difference was observed in the prevalence of end-
plates irregularities and spinal cord deformation. Only 2
subjects with endplate irregularities and 2 with spinal cord
compression were observed in this study. These differences
in the prevalences of the MRI findings may be attributable
to differences in age, sex, ethnicity, diagnostic criteria, and
MRI protocols between the 2 studies. Moreover, in the
study by Wood et al, 30 volunteers with lower back pain
but without pain in the thoracic spine were included in the
analysis, whereas all the subjects with pain in the neck or
lower back were excluded in this study. Nonetheless, both
studies delineated a relatively high prevalence of positive
MRI findings, indicating degeneration in the thoracic spine,
even in an asymptomatic population.

Awwad et al'” reviewed postmyelography computed to-
mographic scans of 68 asymptomatic herniated thoracic
discs and compared them with 5 symptomatic herniated
discs but could not identify any imaging feature that could
reliably differentiate symptomatic discs from asymptomatic
ones. Wood et al** followed 20 subjects with 48 asymp-
tomatic thoracic herniations for a mean follow-up period of
26 months. All subjects remained asymptomatic during the
follow-up period, and the disc herniations exhibited little
change in size; in fact, large herniations tended to have
decreased in size at the time of the follow-up examination.
Thus, thoracic disc herniations or protrusions are not rare
in asymptomatic subjects,'’**?3 and differentiation be-
tween asymptomatic and symptomatic disc herniations or
protrusions using MRI is not easy. Considering the techni-
cal complexity and invasiveness of surgery for thoracic in-
tervertebral disc lesions, disc abnormalities detected on
MRI should be carefully evaluated whether they are re-
sponsible for the patients’ symptoms, by a meticulous neu-
rologic examination and other diagnostic methods, such as
a myelogram and provocative discography, before deter-
mining the indication for surgery.>*

One of the limitations of this study was a possible bias
in the study population. The majority of the participants
were white-collared workers, rather than manual labor-
ers; therefore, the participants may not exactly represent
the general population. Nonetheless, this is the first re-
port describing degenerative changes in the thoracic
spine in asymptomatic subjects and comparing these
changes with those in the cervical spine. The information
obtained in this study could be used as a norm when
evaluating MRI findings of the thoracic spine in patients
with thoracic spinal disorders.

B Key Points

e Magnetic resonance imaging (MRI) study was
undertaken to investigate the incidence of degen-
erative MRI findings of the thoracic spine in
asymptomatic subjects and to identify factors re-
lated to the degeneration of the thoracic discs.
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e Ninety-four asymptomatic volunteers (48 men
and 46 women, mean age of 48.0 = 13.4 years)
underwent MRI of the thoracic and cervical
spine.

o The following 4 MR findings related to interver-
tebral disc degeneration were evaluated using a
numerical grading system: (1) decrease in the sig-
nal intensity of the intervertebral discs (DSI), (2)
posterior disc protrusion (PDP), (3) anterior
compression of the dural sac (ACD), and (4) disc
space narrowing (DSN).

e Degenerative MRI findings at 1 or more interver-
tebral levels in the thoracic spine were positive in
44 (46.8%) subjects. The percentages of the sub-
jects with positive MRI findings were 37.2% in
DSI, 30.9% in PDP, 29.8% in ACD, and 4.3% in
DSN.

e DSI was significantly associated with age; PDP
with age, smoking, and presence of PDP in the
cervical spine; and ACD was associated with
smoking.
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Complicated Surgical Resection of Malignant Tumors
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Study Design. Case report.

Obijective. To report 3 cases of malignant tumors in
the upper cervical spine that were treated surgically by a
combination of posterior tumor resection and stabiliza-
tion and anterior tumor resection through a mandible-
splitting approach after failed ion-beam radiation therapy.

Summary of Background Data. Few clinical reports
have described in detail the postoperative complications
associated with transoral surgical resection of tumors in
the upper cervical spine after unsuccessful ion-beam ra-
diation therapy.

Methods. Three patients with malignant tumors in the
upper cervical spine who had undergone ion-beam radio-
therapy and experienced tumor recurrence were treated
by a combination of posterior and anterior surgery
through a mandible-splitting approach. One patient (pa-
tient 1, a 32-year-old man) had a hemangioendothelioma
at the C2 and C3 level, whereas the other 2 patients (pa-
tient 2, a 66-year-old woman and patient 3, a 65-year-old
man) had a chordoma at the C2 and C3 level.

Results. The intralesional but macroscopic total resec-
tion of the tumors was achieved in all 3 patients. How-
ever, serious complications developed after surgery, in-
cluding deep wound infection, cerebrospinal fluid
leakage, and meningitis in patient 1, prolonged swallow-
ing difficulty, subsidence of the strut graft, and recurrence
in patient 2, and deep wound infection and discitis ca-
using progressive paralysis in patient 3. All patients un-
derwent salvage surgery, including debridement of the
wound in patient 1, posterior reinforcement using instru-
mentation and posterior tumor resection for the recurrent
tumor in patient 2, and anterior debridement of the
wound with a pedicle flap using the pectoral major mus-
cle in patient 3 to address these problems. Patients 1 and
3 had no signs of recurrence at the time of a follow-up
examination.
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Conclusion. Severe complications, mainly associated
with the disturbance in healing of the retropharyngeal
wall, were observed in all 3 patients. A preventive
method, such as primary repair of the retropharyngeal
wall using muscular/musculocutaneous flaps, should be
considered for patients undergoing resection through a
transoral approach after ion-beam irradiation.

Key words: chordoma, epithelioid hemangioendothe-
lioma, upper cervical spine, ion-beam radiotherapy, man-
dible-splitting approach. Spine 2010;35:E505-E509

Malignant primary tumors, including chordoma and
other rare sarcomas, occasionally arise in the upper cer-
vical spine. Treatment options for these slow-growing
malignant tumors are radical excision, radiotherapy, and
a combination of both. Because of limited access to the
lesions as a result of the close vicinity of critical struc-
tures, including the spinal cord and vertebral arteries,
radiation therapy followed by a diagnostic biopsy, rather
than excision, is often chosen as the primary treatment.
Recent advance in stereotactic radiotherapy and ion-
beam radiotherapy have made this therapeutic strategy
more popular.’? Noél et al' reported 100 consecutive
patients with a chordoma at the base of the skull or in the
upper cervical spine who were treated using a combina-
tion of high-energy photons and protons. The 2- and
4-year local control rates were 86.3% and 53.8%, re-
spectively, indicating that radiation therapy might not
always be effective for patients with malignant tumors
in the upper cervical spine region. For patients with
recurrences after radiation therapy, surgical resection
might be the last resort or various life-threatening
problems including pain, paralysis, difficulties in res-
piration, and swallowing caused by tumor regrowth
could develop. The surgical treatment of spine tumors
after irradiation is known to be associated with a
higher complication rate®* and could be more so in
the upper cervical spine.

In this study, we report 3 patients with malignant
tumors in the upper cervical spine who were treated sur-
gically by a combination of posterior tumor resection
and stabilization and anterior tumor resection through a
mandible-splitting approach after failed ion-beam radi-
ation therapy.
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Figure 1. Patient 1, with a he-
mangioendothelioma at C2 and
C3. A, Preoperative MRI T2-
weighted axial image demon-
strating a high-intensity tumor
on the left side. B, Reconstruc-
tion angio-computed tomography
demonstrating destructive changes
in C2 and C3. C, MRI T2-weighted
sagittal image obtained 1'% years
after surgery shows good de-
compression of the spinal cord
and no signs of tumor recur-
rence.

B Materials and Methods

Three patients with primary malignant tumors in the upper
cervical spine were referred to our hospital for the treatment of
recurrences after unsuccessful ion-beam radiation therapy. All
patients had undergone an open biopsy through a posterior
approach. One patient (patient 1) had an epithelioid heman-
gioendothelioma, and 2 patients (patients 2 and 3) had chor-
domas. Patient 2 had undergone a posterior occipitocervical
fusion using a lateral mass screw system at the time of the open
biopsy. Patient 3 had undergone posterior decompression sur-
gery twice by laminoplasty and a laminectomy for the treat-
ment of cervical myelopathy caused by the compression of the
spinal cord by the tumor.

