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increased trimethylated histone H3 at Lys27 (H3-K27Me3),
which correlates with genomic silencing was detected in Menin™"
Th17 cells (Fig. 3C, Left). In sharp contrast, loss of Menin had
little effect on epigenetic histone modifications at the Rorc locus
(Fig. 3C, Center).

Menin interacts specifically with RNAPII (34). In addition,
eukaryotic gene expression is regulated by RNAPII through the
phosphorylation of its carboxyl-terminal domain (CTD) (35).
Ser-2 phosphorylation (2P) marks the elongation state, whereas
Ser-5 is phosphorylated (5P) in the initiation phase (36). Therefore,
we examined whether Menin is required for the recruitment of
RNAPII to the /117a gene locus in Th17 cells. The binding levels
of Menin to the /l17a and Rorc gene loci in WT Th17 cells
restimulated with an immobilized anti-TCRp were similar to the
binding levels in cells that had not been restimulated (Fig. 3D,
Upper). Interestingly, however, the recruitment of RNAPII to the
Il17a gene locus, but not to the Rorc gene locus, was markedly
up-regulated after TCR restimulation (Fig. 3D, Lower, and Fig.
S4D, Bottom). This is consistent with the observation that Il17a
expression, but not Rore, was up-regulated by TCR restimulation
(Fig. 3E). The H3-K4Me3 and H3-K9Ac histone modifications
at these gene loci were not altered by TCR restimulation (Fig.
S4D, Top and Middle). Next, we assessed whether Menin was
required for recruitment of RNAPII to the //17a and Rorc gene
loci. Compared with WT cells, the levels of RNAPII Ser-5 and
Ser-2 phosphorylation together with a total RNAPII at the 1/17a
gene were much lower in Menin™~ Th17 cells restimulated
with anti-TCRp antibody (Fig. 3F). In contrast, the reduction of
RNAPII at the Rorc gene locus in Menin™~ Th17 cells was much
less dramatic. These results indicate that, in Th17 cells, Menin
is primarily required for RNAPII accumulation and Ser-2/Ser-5
double phosphorylation at the //17a gene locus.

STAT3 directly regulates not only gene expression but also
epigenetic modifications of numerous genes involved in Th17
cell differentiation (37, 38). In the case of the /l17a and Rorc
gene loci, STAT3 directly binds the promoter and also intergenic
regions and induces alterations to the epigenetic signature
of these genes. Consistent with these studies (37, 38), loss of
STAT3 resulted in the disappearance of IL-17A—-producing cells
(Fig. S54). The binding of STAT3 to I/17a and Rorc gene loci in
Menin™~ Th17 cells was similar to that in WT cells (Fig. S5B).

AA 3 mMRNA ,:Bo i H17a locus o Actb C H17a locus
g 0. g
g 2 g E g WMenin**
X £02 0. ST e OMenin*
g1 NS € b3 E
< [] s &
s —agh— gon'ﬂs Naao | (+2) =2 2
g ° 0 erdi 2388 3
g — Rorc locus Ccel2 5"; £3.
8- T 04 0.4 &%
1} : g- WThi7 T <
3
b= 'Th2
2 2 2 02 0. a 2
< <081 € t g
L s § §2
e ll17a 0 3 0 i o
aay aky +1.1 2
o fore s¥i sz U =
D 04 1117a locus 04, Rorelocus 0.4, Acth Cel2 ; ; i 5 .:3 ; g Eii
é ES F H17alocus
S £02 0.2 0.2 0.6 ) 0.6
= D []Dﬂ &g WMenin*
= =a Menin*
o4 04 0 % £03 = 0.3
gg gt
" m| M
= 202 0.5 0. G Y 1 o
EH 53
% ool §cor
4 04 = e - o 0.3
Nahag Naes "mar minc (+2) (+11) Z &8
238 238 ¥ 2%: = fm
- =T = = - 0 1 0 1
E n7a Rorc TCRp g g
i a
Stimulation 80 04
ae S
0 06 12 0 05 10 15 W g, _QDEJI;[
Relative expression Relative expression Na o vano o o ®
(IHprt) (Hprt) 2L 2iEr 23 33

12832 | www.pnas.org/cgi/doi/10.1073/pnas.1321245111

|y, .Il:n :
5 “ 7
Sla's} .,llllﬂ 1 ,L

However, the binding of Menin to these loci in STAT3™/~ Th17
cells was reduced (Fig. S5C). IL-6 stimulation alone could not
induce Menin accumulation at the //17a locus (Fig. S5D). These
results indicate that STAT3 binding to the //17a and Rorc gene
loci was independent of Menin expression, whereas STAT3 in
combination with TGF-p stimulation is required for the re-
cruitment of Menin to these two gene loci.

