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Abstract. Background: Carbon-ion radiotherapy has
several potential advantages over X-rays. This therapy has
been applied for various solid tumors including esophageal
squamous cell carcinoma (SCC). However, some patients
have shown resistance to this treatment. A new effective
combined treatment strategy is required for improving the
therapeutic effects. Histone deacetylase inhibitors (HDACIs)
are new therapeutic candidates for cancer treatment. Several
studies have evaluated the combination of X-rays and
HDACISs, but, to date, no study has evaluated carbon-ion
radiotherapy combined with HDACIs. Materials and
Methods: Radio-sensitization to carbon-ion radiotherapy
when combined with a novel HDACI cyclic hydroxamic-acid-
containing peptide 31(CHAP31) was assessed in human
esophageal SCC both in vitro and in vivo. Changes of
expression of genes related to DNA repair, by CHAP31 were
assessed by quantitative real-time reverse transcriptional
PCR analysis. Results: CHAP31 induced sensitization to
carbon-ion radiotherapy in vitro and tumor growth was
significantly suppressed by the combination of carbon-ion
radiotherapy with CHAP31 in comparison to either agent
alone in in vivo experiments. CHAP31 inhibited the
expression of genes related to DNA repair. Conclusion:
CHAP31 sensitizes SCC cells to carbon-ion radiotherapy
and this combinatory treatment may be a potentially useful
therapeutic strategy for esophageal SCC.
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Esophageal cancer is a highly malignant disease, in which
progression of the disease is observed in most patients at the
initial presentation (1). Neoadjuvant cytoreduction treatments
are frequently used for tumor downstaging, increasing the
resection rate and possibly improving survival (2). Although
the combined treatment of radiation and anticancer drugs is
a widely used therapeutic strategy, no satisfactory treatment
regimen has yet been devised due to severe side-effects and
the acquisition of resistance (3-5).

The biological effects of high linear energy transfer (LET)
radiotherapy used with carbon-ion irradiation are more
pronounced than low-LET conventional radiotherapy, such as
X-rays or gamma rays (6). High LET radiotherapy is suitable
for the local control of tumors because of its high relative
biological effectiveness (RBE) and reduced oxygen
enhancement ratio. Another advantage of carbon-ion
radiotherapy is its superior dose distribution (7). The sharp
Bragg peak of the carbon-ion enables the localization of
energy to the target volume and improves the toxicity in
conventional  radiotherapy. However, severe late
complications have been observed in patients who received
high dose levels for esophageal cancer (8). Radiation
pneumonitis, bone marrow suppression and other toxicities
caused by carbon-ion irradiation are less frequent than those
of X-ray irradiation in esophageal cancer patients. However,
severe esophagitis, stenosis of the esophagus or penetration
to either the trachea or aorta have been observed. Conversely,
a few cases have also shown resistance to the treatment.
Therefore, a suitable treatment strategy combined carbon-ion
radiotherapy and other agents for cancer (9, 10) is required
to resolve these problems and enhances the anti-tumor effect
is needed.

The chief biological effects of radiotherapy are thought
to be mediated by DNA damage, which affects cancer cell
survival. The repair of DNA damage caused by carbon-ion
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irradiation is presumed to be either less or occurs more
slowly than that associated with X-rays. However the
existence of DNA repair of damage caused by carbon-ion
irradiation has been observed in some reports (11, 12) and
it could be correlated with resistance to cancer treatment.
If DNA repair were to be suppressed following irradiation
by charged carbon-ion particles, it could increase the
anticancer effect.

Recently, histone deacetylase inhibitors (HDACIs) have
been suggested as new therapeutic candidates for molecular
targeted therapy for cancer (13-16). Clinical trials have
demonstrated the efficacy of HDACIs for several malignant
diseases (17-20). The anticancer activity by HDACIs is
presumably associated with alterations in gene expression.
Some authors have reported that HDACIs inhibit gene
expression related to DNA repair and sensitize cells to
conventional radiotherapy (21-24). Cyclic hydroxamic-acid-
containing peptide 31(CHAP31) has been examined in detail
for anti-cancer activity and cellular functions (25). Therefore,
the current study analyzed the expression of genes related to
DNA repair after CHAP31 administration and tested whether
CHAP31 affects the sensitivity of human esophageal SCC
cells to carbon-ion radiotherapy both in vitro and in vivo.

Materials and Methods

Cell lines and culture. The human esophageal squamous cell
carcinoma (SCC) cell lines (T.Tn, TE-2) were obtained from the
Japan Cell Research Bank (26, 27). A single point mutation at codon
258 (G—T: termination) in exon 7 of the p53 gene occurs on one
allele of the T.Tn cells. The TE-2 line was established from a poorly
differentiated human esophageal SCC containing the wild-type p53
gene. Each of these cells can form solid tumors after injection of
5x100 cells in the back of an athymic nude mouse. We validated the
pS3 genetic status by genomic sequencing (data not shown). Both
the tumor cell lines were maintained as monolayer cultures in
Dulbecco’s modified Eagle medium (DMEM)/F-12 (DMEM: F-
12=1: 1) containing 10% heat-inactivated fetal bovine serum, 0.1%
L-glutamine and 0.05% penicillin-streptomycin. The media and sera
were purchased from Sigma Chemical Co. (St. Louis, MO, USA).

Histone deacetylase inhibitor; cyclic hydroxamic-acid-containing
peptide 31 (CHAP31). The CHAP31 was generously provided by
Dr. Minoru Yoshida (Riken Advanced Science Institute, Saitama,
Japan). The synthesis and purification of CHAP31 has been
previously described in detail (25).