Surgical Procedures
The surgical procedures were almost identical among the 3
patients, with some modifications depending on the localiza-
tion of the tumor, the severity of the tissue destruction, and
previous surgical procedures.

Surgery was conducted using a combined posterior and an-
terior approach. Patients were placed in a prone position with
their heads fixed by a Mayfield device. The posterior aspects of
the occiput and cervical spine were exposed through a midline
incision. The laminae and facet joints were removed using a
high-speed diamond burr to decompress the spinal cord and to
expose the posterior aspect of the tumors. The bilateral verte-
bral arteries were identified; and one on the tumor side was
ligated in 2 patients (patient 1, 3) and was preserved in 1 pa-
tient (patient 2). Silicon sheets were placed ventrally to the
preserved vertebral arteries, so that the arteries would be easily
identified during the subsequent anterior procedure. The C2
and C3 nerve roots on the tumor side were severed. The posterior
and lateral portions of the tumor including the pseudocapsule
were resected as completely as possible using a CUSA from the
posterior approach. Pieces of Gelfoam were packed into the space
created after the tumor resection to control bleeding and to act as
a landmark for the posterior margin during the subsequent ante-
rior tumor resection. Thereafter, posterior reconstruction of the
cervical spine was performed using occipitocervical fixation de-
vices, except in patient 2 who had undergone this procedure at the
previous hospital. Pedicle screws and/or lateral mass screws were
used for anchors to the cervical spine. An autologous bone from
the posterior iliac crest was grafted.

After the completion of the posterior procedures, the pa-
tients were flipped to a supine position, and a tracheostomy
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was created. Dentistry and oral surgeons exposed the mandi-
ble. In patients 1 and 3, whose tumors were located at the C3
level or above, the lower lip and tongue were spared, and the
mucosa of the oral cavity was incised using a scalpel; the peri-
osteum was then stripped off from the anterior aspect of the
mandible. Then, the mandible was split in the midline using a
micro bone-saw. In patient 2, because the tumor had extended
to an extreme lateral, the lower lip and tongue were also split
along with the mandible to allow a wider surgical view. The
soft palate was also split in the middle to obtain access to the
clivus for strut grafting in patient 2 and 3.

The mucosa and submucosal muscles in the retropharynx
were then divided using a scalpel, and a Crockard retractor was
placed. Under a surgical microscope, the anterior arch of the
atlas and odontoid process were removed using a diamond
burr. Macroscopically, the total resection of the tumor in the
C2 and C3 vertebral bodies and the tumor’s extraosseous por-
tion was conducted using a fine diamond burr and CUSA. Iden-
tification of the Gelfoam placed during the posterior proce-
dures was the indication of the complete resection. After the
total resection of the tumor, an anterior strut obtained from the
fibula or iliac crest was grafted from the clivus to the C3 or C4
vertebral body. The meticulous primary suturing of the retro-
pharyngeal mucosa and muscles was conducted by otolaryn-
gologists, and the split mandible was reconstructed using a
mandible plate by the dentistry and oral surgeons.

After surgery, a ventilator was used for 1 or 2 days until the
patients’ voluntary respiration stabilized. Intravenous hyperali-
mentation followed by enteral nutrition was administered until
the retropharyngeal mucosa healed, and the patients were able to
swallow smoothly after intensive swallowing rehabilitation.

Clinical Course of Patients
The clinical course of each patient is described in detail later.

Patient 1. A 32-year-old man experienced the onset of numb-
ness in his left upper extremity (Figure 1). At a previous hospi-
tal, a computed tomography-guided biopsy was conducted,
which established the diagnosis of epithelioid hemangioendo-
thelioma. The patient underwent carbon-ion radiotherapy
(dose, 60 Grays), which turned out to be ineffective, and the
tumor continued to grow. He was referred to our hospital for
further treatment 11 months after the radiotherapy.
Neurologically, the patient exhibited hyperreflexia and mo-
tor weakness in his left side and could barely walk with
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Figure 2. Patient 2, with a chor-
doma at C2 and C3. A, MRI T2-
weighted sagittal image obtained
before surgery. B, MRl T2-
weighted axial image obtained
before surgery showing that the
tumor had extended widely, par-
ticularly on the right side and had
completely surrounded a tita-
nium rod and the vertebral artery
on the right side.

crutches. Radiographs, computed tomography, and magnetic
resonance imaging (MRI) examinations demonstrated destruc-
tive changes and the tumor involvement of C2 and C3, mainly
on the left side. Angiography revealed the high vascularity of
the tumor, and embolization of the feeders using polyvinyl
alcohol was performed.

The patient underwent a posterior tumor resection and fu-
sion from the occiput to C6 using a cervical pedicle screw sys-
tem with a bone graft from the posterior iliac crest, followed by
anterior tumor resection. The gross total resection of the tumor
was achieved. The total surgical time was 15 hours, and the
estimated blood loss was 350 mL.

After surgery, the patient developed a deep wound infection
and cerebrospinal fluid leakage into the esophagus, which
lasted for 4 weeks after the surgery. The patient also developed
aspiration pneumonia and mild meningitis, possibly because of
the continuous leakage of cerebrospinal fluid. Because the ad-
ministration of antibiotics was ineffective for controlling the
infection, posterior wound debridement was performed. Dur-
ing the revision surgery, iodine contrast medium that had been
injected into the posterior wound passed into the esophagus
through the unhealed retropharyngeal wall.

After the revision surgery and the continuous administra-
tion of antibiotics, the infection and leakage of cerebrospinal
fluid subsided, and the defect in the retropharyngeal mucosa
closed spontaneously. The patient resumed an oral diet 12
weeks after surgery. At a 2-year follow-up examination, the
patient was free from disease. The patient had no neurologic
deficits other than a mild numbness on his left arm and leg.

Patient 2. A 66-year-old woman underwent an occipitocervi-
cal fusion using a lateral mass screw system and proton-beam
radiation (65 Grays) after an open biopsy at a previous hospi-
tal, which established the diagnosis of a chordoma (Figure 2).
The tumor continued to grow even after the radiation therapy,
and the patient was referred to our hospital for further treat-
ment 23 months after the radiation therapy. She had numbness
and a sensory disturbance in her right upper extremity but
could walk without difficulty. During posterior procedures, the
rod was retrieved before the tumor resection, and the gross
total resection of the posterolateral part of the tumor was
achieved while preserving the right vertebral artery. During the
anterior approach, a small laceration of the right vertebral ar-
tery occurred, but the bleeding was successfully controlled us-
ing Aviten and Gelfoam. The anterior part of the tumor was
resected using CUSA, enabling a gross total resection of the
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tumor. The total surgical time was 18 hours and 10 minutes,
and the estimated blood loss was 3223 mL.

After the surgery, the patient developed dysphasia lasting
for 3 months as a result of the delayed healing of the retropha-
ryngeal mucosa. She also experienced a sinking of the strut
graft, which was salvaged by the addition of posterior instru-
mentation and fusion at 8 weeks after the initial surgery. Un-
fortunately, tumor recurrence was detected on MRI at 15
months after the surgery, and palliative posterior decompres-
sion was performed for progressive right hemiparesis.

Patient 3. A 65-year-old man underwent an open biopsy
through a posterior midline incision, revealing the tumor to be
a chordoma, followed by laminoplasty and a partial resection
of the tumor and carbon-beam radiotherapy (total dose, 60
Grays), but he developed a recurrence at 10 months after the
radiation therapy (Figure 3). Although he underwent a partial
resection of the recurrent tumor again through a posterolateral
approach on the left side, the tumor recurred again 8 months
later, and he was referred to our hospital for further treatment.

Neurologically, he had weakness in his left upper and lower
extremities and could barely walk with a crutch. He also had
bladder and bowel dysfunction. After embolization of the
vertebral artery on the left side using platinum wires, he
underwent a combined posterior and anterior tumor resec-
tion surgery.

During the posterior procedures, adhesive scar tissue that
was difficult to dissect was found between the dura and the
tumor. Therefore, the plane between the outer and inner layers
of the dura was used for the dissection, and the outer layer was
resected with the tumor.® A posterolateral portion of the tumor
was resected using CUSA, with the left C3 spinal nerve root.
The tumor around the vertebral artery, which was embolized
before surgery, was completely resected. Occipitocervical sta-
bilization was conducted using pedicle screws on the left side
(embolization side) only. Lateral mass screws were used on the
right side to avoid injuring the remaining vertebral artery. After
the gross total removal of the tumor from an anterior ap-
proach, a tricortical iliac bone graft was placed from the clivus
to C3. The total surgical time was 14 hours and 10 minutes,
and the estimated blood loss was 650 mL.