Menin Is Crucial for Maintaining the Expression of Rorc and Permissive
Histone Modifications at the Rorc Gene Locus in Differentiated Th17 Cells.
We have previously shown that, once Th2 cell differentiation
takes place, Gata3 expression and Th2 function is maintained via
recruitment of the Menin/TrxG complex to the Gata3 gene locus,
even in the absence of IL-4-mediated STAT6 activation (23).
We examined whether the expression of Rorc is maintained in
a similar fashion via the binding of the Menin/TrxG complex in
an IL-6/STAT3-independent manner. As TGF-f1 has been
shown to be important, and IL-6 has been shown to be dis-
pensable for the maintenance of IL-17A expression by Th17 cells
(39), we cultured Th17 cells in the absence of IL-6 after the first
cycle of Th17 differentiation. After initial differentiation, Th17
cells generated from WT T cells maintained the ability to pro-
duce IL-17A throughout two extra cycles of culture in the absence
of IL-6 (Fig. 44, Upper). Decreased numbers of 1L-17A-producing
cells and decreased expression of the ///7a gene were also ob-
served throughout the culture period in Menin™~ Th17 cells
compared with WT Th17 cells (Fig. 4 A, Lower, and B). The
addition of IL-6 or IL-23 to the second culture did not rescue the
number of IL-17A~producing Menin™~ cells (Fig. S64; see 66.0%
vs. 32.6% or 67.0% vs. 36.1%). The levels of histone H3-K4Me3
and H3-K9Ac at the //17a gene locus were also lower in Menin™~
Th17 cells after the second cycle of culture without IL-6, and this
defect appeared to be even more pronounced compared with
that observed after initial differentiation (Figs. 3C, Left, and 4C,
Left). The levels of H3-K27Me3 were also higher in Menin™~
Th17 cells after secondary culture (Fig. 4C, Left). Expression of
Rorc in WT Th17 cells was efficiently maintained, whereas Rorc
expression in Menin™~ Th17 cells was rapidly lost during ex-
tended culture in the absence of IL-6 (second and third cycles,
Fig. 4B). In addition, the levels of H3-K4Me3 and H3-K9Ac at
the Rorc gene locus in Menin™~ Th17 cells clearly decreased in

Rorc locus Actb Ccl2

! Fig. 3. Menin is required for the formation of
permissive histone modifications and RNAPII accu-
mulation at the //77a locus. (A) Naive CD4 T cells
from WT or Menin-deficient mice were cultured
under Th17 conditions for 5 d. Expression of //17a
and Rorc mRNA were determined by quantitative
RT-PCR as described in Fig. 1A. Data from six in-
dependent experiments with mean values are
shown. (B and C) The binding levels of Menin and
RNAPII, and modification of the histone H3-K4Me3,
H3-K9Ac, and H3-K27Me3 levels at several regions
around the //17a, Rorc, Actb (active), and Cc/2 (si-
lent) gene loci were determined by ChIP assays with
quantitative PCR (gqPCR) analysis. For ChIP with
qPCR assay, percentages of input DNA ([specific
antibody ChIP — control Ig ChIP]/input DNA; mean
of three samples) is shown with SDs. (D and E)
Menin and RNAPII binding or transcripts of the
/I17a and Rorc genes were determined by gPCR in
WT Th17 cells stimulated with (+) or without (-)
immobilized anti-TCRB mAb for 4 h. (F) RNAPII
binding was measured after 4-h restimulation
with TCRB in WT or Menin™~ Th17 cells. Three in-
dependent experiments were performed with sim-
ilar results (B—F).
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the second cycle of culture (Fig. 4C, Middle). Furthermore, the
expression of RORyt protein in Menin™~ Th17 cells was shown
to be decreased after the second cycle of cultivation (Fig. 4D).
Thus, these results indicate that Menin is essential for the main-
tenance of Rorc expression and permissive histone modifications
at the Rorc gene locus.

Discussion

Previous work has established that the MLL/Menin/TrxG com-
plex plays a critical role in the maintenance of Th2 cell function
in murine and human systems (17, 19, 23, 24, 40). We extended
this research and herein report a crucial role for Menin in the
regulation of Th17 cell differentiation and function. Our results
show that Menin bound to the Il17a gene locus and induced
subsequent histone modifications at the 1/17a locus together with
the expression of /l17a in the differentiation phase. Menin was
not required for the induction of permissive histone mod-
ifications at the Rorc gene locus. In sharp contrast to the initial
differentiation phase, Menin was required to preserve expression
of Roryt after differentiation. In vivo, Th17 cell-mediated neu-
trophilic airway inflammation was limited by the abrogation of
Menin in Th17 cells, suggesting a physiological role of Menin
in the regulation of I1L-17-mediated pathology. Thus, these
results point to an important role for Menin in the regulation
of Th17 cell differentiation and function and also IL-17-
dependent pathology.

An interesting finding of the present study is that Menin
appeared to function differently at the //77a locus and the Rorc
locus during the initial Th17 cell differentiation phase. Menin
was not required for the induction of permissive histone mod-
ifications and transcriptional expression of the Rorc locus during
Th17 cell differentiation, even though Menin bound strongly to
the Rorc loci in WT Th17 cells. In the case of Th2 cells, the
Menin/TrxG complex did not affect the expression of either the
Gata3 locus or Th2 cytokine loci during the naive to effector Th2
differentiation phase (23). The polycomb protein Ezh2, which
can antagonize TrxG function and specifically trimethylate
H3K27 to induce repressive histone modifications, appears to
regulate effector Th1/Th2 cell differentiation primarily via con-
trol of the expression of lineage-specific transcription factor
genes rather than the cytokine genes (18). Although the un-
derlying mechanisms that determine which genes the TrxG and
PcG complexes functionally target remain unclear, the binding
of these chromatin-modifying complexes alone does not always
correlate with the expected modification of histones or tran-
scription. Our preliminary results indicate that the //77f locus
behaves in a similar fashion to the Rorc locus in terms of the
binding of Menin and the state of histone modifications, i.e.,
Menin was not required for the induction of 1/17f expression and
permissive histone modifications in differentiating Th17 cells.
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In contrast to the initial induction phase of Th17 cell differ-
entiation, the Menin/TrxG complex plays a crucial role in the
maintenance of Rorc expression and permissive histone mod-
ifications that are required to support appropriate function of
Th17 cells. Indeed, IL-6 is required for the induction of Th17 cell
differentiation but not for the maintenance of Th17 function
(39), indicating that the underlying mechanisms governing the
expression of Rorc and [l17a are likely to be different between
the differentiation and maintenance phases. Our previous report
showed that the Menin/TrxG complex is essential to retain Gata3
expression after differentiation, whereas 1L-4-mediated STAT6
activation is dispensable (23). GATA3 expression is required for
the maintenance of Th2 cell function during long-term culture
(23) and also during the memory phase in both mouse and hu-
man systems (24, 41). Our finding that STAT3 deficiency in Th17
cells results in impaired Menin binding to the 1/17a and Rorc
loci, indicates that STAT3 and TGF-B-mediated recruitment
of Menin is likely an important mechanism in the induction of
permissive histone modifications at these genes in differentiating
Th17 cells.