The patient developed a breakdown of the posterior retro-
pharyngeal wall, resulting in the development of a long-lasting
infection in the dead space that was created by the tumor re-
section. Controls of the infection were attempted using broad-
spectrum antibiotics and the placement of a percutaneous en-
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Figure 3. Patient 3, with chor-
doma at C2. A, Preoperative MRI
T2-weighted sagittal image. B,
Postoperative computed tomog-
raphy showing a large cavity
communicating between the
pharynx and the epidural space.
(Asterisk: iliac crest graft and ar-
row: embolization coils in the left
vertebral artery.) G, Postopera-
tive MRI T2-weighted sagittal im-
age showing discitis and an epi-
dural abscess at C3-C4 and a
multilevel intramedullary high-
intensity lesion in the spinal cord.

doscopic gastrostomy to avoid contamination during oral
feeding. However, 7 months later, the patient developed pro-
gressive left hemiparesis with a high fever and elevated C-reac-
tive protein level. An MRI examination revealed discitis and an
epidural abscess at the C3-C4 level. After the failure of conser-
vative therapy and a progression of neurologic deterioration
resulting in an inability to walk, he underwent debridement of
the infected C3 vertebral body, C3-C4 disc, and epidural ab-
scess with retrieval of the infected iliac crest graft. After the
completion of the debridement, the retropharyngeal dead space
was covered using a reversed pectoral major muscle pedicle
flap.

The infection subsided and the patient improved neurolog-
ically, becoming ambulatory with a T-cane. At a 1-year fol-
low-up examination, he still could not swallow smoothly and
continued to receive enteral nutrition through his gastrostomy.

® Discussion

For slow-growing malignant tumors in the upper cervical
spine, aggressive total surgical resection is paramount to
obtain curability. For this purpose, a combined posterior
and anterior or lateral approach has been used and re-
ported in previous studies.~'” For the anterior ap-
proach, several surgical options can be used, including a
bilateral high anterior cervical approach, an anterior
midline transoral with/without transpalatine approach,
and a mandible-splitting approach combined with a
transglossal or circumglossal approach.””!! For tumors
extending widely beyond the lateral margin of the trans-
verse processes, the splitting of the mandible in addition
to the transoral approach is necessary to obtain a suffi-
cient surgical view. If a wide exposure of C3 and C4 is
necessary, the tongue should also be divided along the
midline.

Boriani et al'? reported the results of a retrospective
study of 52 cases with a chordoma in the mobile spine; in
this series, 12 of 16 cases treated with intralesional and
extracapsular excision followed by radiation therapy de-
veloped recurrences, whereas 12 of 18 patients treated
with an en bloc resection were continuously disease free
after an average of 8 years. Rhines et al” reported a case
of multilevel cervical chordoma with C-2 involvement
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that was successfully treated using a 2-staged en bloc
resection procedure. Thus, en bloc resection is preferable
in terms of curability; however, in most cases with upper
cervical involvement, an en bloc resection is too techni-
cally demanding, with an intralesional subtotal or total
resection being a more realistic, as have been reported by

most previous authors.” !

Epithelioid hemangioendothelioma, as seen in patient
1, is a very rare spinal tumor arising from endothelial
cells.’®'* Because of the limited number of reported
cases of the upper cervical spine, the effectiveness of sur-
gical management and radiotherapy remains to be clari-
fied. Aquilina et al'® reported a 60-year-old male patient
with involvement of the C2-C4 vertebrae who was
treated with posterior occipitocervical fusion followed
by radiotherapy. Resection surgery was not conducted
because the authors thought that the lesion was too
extensive to allow for a total resection without signif-
icant morbidity. The patient died 20 months later as a
result of hepatic metastases. This case underscores the
importance of surgical resection for this rare spinal
tumor.

The present report delineates the complicated postop-
erative courses of 3 patients with malignant tumors in
the upper cervical spine, who had been treated with ion-
beam radiotherapy before the index surgery. lon-beam
radiotherapy using proton or carbon particles has been
used as an effective adjunctive treatment for various ma-
lignant tumors, because it has the physical advantage of
a steeper fall-off dose over photon radiotherapy, en-
abling dose localization in the deep tissues, larger doses
per fraction, and fewer overall treatment times.>'S De-
spite these advantages, ion-beam radiotherapy is report-
edly associated with several problems including skin ero-
sion, gastrointestinal mucositis, and local recurrence. '’
Our 3 patients developed several postoperative prob-
lems, including delayed healing of the retropharyngeal
mucosa and submucosal muscles leading to the develop-
ment of serious deep infections and prolonged dyspha-
gia, possibly attributable to the preoperative ion-beam
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radiotherapy that might have damaged the retropharyn-
geal soft tissues. Basic experiments have demonstrated
that radiation inhibits the deposition and remodeling of
collagen in surgical wounds by fibroblasts.'® Such com-
plications should be anticipated after an anterior trans-
oral approach for patients who have previously under-
gone ion-beam radiotherapy. One treatment option to
avoid such complications might be the primary recon-
struction of the retropharyngeal wall using a free vascu-
larized musculocutaneous flap or a pectoralis major mus-
cle pedicle flap, as performed in patient 3 during the
revision surgery in this study. Neo et al® reported a pa-
tient in whom a chordoma involving C1 was dissected
with the deep layer of the retropharyngeal mucosa
followed by a primary reconstruction of the retropha-
ryngeal mucosa using a vascularized radial forearm
flap, which was anastomosed with the right facial ves-
sels. Another option for avoiding postoperative retro-
pharyngeal problems might be to select an extraoral
approach.”!”

In conclusion, 3 patients with malignant primary tu-
mors in the upper cervical spine were treated using tumor
resection through a combined posterior and anterior
approach. In all patients, the gross total resection of
the tumors was achieved, but complications associated
with disturbances in the healing of the retropharyn-
geal wall were observed. Preventive methods, such as
the primary repair of the retropharyngeal wall using
muscular/musculocutaneous flaps, should be consid-
ered for patients undergoing tumor resection through
a transoral approach after failed ion-beam irradiation.

m Key Points

e Three cases of malignant tumors in the upper
cervical spine were treated surgically by a com-
bination of posterior tumor resection and stabi-
lization and anterior tumor resection through a
mandible-splitting approach after failed ion-
beam radiation therapy.

e Although the intralesional total resection of the
tumors was achieved, all 3 patients developed
postoperative complications including deep
wound infection, cerebrospinal fluid leakage, in-
fection discitis, and early recurrence.
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e The complications were successfully managed by
salvage surgery in all patients.

e A preventive method, such as primary repair of
the retropharyngeal wall using muscular/
musculocutaneous flaps, should be considered
for patients who undergo tumor resection
through a transoral approach after ion-beam
irradiation.
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Controlling osteoclastogenesis is critical to maintain physiological bone homeostasis and
prevent skeletal disorders. Although signaling activating nuclear factor of activated T cells
1 (NFATc1), a transcription factor essential for osteoclastogenesis, has been intensively
investigated, factors antagonistic to NFATc1 in osteoclasts have not been characterized.
Here, we describe a novel pathway that maintains bone homeostasis via two transcriptional
repressors, B cell lymphoma 6 (Bcl6) and B lymphocyte~induced maturation protein-1
(Blimp1). We show that Bcl6 directly targets ‘osteoclastic’ molecules such as NFATct,
cathepsin K, and dendritic cell-specific transmembrane protein (DC-STAMP), all of which
are targets of NFATc1. Bel6-overexpression inhibited osteoclastogenesis in vitro, whereas
Bel6-deficient mice showed accelerated osteoclast differentiation and severe osteoporosis.
We report that Bel6 is a direct target of Blimp1 and that mice lacking Blimp1 in
osteoclasts exhibit osteopetrosis caused by impaired osteoclastogenesis resulting from

Bcl6 up-regulation. Indeed, mice doubly mutant in Blimp1 and Bcl6 in osteoclasts exhibited
decreased bone mass with increased osteoclastogenesis relative to osteoclast-specific
Blimp1-deficient mice. These results reveal a Blimp1-Bcl6-osteoclastic molecule axis,
which critically regulates bone homeostasis by controlling osteoclastogenesis and may
provide a molecular basis for novel therapeutic strategies.

Osteaclasts are responsible for bone resorption,
and thereby play an essential role in maintain-
ing bone volume and homeostasis (Karsenty
and Wagner, 2002). Dysregulation of osteoclast
differentiation or function disrupts mainte-
nance of bone homeostasis, which in turn leads
to pathogenic conditions such as osteoporosis,
rheumatoid arthritis, lytic bone metastases,
or Paget’s bone disease (Rodan and Martin,
2000). Thus, osteoclasts could potentially be

Y. Miyauchi and K. Ninomiya contributed equally to this
paper.

targeted therapeutically to treat skeletal disor-
ders. Osteoclasts originate from BM—derived
monocyte/macrophage precursor cells of hema-
topoietic origin and are differentiated by sig-
naling through the receptor activator of NF-kB
ligand (RANKL; Kongetal., 1999). RANKL
induces osteoclast differentiation by activating
the nuclear factor of activated T cells 1 (NFATc1),
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a transcription factor required for osteoclastogenesis {Takayanagi
et al., 2002; Koga et al., 2004; Sato et al., 2006; Shinohara et al,,
2008). Activated NFAT¢1 induces expression of “osteoclastic”
molecules essential for osteoclast differentiation and func-
tion, such as DC-specific transmembrane protein (DC-STAMP)
to facilitate cell—cell fusion, cathepsin K (Ctsk) to promote
bone matrix proteolysis, and NFATc1 to drive differentiation
(Yagi et al., 2005; Li et al., 2006). Thus, signaling pathways
mediated by positive regulators of NFATc1 in osteoclasto-
genesis have been intensively studied, whereas factors nega-
tively modulating osteoclastogenesis are largely unknown.

B lymphocyte—induced maturation protein 1 (Blimp1)
has been investigated in numerous cell types (John and
Garrett-Sinha, 2009) and is reportedly essential for specifi-
cation and maintenance of primordial germ cells (PGCs)
through silencing of somatic programs (Ohinata et al., 2005).
B cell lymphoma 6 (Bcl6) was originally identified as a pro-
tooncogene because its chromosomal translocation and con-
stitutive expression promotes lymphomagenesis (Ohno, 2006).
Bcl6™/~ mice show impaired germinal center formation
{(Fukuda et al., 1997). The roles of Blimp1- and Bcl6 have also
been investigated in B cell and plasma cell development
(Turner et al., 1994; Fukuda et al., 1997), as well as in T cells
(Dent et al., 1998; Kusam et al., 2003; Ichii et al., 2004;
Kallies et al., 2006; Martins et al., 2006; Cimmino et al.,
2008). However, the roles of Blimp1 and Bcl6, both of which
are transcriptional repressors, have not previously been char-
acterized in osteoclastogenesis or skeletal disorders, although
mutations in Bcl6-associated molecules are reportedly seen in
skeletal pathologies such as malformation of fingers and clav-
icles (Ng et al., 2004). Recently, it was reported that inhibit-
ing NFATc! using the NFATc1 inhibitor FK506 actually
resulted in reduced bone mass caused by inhibition of bone
formation that was more potent than inhibition of osteoclas-
togenesis (Koga et al., 2005). Therefore, additional regulators
of osteoclast differentiation have been sought as factors that
could potentially increase bone mass.

In this study, we identify two transcriptional repressors
controlling osteoclastogenesis, Bcl6 and Blimpl. We show that
Bcl6 negatively regulates expression of osteoclastic genes, i.e.,
NFATc1, DC-STAMP, and Ctsk, which are all NFATc1
targets, We found that Bclé is recruited to promoters of these
genes, and that Bel6 inhibits osteoclastogenesis. We also report
that Blimp1 binds to the Bcl6 promoter, likely suppressing its
expression. Bel6-deficient mice exhibited decreased bone mass
with increased osteoclastogenesis, whereas osteoclast-specific
Blimp1 conditional KO (cKO) mice showed impaired osteo-
clast differentiation and increased bone mass, likely resulting
from Bcl6 dysregulation. Overall, our data demonstrate that
an axis of transcriptional repressors is crucial to regulate
osteoclastogenesis and bone homeostasis.

RESULTS

Bel6 is a negative regulator of osteoclastogenesis

RANKL stimulates osteoclastogenesis by activating NFATc1
(Takayanagi et al., 2002; Koga et al., 2004; Sato et al., 2006;
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Shinohara et al., 2008). To identify genes potentally sup-
pressed after RANKL stimulation of osteoclast precursor cells
(BM macrophages [BMMs]), we undertook comparative
microarray screens of BMMs treated with or without RANKL
and found that expression of the transcriptional repressor Bcl6
was down-regulated by RANKL (Fig. 1 A). Bcl6 down-
regulation by RANKL was confirmed by real-time RT-PCR,
immunofluorescence, and immunoblot analysis (Fig. S1 and
Fig. 1 B). Immunofluorescence analysis showed that Bel6 was
detected in the nuclei of M~-CSF—dependent macrophages,
but not in nuclei of multinuclear osteoclasts induced by
RANKL (Fig. 1 B). Interestingly, chromatin immunoprecip-
itation (ChIP) assays showed that, in the absence of RANKL,
Bcl6 was recruited to the NFATc! P1 promoter, a region
critical for regulating NFATc! expression in osteoclasts, and
was dismissed from the promoter after RANKL treatment. In
contrast, NFATc1, an essential positive regulator of osteo-
clastogenesis, was absent from the NFAT¢? P1 promoter in
the absence of RANKL, but recruited after RANKL stimula-
tion (Fig. 1 C). These results suggest a potential role of Bcl6
in inhibiting osteoclastogenesis. Bclé overexpression also
potently inhibited osteoclast differentiation in vitro (Fig. 1 D),
suggesting that Bcl6 negatively regulates osteoclast differenti-
ation and that its down-regulation after RANKL stimulation
is critical to induce osteoclastogenesis,

Bcl6 deficiency facilitates osteoclast formation

To characterize the physiological roles of Bcl6 in osteoclasto-
genesis, we analyzed Bel6-deficient (Bd6™ /") mice. Bcl6™/~
mice exhibited lower bone mass as detected by microradio-
graphical and dual-energy x-ray absorptiometry analysis
compared with heterozygous littermates (Bcl6¥/~; Fig. 2,
A and B). Consistently, histomorphometric analysis of Bd6~/~
mice demonstrated increased osteoclastogenesis and large
osteoclast formation in Bel6~/~ mice. Bcl6™/~ mice also showed
elevated levels of serum C-terminal telopeptides of type I
collagen (CTx) and decreased bone parameters (Fig. 2, C and
D, and Fig. S2). In vitro, osteoclast progenitor cells isolated
from Bcl6-deficient mice and treated with RANKL differen-
tiated more rapidly into multinuclear tartrate-resistant acid
phosphatase (TR AP)—positive cells than did those from con-
trol mice (Fig. 2 E and not depicted). Lower concentrations
of RANKL not sufficient to differentiate control cells induced
osteoclast differentiation of Bcl6-deficient cells (Fig. 2 E).
Furthermore, increased bone resorbing activity was evident
in Bel6-deficient osteoclasts (Fig. 2 F), suggesting loss of a
negative regulator of osteoclast function and differentiation.
Deletion of Bcel6 in osteoclast precursor cells did not alter cell
proliferation or induce apoptosis (Fig. S3). Thus, Bcl6 func-
tions to regulate osteoclast differentiation and bone homeo-
stasis, and its down-regulation by RANKL is required for
osteoclast formation.

Blimp1 regulates Bcl6 expression and osteoclastogenesis
Next, we searched for a factor that might suppress Bcl6
during osteoclastogenesis and found that the transcriptional

Blimp1-Bcl8 axis influences bone mass | Miyauchi et al.
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Figure 1. Bcl6 is suppressed during osteoclastogenesis and inhibits osteoclast formation. (A) Bc/6 expression was examined by comparative
microarray analysis between osteoclast precursors (M-CSF) and osteoclasts (M-CSF + RANKL) cultured for 6 d. (B) BMMs were cultured with or without
RANKL for 8 d and subjected to immunofluorescence staining (left) and immunoblot (right) for Bcl6. Nuclei were visualized by DAPI. Bar, 25 pm.