It has been reported that the Menin/TrxG complex binds to
DNA through RNAPII (22, 40). We demonstrate that Menin
directly bound to the //17a gene locus and induced permissive
histone modifications in differentiating Th17 cells (Fig. 3 and
Fig. S4). Menin may bind to DNA through low levels of RNAPII
bound to the /l17a gene locus in differentiating Th17 cells.
However, we also found that Menin is required for TCR
restimulation-induced RNAPII recruitment and Ser-2/Ser-5
double phosphorylation of RNAPII at the //17a gene locus that
accompanies the dramatic induction of //17a expression after
TCR restimulation (Fig. 3E). This reveals a previously un-
identified unexpected mechanism for the Menin/TrxG complex in
the regulation of gene expression, i.e., Menin is essential for rapid
recruitment of the RNAPII transcription complex and high-level
transcription of target genes such as I/7/7a. The sequential re-
cruitment of the Menin/TrxG complex and the RNAPII tran-
scription complex appears to be important to establish a fully
active transcriptional state capable of rapidly inducing target gene
expression after exposure to an external stimuli such as TCR
stimulation. It will thus be important to determine to what extent
Menin retains this function as a facilitator of RNAPII re-
cruitment at other genes and in other cell types.

We found that Th17 cell-mediated neutrophilic airway in-
flammation is markedly attenuated in the mice transferred with
Menin™~ Th17 cells and CD4-Cre*Menin™" mice (Fig. 2). The
dramatic effect observed in these experimental settings may re-
flect the decreased numbers of IL-17A-producing cells and also
the impaired maintenance of Th17 cell function of the Menin™~
Th17 cells. Noneosinophilic asthma associated with neutrophilic
inflammation is generally refractive to treatment with steroids

xd D
Actb Celz st Fig. 4. Menin™'~ Th17 cells fail to maintain the
expression of Rorc. (A and B) Th17 cells (first, sec-
§ ond, and third cycle) were generated as de-
Y’ scribed in Materials and Methods. IL-17A- and
- § IFN-y-secreting cells were assessed by FACS (A),
HIN and /l17a and Rorc mRNA expression were de-
s i termined by quantitative RT-PCR (B). Four in-
— A\ dependent experiments were performed with
A\ similar results (A and B). Mean values with SDs
o (n = 3) are shown (A). (C) The binding of Menin and
levels of histone modifications after the second

culture cycle at the indicated gene loci were de-
termined by ChIP assays with gPCR as described in
Fig. 3B. (D) The level of RORyt protein expression
were determined by FACS. Data are representative
of two independent experiments (C and D).
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(42, 43). Multiple mechanisms have been identified by which
Th17 cells can cause steroid-resistant asthma (44). It is recog-
nized that IL-17 family members induce granulopoiesis, neu-
trophil chemotaxis, and the antiapoptotic properties of G-CSF
(45, 46). Our study revealed that neutrophilic airway inflam-
mation induced by Th17 cells was attenuated in the mice trans-
ferred with Menin™~ Th17 cells and CD4-Cre*Menin™" mice.
Menin may also play an important role in some types of neu-
trophilic airway inflammation in humans.

In summary, our study highlights that Menin regulates both
the induction and maintenance of Th17 differentiation and func-
tion in vitro, and contributes IL-17-mediated pathogenicity in
vivo. Thus, the components of Menin/TrxG complex could rep-
resent unique therapeutic targets for the treatment of Th17 cell-
mediated steroid-resistant asthma in humans.

Materials and Methods

C57BL/6 and BALB/c mice were purchased from CLEA. Menin™" mice (47) were
purchased from The Jackson Laboratory and backcrossed at Chiba University
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to C57BL/6 or BALB/c background more than 10 times. CD4-Cre Transgenic mice
were purchased from Taconic Farms. STAT3™ mice were provided by T. Hirano
(Osaka University, Osaka) (48). All mice used in this study were maintained
under specific pathogen-free conditions and ranged from 6 to 8 wk of age. All
animal care was performed in accordance with the guidelines of Committee on
the Ethics of Animal Experiments of Chiba University.

Detailed descriptions of all materials and methods are provided in S/
Materials and Methods.
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Abstract

Background: Osteoradionecrosis (ORN) is a critical complication after carbon ion (C-ion) or photon radiotherapy (RT)
for head and neck tumors. However, the risk factors for ORN after C-ion RT remain unclear. Therefore, the present study
aimed to investigate the effects of the dose-volume relationship on and risk factors for ORN development after C-ion
RT. We, however, focused on the maxillary bone because most tumors treated with C-ion RT were primarily located in

the sinonasal cavity.

Methods: The patients enrolled in this study received more than 10% of the prescribed total dose of 57.6 Gy
equivalent (GyE) in 16 fractions to their maxilla. All patients were followed up for more than 2 years after C-ion RT.
Those with tumor invasion to the maxilla before C-ion RT or local recurrence after the treatment were excluded from
the study to accurately evaluate the effects of irradiation on the bone. Sixty-three patients were finally selected. The
severity of ORN was assessed according to the Common Terminology Criteria for Adverse Events version 4.0. The
correlation between clinical and dosimetric parameters and ORN incidence was retrospectively analyzed.