(C) Recruitment of NFATc1 and Bcl6 to the NFATcT P1 distal promoter was detected by ChIP assay. RAW264.7 cells were stimulated with or without
RANKL for 48 h and subjected to ChIP analysis. (D) RAW264.7 cells transduced with Bcl6-overexpressing (Bcl6) or mock (control) retrovirus were cultured
in the presence (RANKL) or absence (control) of RANKL for 5 d and stained with TRAP. Left, TRAP staining. (right) Numbers are means + SD of multinu-
clear TRAP-positive cells in control or Bel6-overexpressing RAW264.7 cells cultured with RANKL (**, P < 0.001; n = 6). Representative data of three inde-

pendent experiments are shown (B-D).

repressor Blimp1, also called Prdm1, was specifically up-
regulated during osteoclast formation (Fig. S4 A). Blimp1
expression in osteoclasts was also demonstrated by using
Blimp1-EGFP BAC transgenic mice, in which the EGFP se-
quence is knocked into the Blimp 1 locus, and by the observa-
tion that TRAP-positive cells showed Blimpl expression
(Fig. S4 B). RT-PCR analysis confirmed Blimp1 induction
in BMMs in the presence of RANKL in parallel with induc-
tion of Ctsk, a marker of osteoclast differentiation (Fig. 3 A).
To determine whether Bel6 is a Blimp1 target, an electro-
phoretic mobility shift assay (EMSA) was undertaken using a
Bcl6 probe corresponding to a Bel6 regulatory region (Cimmino
et al., 2008). Blimp1 formed a complex with the probe, but
not with a Belébmut probe in which two nucleotides are
changed to disrupt the Blimp1 binding sequence (Fig. S5 A).
The PRDI probe, which corresponds to a region of the inter-
feron B promoter known to bind Blimp1 protein (Keller and
Maniatis, 1991) weakly but competitively, inhibited complex
formation of the Bcl6 probe with Blimp1 (Fig. S5 A). In ad-
dition, unlabeled Bcl6 probe competed with labeled Bcl6
probe-Blimp1 to block complex formation, whereas unla-
beled Belomut probe did not (Fig. S5 A), confirming speci-
ficity and suggesting that Bcl6 is a direct Blimpl target.
Furthermore, ChIP analysis showed that, in the absence of
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RANKL, Blimp! was absent from the Bc/6 promoter,
but was recruited there by RANKL treatment (Fig. S5 B).
Thus, we conclude that Bel6 is a direct target of Blimp!
in osteoclasts.

To investigate physiological roles of Blimp1 in osteoclast
differentiation, we established osteoclast-specific Blimp1 cKO
mice (Crsk“’* Blimp 1#*/), as Blimp1-null mice are embry-
onic lethal (Vincent et al., 2005). Blimpl heterozygotes
(Blimp1*/~) were crossed with Ctsk-Cre mice (Crsk“*’*) in
which Cre is knocked into the Citsk locus (Nakamura et al.,
2007). Next, Crsk“**Blimp1*
transgenic strain harboring loxP-flanked (floxed) Blimp1 al-
leles (Blimp 1ex/fe; Ohinata et al., 2005) to yield Blimp1 cKO
mice. Ctsk“/*Blimp1!/* mice served as controls. Blimpl

mice were crossed with a

cKO mice showed increased trabecular bone mass and an
expanded growth plate compared with control mice, as
seen by histomorphometric and microradiographical anal-
ysis (Fig. 3, B-D). TR AP staining of bone sections and anal-
ysis of serum CTx levels demonstrated severe inhibition of
TR AP-positive osteoclast formation and bone resorbing ac-
tivity, respectively (Fig. 3, E and F). Bone-morphometric
analysis revealed reduced osteoblastic parameters in Blimp1
cKO mice (Fig. 3 C). Differentiation of osteoblasts isolated
from osteoclast-specific Blimpl ¢KO mice did not differ
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from that seen in control mice (Fig. S6), suggesting that tion of Blimpl in osteoclasts did not alter precursor cell
Blimp1 deficiency in osteoclast progenitor cells promotes de- proliferation or induction of apoptosis (Fig. S7, A and B).
creased osteoblast differentiation and bone formation. Dele- Furthermore, immune cell populations such as CD3-, B220-,
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Figure 2. Increased osteoclast formation resulting from Bcl6 deficiency. (A) Micro focus CT analysis of femurs of Be/6*~ (left) and Belé ™/~ (right)
mice. (B) Bone mineral density (BMD) of equal longitudinal division of femurs of Bc/6+~ (open circles) and Bel6~/~ (closed circles) mice. Data are mean
BMD (mg/cm?) + SD (*, P < 0.05; ™, P < 0.01; ** P < 0.001; n = 3). (C) TRAP staining of tibial sections of Bc/6*~ (top) and Bcle~/~ (bottom) mice, and
osteoclast surface as a percentage of bone surface (OcS/BS). Data are means + SD (*, P < 0.001; n = 5). (D) Serum levels of C-terminal teropeptides of
type | collagen (CTx) were analyzed in Bc/6*/~ (white bar) and Bcl6~/~ (shaded bar) mice. Data are means + SD (**, P < 0.001; n = 3). (E) Osteoclast precur-
sor cells from control (Bcl6+/~) or Bel6=/~ mice were cultured in the presence or absence of RANKL for 5 d and subjected to May-Grinwald Giemsa and
TRAP staining, and the number of multinuclear TRAP-positive cells containing more than three nuclei was determined. Data are means + SD of cells
containing more than three nuclei (**, P < 0.001; n = 3). (F) Bone resorbing activity in Bc/6*/~ (top) and Bcl6~/~ (bottom) osteoclasts was analyzed by a
pit formation assay. Representatives of at least three (E) and two (F) independent experiments are shown. Bars: (A) 1 mm; (C, E, and F) 100 pm.
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Mac1-, or Grl-positive cells were normal in the Blimp1 osteo-
clast-specific KO, suggesting that Blimp1 is required to regu-
late osteoclast differentiation and bone homeostasis (Fig. S8).
Severe inhibition of osteoclastogenesis was also observed
in in vitro culture. Multinuclear TR AP-positive osteoclast
formation induced by RANKL was significantly inhibited

in Blimp1 cKO cells (Fig. 4, A and B). Blimp1 expression

A culture period (day)
NC 0 1 2 3 4 5 pp

was significantly up-regulated in the presence of RANKL
in control cells; however, Blimp1 induction was significantly
inhibited in Blimpl ¢KO cells (Fig. 4 C). In contrast, Bcl6
expression was significantly down-regulated in control cells
in the presence of RANKL; however, Bcl6 expression in
Blimp1 cKO cells was significantly up-regulated in Blimp1
cKO cells, even in the presence of RANKL (Fig. 4, C and D),
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Figure 3. Blimp1 is essential for osteoclastogenesis and regulates bone homeostasis. (A) Total RNA isolated from BMMs cultured with M-CSF and

RANKL for indicated periods was subjected to RT-PCR analysis with primers specific for Blimp1 (top), Ctsk (middle), and B-actin (bottom). Representatives
of at least three independent experiments are shown. (B-F) Bone phenotypes of osteoclast-specific Blimp1 KO (Blimp1 cKO) female mice at 8 wk old.

(B) Longitudinal sections of tibias of control mice (Ctl; left) and Blimp1 cKO mice (right) were stained by toluidine blue. (C) Bone parameters are shown.
Data are mean bone volume per total volume (BV/TV; %), trabecular number (Tb. N; /mm), osteoblast surface per bone surface (0b.S/BS; %), or bone for-
mation rate per bone surface (BFR/BS; mm?/ecm?]y) + SD of control (Ctl; white bar) and Blimp1 cKO (cKO; shaded bar) mice (*, P < 0.01; n = 5). (D) Micro-
focus CT analysis of femurs of control mice (Ctl; left) and Blimp1 ¢cKO mice (right). (E) TRAP staining of tibial sections of control mice (Ctl; left) and Blimp1
¢KO mice (right). Osteoclast parameters are shown as mean osteoclast number per bone perimeter (N.Oc/B.Pm) or osteoclast surface per bone surface
(0c.S/BS.) + SD of control (Ctl; white bar) and Blimp1 cKO (cKO; shaded bar) mice (n = 5). (F) Serum CTx levels as a marker of bone resorption of control
(Ctl: white bar) and Blimp1 cKO (cKO; shaded bar) mice (* P < 0.01; n = 5). Bars: (B and E) 100 um; (D) 1 mm.
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suggesting that Blimp1 is critical to suppress Bel6 expression
in osteoclasts during differentiation by RANKL and is essen-
tial for regulating osteoclastogenesis.