Results: The median follow-up period was 79 months. Of the 63 enrolled patients, 26 developed ORN of grade >1.
Multivariate analysis revealed that the maxilla volume receiving more than 50 GyE (V50) and the presence of teeth
within the planning target volume were significant risk factors for ORN. Dose-volume histogram analysis revealed that
V10 to V50 parameters were significantly higher in patients with ORN than in those without ORN.

Conclusions: V50 and the presence of teeth within the planning target volume were independent risk factors for the
development of ORN after C-ion RT using a 16-fraction protocol.

Keywords: Carbon ion radiotherapy, Osteoradionecrosis, Head and neck tumor, Dose-volume histogram
.
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Background
Carbon ion radiotherapy (C-ion RT) offers a potential cure
for radio-resistant tumors owing to its increased biologic
potential and improved dose localization properties.
In a recent report, we demonstrated that C-ion RT
was a promising treatment option for various inoperable
and radio-resistant tumors [1].

In addition, we have published the results of a
phase II clinical trial of C-ion RT in patients with head
and neck tumors [2]. In this trial, C-ion RT demonstrated
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excellent disease control in radio-resistant tumors such as
mucosal malignant melanoma, adenoid cystic carcinoma,
and adenocarcinoma. However, the development of osteor-
adionecrosis (ORN) remained one of the serious complica-
tions after C-ion RT.

ORN is a well-documented complication of photon
RT for head and neck tumors. The degree of ORN varies
from limited, asymptomatic bone exposures that may
remain stable for a prolonged period of time or heal with
conservative management, to severe necroses necessitating
surgical intervention and reconstruction [3]. Thus, ORN is
a serious clinical problem. Several clinical risk factors for
ORN such as smoking, drinking, oral hygiene, and tumor
characteristics have been implicated in the literature [3-5].

© 2014 Sasahara et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
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The radiation dose or dose-volume histogram (DVH)
parameter has been also known to be a major contributor
to ORN [4,6-9]. However, there remains a lack of data on
ORN after C-ion RT.

The present study aimed to investigate the effects of
the dose-volume relationship on and risk factors for
ORN development after C-ion RT. We, however, focused
on the maxillary bone in this investigation because most
tumors treated with C-ion RT were located in the
sinonasal cavity.

Methods

Patients and tumor characteristics

From April 1997 to February 2006, a total of 236
patients with head and neck tumors were treated with
C-ion RT in a phase II clinical trial at our institution [2].
Of these, patients who received more than 10% of a pre-
scribed total dose of 57.6 gray equivalent (GyE) in 16
fractions to the maxilla and were followed up for more
than 2 years after C-ion RT were selected. Those with
tumor invasion to the maxilla before C-ion RT or local
recurrence after treatment were excluded from the study
to accurately evaluate the effects of irradiation on the
maxilla. Based on results from a previous clinical trial
[10], a total dose of 57.6 GyE or 64.0 GyE in 16 fractions
was prescribed for head and neck tumors. However, only
patients treated with 57.6 GyE were included in the present
study as a homogeneous population for analysis. Sixty-three
patients were finally included in our study cohort.

Before C-ion RT, all patients provided written informed
consent acknowledging the possibility of ORN as a
result of the treatment. The study was approved by
the institutional ethics committee (National Institute
of Radiological Sciences).

The median age of the 63 enrolled patients (32
men and 31 women) was 59 years (range, 16—80 years).
Of these, 22 smoked and 31 consumed alcohol. The pres-
ence of teeth within the planning target volume (PTV)
was documented in 29 patients. Histological classification
of all patients’ tumors included 24 patients of malignant
melanoma, 24 adenoid cystic carcinomas, 9 adenocarcin-
omas, 2 squamous cell carcinomas, 2 mucoepidermoid
carcinomas, and 1 each of epithelial/myoepithelial car-
cinoma and undifferentiated carcinoma. Eighteen of
the studied tumors were located in the paranasal
sinus, 17 in the nasal cavity, 12 on the parotid gland,
6 in the oral cavity, and 10 at other sites. All patients
underwent dental examination and management before
C-ion RT. If dental extraction was necessary, C-ion RT
was performed at least 10 days after such procedure. Of
the 23 patients who received adjuvant or neo-adjuvant
chemotherapy, 18 had malignant mucosal melanoma and
received combinatorial chemotherapy with dacarbazine,
nimustine, and vincristine.
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C-ion RT

For C-ion RT, each patient was positioned in customized
cradles (Moldcare; Alcare, Tokyo, Japan) and immobilized
with a low-temperature thermoplastic device (Shellfitter;
Kuraray, Osaka, Japan). A set of computed tomography
(CT) images at 2.5-mm slide thickness was obtained for
treatment planning using the immobilization devices.
Three-dimensional treatment planning was performed
with HIPLAN software [11].

The clinical target volume had a minimum margin of
5 mm added to the gross tumor volume. Furthermore, a
margin of 3-5 mm was added as an internal and setup
margin around the clinical target volume to create a
final PTV. In principle, more than 3 portals were used
to improve dose distribution.

During each treatment session, the patient’s position
was verified with a computer-aided online positioning
system. The patient was positioned on the treatment
couch using immobilization devices, and then digital
orthogonal radiographic images were taken and transferred
to the positioning computer. The positioning images were
compared with the reference images digitally reconstructed
from CT scans. If the difference in positioning was more
than 2 mm, the treatment couch was repositioned until
appropriate.