Bcl6 suppresses NFATc1 target genes during
osteoclastogenesis

Expression of genes encoding osteoclastic factors, such as
NFATcl, DC-STAMP, and Ctsk, all of which are targets of

Ctl

NFATc1 (Matsumoto et al., 2004; Asagiri et al., 2005; Yagi
et al., 2007), was markedly inhibited in Blimp1 ¢cKO osteo-
clasts (Fig. 5 A). It was shown by ChIP analysis that NFATc1
was not evident on osteoclastic gene promoters without
RANKL, but was recruited there after RANKL treatment of
control cells (Fig. 5 B). In contrast, in the absence of RANKL,
Bcl6 was present on osteoclastic gene promoters, but was lost
from those promoters after RANKL treatment of control

cKO
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Figure 4.

Impaired osteoclastogenesis and Bcl6 expression resulting from Blimp1 deficiency. (A-C) BMMs from control (Ctl) or Blimp1 cKO (cKO)

mice were cultured in the presence or absence of RANKL for 8 d. Cells were then subjected to May-Griinwald Giemsa and TRAP staining (A), the number
of TRAP-positive cells containing more than three nuclei was scored (B, left), and the number of nuclei in each multinuclear osteoclast was determined
(B, right). Bar, 100 um. Numbers are means + SD of multinuclear cells (**, P < 0.001; n = 3). (C) Total RNA was prepared from control (white bars) or
Blimp1 cKO (shaded bars) cells treated with (+) or without (=) RANKL, and Blimp1 (left) or Bcl6 (right) expression relative to B-actin was analyzed by
quantitative real-time PCR. Data represent means + SD of Blimp1/B-actin or Bcl6]B-actin levels (**, P < 0.001; n = 4). (D) Whole-cell lysates from control
or Blimp1 cKO cells cultured with M-CSF alone or M-CSF plus RANKL were analyzed by immunoblotting to detect Blimp1, Bcl6, and NFATc1. Actin was
analyzed as an internal control. Representatives of at least four independent experiments are shown.
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cells (Fig. 5 B). These data strongly indicate that NFATc1 DKO mice showed accelerated osteoclastogenesis compared
and Bel6 are reciprocally recruited to osteoclastic gene pro-  with those from Blimp1 ¢KO mice (Fig. 6, B and C), sug-
moters. Significandy, reciprocal recruitment of NFATcl and ~ gesting that Blimp1 regulates osteoclastogenesis in part
Bcl6 was severely impaired in Blimp1 cKO cells (Fig. 5 B),  through controlling Bcl6. These results reveal that the
suggesting that Blimpl up-regulation is critical for loss of  Blimp1-Bcl6—osteoclastic molecule axis is critical for control-
Bcl6 from osteoclastic promoters after RANKL stimulation. ling osteoclast differentiation and bone homeostasis (Fig. 7).
Bcl6 was not ptesent on the NFA Tc2 promoter, which is not
activated by RANKL stimulation (Asagiri et al., 2005), in the DISCUSSION
presence or absence of RANKL (Fig. 5 B), suggesting that ~ Here, we show that two transcriptional repressors, Bcl6 and
Bcl6 is selectively recruited to promoters of osteoclastic genes Blimp1, are essential to control physiological osteoclast de-
and inhibits osteoclast differentiation. Whereas Bcl6 was velopment and maintenance of bone homeostasis. Bel6, a
down-regulated by RANKL treatment in control cells, Bcl6 member of the POZ/BTB-zinc finger protein family, sup-
expression was maintained in Blimp1 cKO cells, even in the  presses expression of “osteoclastic” genes, all of which are
presence of RANKL (Fig. 4 C and Fig. S9). These data indi-  targess of NFATc1 (Matsumoto et al,, 2004; Asagini et al.,
cate that impaired Bcl6 down-regulation caused by loss of ~ 2005; Yagi et al., 2007), thereby antagonizing NFAT<¢!1 func-
Blimp1 results in continuous inhibition of osteoclastic gene tion. Indeed, NFATc1 deficiency in osteoclasts results in
expression, which in turn promotes severe inhibition of  impaired differentiation (Asagiri et al., 2005), whereas Bcl6-
osteoclastogenesis and increased bone mass. deficient mice exhibit accelerated osteoclast formation and
Finally, to confirm the role of Blimp! in tegulating osteo-  decreased bone mass. Blimp1, encoded by Prdm1, acts as a
clastogenesis through Bcl6, osteoclast-specific Blimp1/Bclé  suppressor of Bcl6, likely by direct binding to the Bc6 pro-
double KO mice (double KO [DKO]; Ctsk“/*Blimp1**~  moter. In contrast to Bclé-deficient mice, osteoclast-specific
Bel6™'~ mice) were established (Fig. 6). DKO mice exhibited ~ Blimp1 ¢KO mice display impaired osteoclast differentiation
decreased bone mass in vivo compared with Blimpl ¢cKO and increased bone mass. Expression of Bel6 and Blimp1 is re-
mice (Fig. 6 A). Similarly, progenitor cells isolated from ciprocal in normal osteoclast formation, and unusual elevation

A NFATc1 DC-STAMP Ctsk
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Figure 5. Bcl6 suppresses osteoclast differentiation. (A) Total RNA was prepared from control (white bars) or Blimp1 cKO (shaded bars) cells treated
with (+) or without {—) RANKL, and the expression of the osteoclastic genes NFATc1, DC-STAMP, and Ctsk relative to B-actin was analyzed by a quantita-
tive real-time PCR. Data are means + SD of osteoclastic genes|B-actin. (**, P < 0.001; n = 4). (B) Recruitment of NFATc1 and Bcl6 to promoters of
osteoclastic genes such as NFATc1, DC-STAMP, Ctsk, or a negative control gene NFATC2 was analyzed by a ChIP assay. Representatives of at least four

(A} or two (B) independent experiments are shown.
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Figure 6. Bcl6 is a target of Blimp1 during osteoclastogenesis. (A) Bone mineral density (BMD) of equal longitudinal division of femurs of control
(filled circles), Blimp1 cKO (open circles), and Blimp1 cKO/Bcl6 KO (DKO; filled triangles) mice. Data represent mean BMD (n = 4). (B and C) Osteoclast pro-
genitor cells from control, Blimp1 ¢KO or DKO mice were cultured in the presence of M-CSF alone or M-CSF plus RANKL for 8 d. Cells were then subjected
to May-Griinwald Giemsa and TRAP staining (B), and the number of TRAP-positive cells containing more than three nuclei was scored (C). Results are
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of Bcl6 expression caused by Blimpl deficiency leads to
osteoclastogenesis failure, as indicated by increased bone mass
seen in a Blimpl ¢KO model. Signals positively regulating
NFATc1 in osteoclasts, such as TRAF6, c-Fos, ITAM-
PLCy-Ca®* signals, Btk, and Tec (Takayanagi et al., 2002;
Koga et al., 2004; Shinohara et al., 2008), have been charac-
terized, and NFATc1 reportedly positively autoregulates in
osteoclasts (Asagiri et al., 2005). However, factors modulat-
ing this activity have not been described. Our study charac-
terizes such an axis of factors that serve as a molecular switch
to control osteoclastogenesis and bone homeostasis after
RANKL stimulation.