The carbon beam dose was expressed in terms of pho-
ton equivalent dose, defined as the physical dose multi-
plied by the relative biological effectiveness (RBE) of
carbon ions. The clinical RBE of the carbon beam at our
institute was determined according to the RBE for acute
skin reaction, which was 3.0 at the distal part of the
spread-out Bragg peak {12]. C-ion RT was delivered in 16
fractions over a 4-week period with 4 treatment days per
week. The prescribed total dose was 57.6 GyYE in all
patients. C-ion RT was performed without concurrent
chemotherapy in all patients.

Follow-up and ORN evaluation

After C-ion RT, patients were followed up every 2 to
3 months during the first 2 years and every 3 to 6
months thereafter. Magnetic resonance imaging (MRI)
examination of the head and neck region was performed
at 4—6-month intervals. A diagnosis of maxillary ORN
was indicated on the basis of clinical symptoms,
macroscopic observation, and MRI findings demonstrating
an area of low intensity on T1-weighted images and/or that
of high-intensity on T2-weighted images present within the
irradiation field after C-ion RT (Figure 1). Enhancement on
post-contrast images and diffusion-weighted images were
used to exclude the possibility of local recurrence. The
severity of ORN was assessed according to the Common
Terminology Criteria for Adverse Events version 4.0 as
follows: grade 1, asymptomatic with clinical or diagnostic
observations only and intervention not indicated; grade 2,
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appearance in the left maxilla (red arrows).

Figure 1 Representative magnetic resonance image (MRI) of the maxillary osteoradionecrosis. T1-weighted axial MRI showed low signal

symptomatic, limiting instrumental activities of daily
living, and medical intervention indicated; grade 3, severe
symptoms, limiting self-care activities of daily living,
and selective surgical intervention indicated; grade 4,
life-threatening consequences with urgent intervention
indicated. The highest grade was used for analysis.

Dose-volume histogram analysis

DVH analysis was performed to identify the dose-volume
effects on and risk factors for maxillary ORN. The maxillary
DVH included the alveolar process and palatine process of
the maxilla. However, the pterygoid process and maxillary
sinus were not included. Additionally, the root portion of
each tooth embedded in the maxilla was included, but its
crown was not (Figure 2). Cumulative DVH of the maxilla

Figure 2 Representative contouring of the maxilla. All computed
tomography images of the contoured maxilla are shown.

was calculated during treatment planning. Based on the
DVH data obtained from HIPLAN software, the maxilla
volumes receiving more than 10-50 GyE in 10-GyE incre-
ments were expressed as DVH parameters V10-50 (ml).
The average volume of the maxilla was 27.0 ml (range,
12.5-49.8 ml).

Statistical analysis

The follow-up time was calculated from the first date of
irradiation. On univariate analysis of different subgroups,
cumulative incidence of maxillary ORN was evaluated
using the Kaplan—Meier method and compared by the
log-rank test. Furthermore, factors with statistical signifi-
cance on univariate analysis were applied to multivariate
analysis using Cox’s proportional hazard model. To com-
pare the irradiated maxilla volumes, the Mann-Whitney U
test was used. A p value of <0.05 was considered statistically
significant. All statistical analysis was performed using the
SPSS software version 11 (SPSS Inc., Chicago, IL).

Results

Incidence of maxillary ORN

The median follow-up time was 79 months (range, 24—
167 months). Of the 63 enrolled patients, maxillary ORN
developed in 26 (41.3%). The median interval between
treatment initiation and maximum ORN observation was
23 months (range, 6-107 months). Grade 1 ORN was
observed in 14 patients; grade 2, in 9, and grade 3, in 3.
None of the patients experienced grade 4 ORN. The 3
patients with grade 3 ORN underwent sequestrectomy for
pain control. Subsequently, they also received implantation
of a denture and palatal prosthesis.
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Risk factors for maxillary ORN

Univariate analysis was performed for clinical and DVH
parameters to analyze their effects on the development of
grade =1 ORN (Table 1). Patients were divided into 2
groups by median values for analysis of both age and DVH
parameters. On univariate analysis, large V10 to V50 values,
chemotherapy, and the presence of teeth within the PTV
were found to correlate with ORN development. However,
factors such as age, sex, smoking, and alcohol consumption
had no influence on ORN occurrence.

Multivariate analysis was performed with the factors
that reached statistical significance on univariate analysis:
V10 to V50 values, chemotherapy, and the presence of
teeth within the PTV. All data on DVH parameters were
evaluated as continuous variables, as opposed to discrete
cutoff points used in univariate analysis. Multivariate
analysis revealed that V50 (p=0.0009; hazard ratio
[HR] = 1.15; 95% confidence interval [CI] = 1.06-1.25)
and the presence of teeth within the PTV (p = 0.0001;
HR =11.3; 95% CI=3.25-39.35) were significant inde-
pendent risk factors for ORN (Table 2).

Table 1 Univariate analysis of risk factors of
osteoradionecrosis

Factors Subgroup n p value  5-y ORN rate (%)
V10 <145 ml 31 26.1
2145 ml 32 0015 53
V20 <11.9 ml 31 20
2119 mi 32 0001 585
V30 <81 ml 31 13.7
>8.1 ml 32 0001 644
V40 <46 ml 31 121
246 ml 32 00002 67.7
V50 <30 ml 31 11.7
>30ml 32 00002 69.5
Age (years) <59 31 335
>59 32 023 45.5
Sex Male 31 404
Female 32 05 382
Teeth in the PTV. ~ None 34 59
Some 29 0.0001 81
Smoking Yes 22 416
No 41 0.66 386
Alcohol Yes 31 486
No 32 o 303
Chemotherapy Yes 23 54.0
No 40 004 305

A large V10 to V50 and the presence of teeth within the PTV were found to
correlate with ORN development.
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Table 2 Multivariate analysis of risk factors of
osteoradionecrosis

Hazard ratio 95% éagﬁd’énce intérwvéf ”p va'laé
V50 1.15 1.06-1.25 0.0009
Teeth in the PTV. 113 3.25-39.35 0.0001

V50 and the presence of teeth within the PTV were significant independent
risk factors for ORN.