To date, the skeletal and immune systems have been
shown to share common molecules to achieve homeostasis
(Nakashima and Takayanagi, 2008). RANKL and RANK
were originally identified in T cells and DCs (Anderson et al.,
1997), respectively, and both are essential for osteoclastogen-
esis (Kong et al., 1999; Dougall et al., 1999). NFATc1 was
identified in T cells and plays an essential role in osteoclast
formation (Northrop et al., 1994; Asagiri et al., 2005). DC-
STAMP plays a role in DC function and is required for cell—
cell fusion of osteoclasts and macrophage giant cells (Yagi et al.,
2005, 2007; Sawatani et al., 2008). Besides roles in immune
system, Bcl6 has antiapoptotic and protooncogenic function

RANKL
RANK
B“mp-l/axls to activate NFATc1

TAM Ca2+ signal
RAFB c-Fos. etc)

¥ il

Bclé NFATc1

> ¥

'osteoclastic' genes
DC-STAMP Cathepsin K NFATc1

Figure 7. A schematic model of osteoclastogenesis regulated by
the Blimp1-Bcl6-osteoclastic gene axis. RANKL-RANK interaction
results in Blimp1 induction, leading to Bcl6 down-regulation and disso-
ciation of Bcl6 from osteoclastic gene promoters, an event critical for
osteoclastogenesis. NFATc1 activation is induced by various factors, such
as ITAM, TRAF6, c-Fos, and Ca?* signaling, which are also activated

by RANKL.
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(Baron et al., 2002; Ohno, 2006). Blimp1 also functions in
specification of the germ cell lineage and acts as a tumor sup-
pressor (Ohinata et al., 2005; John and Garrett-Sinha, 2009).
Here, we show that Bcl6 and Blimp1, which are both impli-
cated in B cell and T cell development (Turner et al., 1994;
Fukuda et al., 1997; Dent et al., 1998; Kusam et al., 2003;
Ichii et al., 2004; Kallies et al., 2006; Martins et al., 2006:
Cimmino et al., 2008), have a novel function in regulating
osteoclastogenesis and maintenance of bone homeostasis. It
has been reported that Blimp1 represses Bel6 (Cimmino et al.,
2008) or that Blimp1 and Bcl6 regulate each other (Shapiro-
Shelef and Calame, 2005). Blimp1 expression was reportedly
inhibited by Bel6 (Martins et al., 2006); however, we did not
detect dysregulation of Blimp! expression in Bel6-deficient
osteoclasts (unpublished data). Osteoclast-specific Blimp1/
Bcl6 DKO mice exhibited increased osteoclastogenesis with
decreased bone mass compared with Blimp1 ¢KO mice, in-
dicating that Blimp1 regulates Bcl6 in osteoclasts. However,
although Bcl6-deficient cells showed accelerated osteoclasto-
genesis compared with control cells, DKO cells showed
decreased osteoclast differentiation compared with control
cells, suggesting that Blimp1 regulates osteoclastogenesis
through Bcl6 along with other target molecules. Blimp1 has
multiple targets in lymphocytes and PGCs (Shaffer et al., 2002
Kurimoto et al., 2008), and thus it is possible that Blimp1 has
multiple targets in osteoclasts as well. In osteoclasts, several
negative regulators for osteoclastogenesis, such as Id, Mafb, and
Iif8, have been identified (Lee et al., 2006; Kim et al., 2007,
Zhao et al., 2009). Blimp1 may also target these molecules in
osteoclasts to stimulate osteoclast differentiation. Further in-
vestigations are needed to clarify the molecular mechanisms of
the regulation of osteoclastogenesis by Blimp1.

We used Crsk“* mice to establish osteoclast-specific
Blimp1 ¢KO mice because Ctsk“*’* mice have been used to
generate osteoclast-specific KOs of factors such as the estro-
gen receptor and Bel-XL (Nakamura et al., 2007; Iwasawa et al.,
2009). Osteoclastogenesis, including Ctsk expression, has been
evaluated in osteoclast-specific gene-targeted cells (Nakamura
et al., 2007). Blimp1 expression is induced earlier than Ctsk
(Fig. 3 A), and osteoclastogenesis is inhibited in Blimp1 ¢cKO
cells, suggesting that continuous Blimp1 expression is re-
quired for full osteoclast differentiation under control of
RANKL. Blimp! is also known to be induced by BMP4 and
LIF in PGCs, where it functions as a transcriptional repressor
(Ohinata et al., 2009). In osteoclasts, Blimp1 is induced by
RANKL and acts to repress Bel6. Thus, signaling regulating
Blimp1 expression differs between PGCs and osteoclasts.

Bone homeostasis requires a delicate balance between os-
teoclastic and osteoblastic activities. A decline in bone vol-
ume is closely related to up-regulation of osteoclast activity,
and thus osteoclasts could be targeted therapeutically to treat
skeletal disorders such as osteoporosis and destructive bone
metastasis. FK506, a specific inhibitor of calcineurin-NFATS,
inhibits osteoclastogenesis, but does not increase bone mass,
as FK506 also inhibits bone formation (Koga et al., 2005).
Thus, additional factors that could negatively regulate osteoclast
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differentiation, such as those identified here, have been
sought. Thus, our study provides new insight into regulation
of osteoclastogenesis and bone homeostasis and forms the
basis for developing novel therapeutic approaches to treat
skeletal disorders.

MATERIALS AND METHODS

Mice. Bcl6 / mice on a mixed C57BL/6 X 129/Sv background were gen-
erated by crossing Bel6 heterozygotes (Bcl6™ ; Fukuda et al., 1997). Osteo-
clast-specific Blimpl cKO mice on a C57BL/6 background were generated
from three lines: mice carrying loxP-flanked Blimp1 alleles (Blinip #levh;
Ohinata et al, 2005), mice harboring Cre in the Crsk (Crsk™ ) locus
(Nakamura et al., 2007), and Blimp I heterozygotes (Blimp*/ ; provided by
A. Tarakhovsky, The Rockefeller University, New York, NY). Animals
were maintained under specific pathogen—tree conditions in animal tacilities
certified by the Keio University School of Medicine animal care commitcee.
Animal protocols were approved by the Keio University School of Medicine
animal care committee.

In vitro osteoclast formation. BM cells isolated from long bones (temurs,
tibias, and humerus) were cultured 72 h in aMEM (Sigma-Aldrich) contain-
ing 10% heat-inactivated FBS (JRH Biosciences) and GlutaMax supple-
mented with M-CSF (50 ng/ml; Kyowa Hakko Kirin Co.). Adherent cells
were then collected for analysis. 107 cells were cultured with M-CSF and
recombinant soluble RANKL (25 ng/ml; PeproTech Lid) for indicated
rime periods. Mouse spleen cells were cultured overnight in aMEM con-
taining 10% heat-inactivated FBS and GlutaMax supplemented with M-CSF.
Afier this incubation, nonadherent cells were collected and 107 cells were
cultured with M-CSF and recombinant soluble RANKL (5 or 25 ng/ml) for
the indicated time periods. Osteoclastogenesis was evaluated by TRAP and
May-Griinwald Giemsa staining {(Miyamoto et al., 2000; Yagi et al., 2005).
RAW?264.7 cells were maintained in e MEM containing 10% heat-inactivated
FBS and GlutaMax and stimulated by recombinant soluble RANKL to
induce osteoclast formation.

Pit formation assay. Bone resorbing activity of osteoclasts was analyzed
as previously described (Iwamoto et al., 2004). In brief, osteoclast precursors
isclated from indicated mice were seeded on dentin slices and cultured in
the presence of M-CSF plus RANKL for 6 d. Dentin slices were then
stained by toluidine blue and observed under a microscope (model BZ-9000;
Keyence Co.).

Analysis of skeletal morphology. Bcl6 /. DKO, and control litcermates
were necropsied 16 d after birth. Hindlimbs were removed, fixed with 70%
ethanol, and subjected to dual-energy x-ray absorptiometry analysis to mea-
sure bone mineral density and for bone-histomorphometric analysis. Female
8-wk-old Blimpl ¢KO mice and control littermates were administered
intraperitoneal injections of 16 mg/kg calcein (Dojindo Co.) at 6 and 1 d
before sacrifice to evaluate bone formation rate. Hindlinibs were removed
and analyzed as described above.

ELISA. Serum levels of osteocalcin and C-tenminal telopeptides of type I col-
lagen (CTx) were measured by the Mouse Osteocalcin EIA kit (Biomedical
Technologies Inc.) and RadLaps EIA (Inununodiagnostics Systews Lid.), re-
spectively. Assays were undertaken following the manufacturers’ instructions.