Correlation between DVH parameters and ORN

Figure 3 shows the mean percentages of DVH parameters
from V10 to V50 in patients with and without ORN. All
DVH parameters were significantly higher in patients with
ORN than in those without ORN (Table 3).

Discussion

ORN of the maxilla is a serious adverse event in patients
receiving C-ion RT for head and neck tumors. Therefore,
it is clinically important to define the risk factors for
ORN. In the present study, we demonstrated that ORN
development after C-ion RT correlated with dosimetric
parameters. In addition, our results confirmed that
V50 and the presence of teeth within the PTV were
independent risk factors for ORN.

Several previous studies have reported the effects of dosi-
metric parameters on ORN prediction [4,6-8]. Tsai et al. [6]
reviewed 402 oropharyngeal cancer patients treated with
definitive photon RT using three-dimensional conformal
radiotherapy or intensity modulated radiotherapy for ORN
and revealed that V40, V50, and V60 were risk factors for
ORN on univariate analysis, whereas V50 and V60 were
also risk factors on multivariate analysis. On the basis of
such findings, they concluded that minimizing the percent-
age of bone volume exposed to 50 Gy could reduce ORN
risk. In our study, although a 16-fraction protocol was used
for C-ion RT, V50 remained a statistically significant inde-
pendent risk factor for ORN. If the predetermined RBE
value was correct, and the linear-quadratic model could be
applied to C-ion RT, 50 GyE in 16 fractions would be
equivalent to 61.1 GyE at a standard fractionation of 2 GyE
per fraction with a 3-Gy o/f value. ‘

Chang et al. [7] reported that a radiation dose of more
than 70 Gy was associated with an increased risk for
ORN. Ben-David et al. [4] and Studer et al. [8] suggested
that ORN might be related to mandibular volumes
receiving high doses as the situation could exacerbate
bone exposure caused by severe acute mucositis. Therefore,
a reduction of the bone volume exposed to a high radiation
dose may prevent ORN. When comparing the DVH
parameters between patients with ORN and those without,
a significant difference was observed even at lower radi-
ation doses. However, the effects of low radiation dose on
the occurrence of ORN remain unclear. In the above-
mentioned study by Tsai et al. [6], V10 to V30 were
not risk factors for ORN on univariate analysis. In
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Figure 3 The average maxillary volumes receiving 10 to 50 GyE according to the occurrence of osteoradionecrosis. All DVH parameters

our study, however, all DVH parameters including
V10 to V30 were risk factors for ORN on univariate
analysis, although only V50 was confirmed as a risk
factor by multivariate analysis. The difference between
C-ion RT and photon RT data for low doses might
result from dose distribution features of these modal-
ities. In three-dimensional conformal radiotherapy and
intensity modulated radiotherapy, low-dose regions
are generally enlarged because multi-portals are used
to ensure conformable dose distribution to the target.
On the other hand, C-ion RT can deliver conformable
dose distribution to the target without expanding the
low-dose regions [13]. Therefore, the maxilla volumes
irradiated at low doses in C-ion RT might actually
correlate with those receiving higher doses.

In our study, the presence of teeth within the PTV
was indicated as an independent risk factor for ORN
after C-ion RT. The correlation between the presence of
teeth within the PTV and ORN in photon RT has also
been reported. Morrish et al. [14] reported that ORN
developed in 19 of 78 (24.4%) patients with in-field teeth,
whereas only 3 of 22 (13.6%) patients without in-field
teeth experienced the condition. Additionally, Chang et al.
[7] reported that the rate of ORN for patients with in-field

Table 3 Correlation between dose-volume histogram
parameters and osteoradionecrosis

Parameters (mean, ml) ORN No ORN p value
V10 2068 13.71 0.0054
V20 16.55 9.64 0.0004
V30 1334 5.86 <0.0001
V40 10.90 373 <0.0001
V50 932 248 <0.0001

All DVH parameters were significantly higher in patients with ORN than in
those without ORN.

teeth was 32/239 (13.4%), while it was only 5/174 (2.9%)
for those without in-field teeth. ORN has been suggested
to develop as a result of gingiva regression by irradiation,
leading to an environment that is susceptible to bone
infection [15]. In fact, ORN development was found
around the tooth in several patients after C-ion RT. Thus,
oral care after treatment is very important, especially in
cases when teeth are included in the PTV.

Most available reports on ORN after photon RT to
head and neck tumors have focused on the mandible. In
the present study, we instead investigated ORN of the
maxilla because tumors treated with C-ion RT were
primarily located in the sinonasal cavity. However, our
results on ORN of the maxilla were similar to previous
findings on the mandible. Although the mandible is also
irradiated in C-ion RT for sinonasal tumors, the radiation
dose delivered to the mandible could be reduced owing to
its superior physical spatial distribution.

In our study, ORN was observed on the basis of MRI
findings in 26 of 63 patients (41.3%) during a median
follow-up time of 79 months. Owing to the sensitivity of
MRI, 14 of the 26 patients were diagnosed with grade 1
ORN and exhibited no clinical symptoms. Grade 3 ORN
was observed in only 3 patients.

Since the present study aimed to investigate the effects
of irradiation on ORN development in patients treated
with C-ion RT, patients with tumor invasion to the
maxilla before C-ion RT were excluded, as it may be
challenging to distinguish between osteomyelitis caused
by tumor invasion and ORN.

Conclusion

Our findings from the present study are useful for
predicting the risk of ORN and therefore preventing
the development of such a condition after C-ion RT for
head and neck tumors. We found that ORN development
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after C-ion RT was correlated with dosimetric parameters.

In addition, V50 and the presence of teeth within the PTV:

were risk factors for the development of ORN after C-ion
RT. Such findings confirmed the dose-volume effects on
ORN development.
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Background: The prognosis of advanced squamous cell carcinoma (SCC)
%he external auditory canal (EAC) and middle ear (ME) remains poor.
bon ion radiotherapy (C-ion RT) has shown promise for locally
anced head and neck cancer. Therefore, we evaluated the safety and
icacy of C-ion RT for locally advanced SCC of the EAC and ME.

Methods: The cases of 13 patients with advanced (T3 and T4) SCC of the

AC and ME who received C-ion RT as the primary treatment were
reviewed.

Re‘sults: The median follow-up for all patients and the seven surviving
ients was 12 and 32 months, respectively. The 1-year and 3-year
lo al control and overall survival rates were 72% and 54% and 70% and

%o, respectively. Severe temporal bone necrosis was observed in two
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Carcinomas of the external auditory canal (EAC) and middle ear (ME) are
e. The incidence is estimated to be 1 to 6 patients per million
p%pulations per year'™. Squamous cell carcinoma (SCC) is the most
mmon histological subtype. There is no universal consensus on the
imal treatment for SCC of the EAC and ME because of its scarcity.
wever, in general, the following standard treatments are used for SCC
classified according to the Pittsburgh staging system®: surgery or

iotherapy for T-classification (T)1 tumors and surgery with or without

radiotherapy for T2, T3, and T4 tumors.

- Although excellent clinical results for patients with early-stage SCC
fthe EAC and ME have been reported”®, the prognosis of patients with
dvanced-stage disease, particularly T4, remains poor. Xie et al.® found
at, in a series of 39 patients with temporal bone SCC treated with
ery with radiotherapy, the 2-year overall survival (OS) rate was
o for patients with T4 tumors or positive lymph nodes. Moreover,
multi-institutional retrospective review, Ogawa et al.® reported a
1 ear disease-free survival (DFS) rate of 0% in 16 patients with T3 or
T4 SCC of the EAC and ME treated with radiotherapy alone.

Carbon ion radiotherapy (C-ion RT) was initiated at the National
itute of Radiological Sciences (NIRS) in 1994. C-ions exhibit high

ar energy transfer and display good dose-localizing properties

compared with other ion species and photons'® !*. Therefore, C-ion RT

4
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xpected to be effective for radioresistant tumors. For cancers in the

head and neck region, C-ion RT is mainly performed for non-SCCs such
alivary gland carcinoma and mucosal malignant melanoma. C-ion RT
; shown promising results for locally advanced head and neck cancer
a phase II clinical trial*> 3, SCC of the head and neck region is
1erally radiosensitive; however, radiotherapy is often unable to
control locally advanced SCC of the EAC and ME. Therefore, C-ion RT
ay be a viable treatment option for locally advanced SCC of the EAC
Van ME.

Accordingly, the objective of this study was to evaluate the
ctiveness and safety of C-ion RT for patients with locally advanced

S C of the EAC and ME.

‘Materials and Methods

eatment protocol for head and neck cancer was reviewed and
ﬁbrb ed by the NIRS Ethical Committee on Human Clinical Research,
all patients provided written informed consent. A retrospective case
iew was undertaken of all patients with SCC of the EAC and ME who
‘were treated with C-ion RT at the NIRS between June 1997 and May

013. A total of 13 patients were enrolled in the study. All patients

eived C-ion RT as a primary treatment.
Patient and treatment characteristics are summarized in Table 1.

All primary tumors were classified according to the Pittsburgh staging

5
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tem. Before treatment, 3 patients had T3 disease, and 10 patients
h d T4 disease. Patients with metastatic lymph nodes that were localized
und the primary tumor were included. Lymph node status and distant
tastasis were classified using the TNM staging system for cancers of
1e head and neck region. Two patients were classified as N1 and 1
nt as N2b. All patients were classified as MO.

Carbon ion radiotherapy

oses of carbon ions were expressed in photon-equivalent doses (Gray
equivalent [GyE]), defined as the physical doses multiplied by the
ative biological effectiveness (RBE) of the carbon ions'®. The
iological flatness of the spread-out Bragg peak (SOBP) was normalized
by:the survival fraction of the human salivary gland tumor cells at the
distal region of the SOBP, where the RBE of carbon ions was assumed to
be 3.0. C-ion RT was administered on a fractionation schedule comprised
of 64.0 GyE/16 fractions for 4 weeks. When a wide range of skin or
was included in the target volume, a dose of 57.6 GyE/16
tions for 4 weeks was used.

he patients were positioned in customized cradles (Moldcare;
Alcare, Tokyo, Japan) and immobilized using a low-temperature

eirmoplastic shell (Shellfitter; Kuraray, Osaka, Japan). A set of

nputed tomography (CT) images of 2.5-mm thickness was obtained

for.

treatment planning with the immobilization devices. Magnetic

resonance imaging (MRI), after fusing with the planning CT image, was
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tinely used for identification of the tumor. Determination of the gross
tunﬁor volume (GTV) was based on contrast-enhanced MRI. The clinical
get volume (CTV) had a minimum margin of 5 mm added around the
V. In cases with possible tumor invasion into adjacent sites, CTV1
uded whole anatomical sites, and CTV2 was limited to the GTV. The
nning target volume (PTV)1 and PTV2 had margins of 3-5 mm added

und the CTV1 and CTV2, respectively. The PTV1 was irradiated

itially with 36 GyE/9 or 10 fractions and thereafter, PTV2 was irradiated
to a total dose of 64.0 or 57.6 GyE/16 fractions. The target reference

int dose was defined as the isocentre, and the PTV was encompassed

the minimum 90% dose line of the reference point dose. The CTV and

TV margins of areas close to the brain and skin were reduced as

Multiportal irradiation was planned fundamentally to avoid severe
tissue reactions. Three-dimensional treatment planning was
med using original HIPLAN software.