Real-time PCR analysis. Total RNAs were isolated from BM cultures by
TRIzol reagent (Invitrogen). After denaturation of total RNAs at 70°C for
5 min, cDNAs were synthesized from total RNAs using oligo(dT) primer
and reverse transcription (Wako Pure Chemicals Industries). Real-time
PCR. was performed using SYBR. Premix ExTagq II (Takara Bio Inc.) with
the DICE Thermal cycler (Takara Bio Inc.), according to the manufacturer’s
instructions. Saples were matched to a standard curve generated by amplifying
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serially diluted products using the same PCR reactions. B-actin expression
served as an internal control. Primer sequences were as follows: B-actin for-
ward: 5'-TGAGAGGGAAATCGTGCGTGAC-3'; B-actin reverse: 5'-AA-
GAAGGAAGGCTGGAAAAGAG-3'; Bd6 torward: 5'-AGACGCACAGT-
GACAAACCATACAA-3'; Bd6reverse: 5'-GCTCCACAAATGTTACA-
GCGATAGG-3'; Blimp1 forward: 5'-TTCTTGTGTGGTATTGTCGGGA-
CTT-3; Blimp1 reverse: 5-TTGGGGACACTCTTTGGGTAGAGTT-3';
Crk forward: 5'-ACGGAGGCATTGACTCTGAAGATG-3"; Cnk
reverse: 5'-GGAAGCACCAACGAGAGGAGAAAT-3": DC-STAMP for-
ward: 5'-TCCTCCATGAACAAACAGTTCCAA-3"; DC-STAMP re-
verse: 5'-AGACGTGGTTTAGGAATGCAGCTC-3"; NFATe! forward:
5'-CAAGTCTCACCACAGGGCTCACTA-3"; NI‘Altl reverse: 5'-GCG-
TGAGAGGTTCATTCTCCAAGT-3"; type [ collagen forward: 5'-CCTGG-
TAAAGATGGTGCC-3"; type I collagen reverse: 5'-CACCAGGTTCAC-
CTTTCGCACC-3"; osteocalin forward: 5'-TAGCAGACACCATGAGGA-
CCCT-3"; osteocalcin reverse: 5’ -TGGACATGAAGGCTTTGTCAGA-3".

Immunofluoresence. Cells were tixed with 4% parafonnaldehyde (Wako
Pure Chemical Industries) in PBS solution for 15 min at room temperature.
After washing to remove fixation solution, cells were permeabilized in PBS
containing 0.1% Triton X-100 for 10 min at room temperature and then
washed. Nonspecitic antibody binding was blocked by treaument with 5%
BSA (Sigma-Aldrich Co.) in PBS. Cells were then stained with anti-Bcl6
antibody (1:50 dilution, N-3; Santa Cruz Biotechnology. Inc.) at 4°C over-
night, washed with PBS and stained with Alexa Fluor 546—conjugated anti-
rabbit IgG antibody (1:200 dilution) for 1 h at room temperature. Cells were
washed to remove secondary antibody and incubated with DAPI solution
{Dojindo Co.; 1:5,000) for nuclear staining, followed by microscopic obser-
vation (model BZ-9000; Keyence Co).

Immunoblotting analysis. Whole-cell lysates were prepared from BM
cultures using RIPA buffer (1% Triton X-100, 1% sodium deoxycholate,
0.1% SDS, 150 mM NaCl, 10 mM Tris-HCI, pH 7.5, 5 mM EDTA, and a
protease inhibitor cocktail; Sigma-Aldrich). Equivalent amounts of protein
were separated by SDS-PAGE and mansterred to a PVDF membrane (Millipore).
Proteins were detected using the following antibodies: anti-NFATc1 (7A6),
anti-Blimpl (6D3), anti-Bcl6 (N-3) (Santa Cruz Biotechnology, Inc.), and
anti-actin (A2066; Sigma-Aldrich).

EMSA. Nuclear extracts were prepared trom COS7 cells cransfected with
pCAG-HA-Blimp1 or pCAG. Each extract was incubated for 30 min on ice
with a [*P]labeled probe in binding butter (10 mM Tris-HCI, pH 7.9, 50 mM
NaCl, 0.5 mM EDTA, 1 mM DTT, and 10% glycerol) containing 2 ug of
poly(dI-dC), KCL and BSA. Complexes were separated on 5% polyacryl-
amide gels in TGE buffer (25 mM Tris-HCI, 190 mM glycine, and 1 mM
EDTA). The Bclé probe corresponding to a putative Blimpl binding site in
the Bdd6 gene was 5'-AGGTTTCATAGGAAGTGAAAACCCTGCTAT-3".
A mutated probe (underlined residues) served as a negative control (Belémut
probe; 5'-AGGTTTCATAGGAAGTTAGAACCCTGCTAT-3"). After
electrophoresis, gels were dried and exposed to the imaging plate, and signals
were analyzed using ImageGauge software on the BAS2000 image ana-
lyzer (Fuji Film Co.).

ChIP. ChIP was performed on osteoclasts. M~-CSF-induced BMMs were
cultured on 100-mmn type I collagen-coated culture dishes (Asahi Glass Co.)
with M-CSF and recombinant RANKL for the indicated time periods,
and then subjected to ChIP analysis using the ChIP-IT Enzymatic kit
(ActivMotif Inc.), according to the manufacturer’s instructions. Immuno-
precipitation was performed using anti-NFATcl (7A6), anti-Bcl6 (N-3),
and anti-Blimpl (C14A4; Cell Signaling Technology). DNA was pu-
rified by QIAquick PCR purification kit (QIAGEN) and analyzed using
primers corresponding to the following promoters: NFATc{-P1 promoter,
5'-CCGGGACGCCCATGCAATCTGTTAGTAATT-3" (sense) and
5-GCGGGTGCCCTGAGAAAGCTACTCTCCCTT-3" (antisense); the
DC-STAMP promoter, 5 -GGGGGTCCTCATTTCTACAACTCAT-3'
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(sense) and 5'-GCCACATCACCCTGAATCAATCTT-3' (antisense); the
Cisk promoter, 5'-CCTTAAACTGGCTCCTGTCAAAGA-3' (sense) and
5'-CCCTTCTTCAGAAGCCCTGTAAT-3" (antisense); NFAT¢2 pro-
moter, 5'-TTATCAGGGAGCACTGCCCATCTCCGCTTT-3' (sense)
and 5'-CGGTCTGGCCTGAGCGACAGGCCCAGACAA-3" (anti-
sense); and Bc6 promoter, 5'-CAGCCACCCTGAGTTTACAA-3' (sense)
and 5'-CGTTCCAGCACTGTTTTGAA-3' (antisense).

Microarray analysis. BM cells were isolated from 8-wk-old mouse and
cultured in the presence of M-CSF for 3 d. M-CSF—dependent adherent
cells were harvested and cultured with M-CSF alone for macrophages and
M-CSF plus RANKL for osteoclasts, respectively. Atter 6 days of cultiva-
tion, total RNA was isolated and microarray analysis was undertaken using
GeneChip Mouse Genome 430 2.0 Array (Attymetrix). Data were analyzed
using GeneChip Operating Software and deposited in Minimum Informa-
ton about a Microarray Experiment compliant in Gene Expression Omni-
bus (GEQO accession no. GSE20850).

Online supplemental material. Fig. S1 shows that Bdé6 is transcription-
ally repressed by RANKL. Fig. S2 shows bone parameters of Bd6*™’ and
Blé6 / mice. Fig. S3 shows proliferation and apoptosis of osteoclast precur-
sors from Bd6*’ and Bd6 ’
osteoclasts. Fig. S5 shows that Blimpl binds to the Bclé promoter. Fig. S6
shows normal osteoblastic differentiation in Blimp1 cKO cells. Fig. S7 shows

mice. Fig. S4 shows Blimpl expression in

proliferation and apoptosis of osteoclast precursors from Blimpl ¢cKO and
control mice. Fig. S8 shows immune cell populations in spleens of Blimp1
cKO and control mice. Fig. S9 shows dysregulation of Bclé in Blimp!
¢KO BMM. Online supplemental material is available at hup://www. jem
.org/cgi/content/tull/jem.20091957/DC1.
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