‘During C-ion RT, patients received no concomitant therapy, and after
letion, patients received no adjuvant therapy such as surgery or
hemotherapy. No patients received prophylactic neck irradiation.

atment methods for local recurrence and distant metastasis had no

valuation and follow-up examinations

All patients underwent a CT and MRI examination before treatment to
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etermine clinical stage. Acute reactions in normal tissues were
cl Ssiﬁed according to the Radiation Therapy and Oncology Group
ring system. Late reactions were classified according to the National
1cer Institute Common Terminology Criteria for Adverse Effect
ersion 4.0. Local control (LC) was defined as no evidence of tumor
owth in the PTV1. Regional control was defined as no evidence of
rrence in both the temporal bone outside of the PTV1 and regional
mph nodes. Oncological status was followed using CT or MRI every 2-3

months for the first 2 years after C-ion RT and every 3-6 months

patients. No patients were lost to follow-up.

8
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The 1-year and 3-year LC rates were 75.2% (95% confidence
rval [CI] = 50.6-99.8%) and 56.4% (95% CI = 19.5-93.3%),
ectively (Fig. 1). Four patients developed local recurrence. Of the
three patients who developed regional recurrence, two patients had local
acurrence. Of the two patients who developed distant metastasis, one
ent had local recurrence. A representative case is shown in Fig. 2.
The 1-year and 3-year OS rates were 72.7% (95% CI =
.4-99.1%) and 41.6% (95% CI = 10.9-72.2%), respectively. The
1- §ear and 3-year DFS rates were 49.9% (95% CI = 20.9-78.9%) and

37:4% (95% CI = 7.0-67.7%), respectively (Fig. 3). Of the six patients

died, five patients died of their original disease, and one patient died
of intercurrent disease without recurrence.

variate analysis of risk factors for local control and survival

Table 2 shows the results of the univariate analysis of risk factors for LC
0S. Young age was a significant risk factor for LC. Male gender and
young age were risk factors for OS. Tumor and treatment characteristics

ere not significant risk factors for LC or OS.

Regarding late reactions, two patients who were treated with a

9
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| dose of 57.6 GyE developed grade 3 temporal bone necrosis with

skin ulcer. Of these two patients, one died from distant metastases
hout local recurrence, and the other died from intercurrent cause.
our patients were judged to have maximum grade 2 brain injuries.
ese patients developed localized brain necrosis. However, mild
dache was the only clinical symptom, which eventually disappeared.
atients had tumor-induced hearing impairment before C-ion RT. The
heéring‘impairment did not improve or progressed after C-ion RT.
Tinnitus and vertigo above grade 2 were not observed. Five patients
howed tumor-related facial nerve palsy before C-ion RT. However, hone

he patients developed treatment-related facial nerve palsy.

Discussion

gold standard for treating advanced SCC of the EAC and ME is

ery with radiotherapy. However, the role of radiotherapy is limited

macroscopic residual tumors. In a multi-institutional study, Yin et
demonstrated that adjuvant radiotherapy provided a 5-year

ival rate of 20.8% for EAC and ME SCC patients with positive surgical

margins, which was significantly lower than the 5-year survival rate of

.5% for patients with negative surgical margins. Moreover, Ogawa et
reported that the DFS rate of T3 or T4 tumors treated with
diotherapy alone was 0% at 1 year. In our study, C-ion RT was found

to Be an effective treatment for advanced SCC of the EAC and ME, with
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ear LC, OS, and DFS rates of 75.2%, 72.7%, and 49.9%, respectively.

Our findings suggest that C-ion RT has a greater biological effectiveness
an radiotherapy and may be a viable treatment option for locally
anced SCC of the EAC and ME, especially for unresectable tumors.
Few studies have reported radiation-induced late complications
advanced SCC of the EAC and ME. Ogawa et al.® reported that, of 87

patients with SCC of the EAC and ME, one patient each developed grade

osteoradionecrosis and grade 4 skin ulcer after radiotherapy. Leong et

5

a observed late complications including trigeminal neuralgia,
mandible osteoradionecrosis, postauricular sinus, and epilepsy in 35
ients treated with surgery and postoperative radiotherapy. In our
, two (15%) patients developed grade 3 temporal bone necrosis
h skin ulcer and were treated at the beginning of C-ion RT. The
”fe"mporal bone necrosis may have been exacerbated by the infection
the skin ulcer. The PTVs in these retrospective cases were larger
e current typical PTV, and the skin was not sufficiently spared.
r of the eight patients with skull base invasion developed
tomatic brain necrosis. However, the necrotic brain areas were

localized because of the superior dose distribution of C-ions, and

onsequently, the clinical symptoms were mild. Moreover, we recently

orted that brain volume receiving more than 50 GyE (V50) was a
gnificant predictive factor for the development of brain necrosis after

C-ion RT using a 16-fraction regimen'®. Monitoring V50 may predict or
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