Carbon-ion beam irradiation. The cells and tumors were irradiated
with carbon-ions that were accelerated <290 MeV/n by a HIMAC
(heavy-ion medical accelerator in Chiba) synchrotron at the
National Institute of Radiological Science. The irradiation system
and biophysical characteristics of carbon-ion irradiation have been
described elsewhere (28, 29). Briefly, the initial energy of the
accelerated carbon-ion was 290 MeV/n. High-LET beams obtained
by using polymethyl methacrylate absorbers with various thickness
were used to change the energy of the beam (9). The LET values in
all the in vitro and in vivo experiments were calculated to be 50
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keV/um. The accelerated carbon-ion irradiation, carried out at room
temperature, was given 24 hr after the administration of CHAP31.
The dose rate of the beam was approximately 3 Gy/min.

In vitro experiments. The cells were maintained in 25-cm? plastic
flasks and were incubated in a 5% CO, incubator at 37°C. The cells
were treated with CHAP31 (0, 5, 15 nM) for 0-24 h. Irradiation (0,
0.5, 1, 2, 3Gy) was carried out after CHAP31 exposure. After
irradiation and/or CHAP31 exposure, the cells were removed from
the culture by trypsinization in 0.05% trypsin in a 1 mM EDTA
solution. The cells were plated onto 60-mm-diameter plastic dishes
for the colony formation assay, using 400-30,000 cells after single
treatment; 1x103 to 6x104 cells after combination treatment; 150-
300 cells for the controls. The colonies were fixed and stained with
a 0.2% crystal violet solution in 20% methanol after 14 days of
incubation. The colonies with >50 cells were counted as survival
colonies. The survival fractions were calculated as the ratio of
survival colonies per number of plated cells. All the experiments
were carried out in triplicate (9). Cell survival rates in comparison
to the number of survival colonies without irradiation are presented.

Real-time quantitative reverse transcription-PCR (gRT-PCR). The
expression changes of DNA repair related (Rad50, Mrel1A, Nbs1) and
cell cycle related (p21WAF1) genes and were examined by gqRT-PCR
using the LightCycler technique (Roche DiagnosticsGmbH, Mannheim,
Germany). Cells were seeded into a 75 cm? flask and incubated for 24
hours, then treated with or without an 15 nM concentration of CHAP31
before carbon-ion irradiation (2Gy) and harvested at 24 h after
irradiation. Cells were washed with PBS and processed for RNA
extraction with RNeasy kit (Qiagen, Inc., Chatsworth, CA). The cDNA
templates for real-time PCR were synthesized from 1 ug of total RNA
using SuperScript II reverse transcriptase and an oligo-dT primer. The
[-actin gene served as internal control. The PCR reaction mixture
consisted of DNA Master SYBR Green I mix (LightCycler-FastStart
DNA Master SYBR Green I kit, Roche Diagnostics; containing Taq
DNA polymerase, deoxynucleotide triphosphate, 3 mmol/L MgCl,, and
SYBR green dye), 0.5 umol/L of each primer and cDNA. The PCR
processes were as follows: initial denaturation at 95°C for 10 min,
followed by 45 cycles of denaturation at 95°C for 15 sec, annealing at
57°C for 10 sec and elongation at 72°C for 8 to 18 sec. The Fit Points
method provided by the LightCycler software was used to estimate the
concentration of each sample. The expression value was calculated as
follows: expression level of each mRNA/expression level of (-actin.
The experiments were conducted in triplicate. The primers were chosen
using Primer3 (available at http://wwwgenome.wi.mit.edu/cgi-
bin/primer/primer3_www.cgi). The following primer sequences were
used: Rad50, 5’-CTACCGAGTGGTGATGCTGA-3’ and 5’-
CCACAGTTGAGGCAGAACG-3’; MrellA, 5’-AGTAGTGACATT
TCGG-GGGGAAGG-3’ and 5’-AGTAGTGACATTTCG GGAAGG-
3’;  Nbsl, 5-ATGGA-GGCCATATTTCCAGAC-3’ and 5'-
CAAGCAGCCAGAACTTGGAAG-3’; p21WAFL 5" ACTTCGACT
TTGTCACCGAGA-3’ and 5’-CAAGACAGTGACA GGT-CCACAT-
3’; and P-actin, 5’-GAGAAAATCTGGCACCACAC-3’; and 5’-
TACCCCT-CGTAGATGGGCAC-3’.

Evaluation of the effects on tumor growth. Balb/c nu/nu athymic
male mice (6-8 weeks old; CLEA Japan, Inc. Tokyo, Japan) were
used. The animal experiments were performed at the Laboratory
Animal Center of the National Institute of Radiological Science.
The guidelines from the National Institute of Radiological Sciences
Safety and Health Regulations for Handling Experimental Animals
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Figure 1. In vitro growth suppression of human esophageal squamous cell carcinoma (TE-2, T.Tn) cells irradiated with carbon-ion beam with or
without 24h CHAP31 exposure before irradiation. Curves are normalized to CHAP31 treatment alone. C-ion; Carbon-ion irradiation.

(2001) were followed. The mice with 5100 T.Tn or TE-2 cells were
inoculated subcutaneously in 0.2 ml culture medium and randomly
divided on day O of treatment into 4 groups as follows: i) control
group; ii) CHAP31 only injection group; iii) carbon-ion irradiation
only group and iv) CHAP31 injection before and after carbon-ion
irradiation group to adjust mean tumor volume of each group.
CHAP31 was administered to the tumor-bearing mice by
intravenous (i.v.) injections with a 27-gauge hypodermic needle at a
dose of 5 mg/kg on day 1, 4, and 7. On day 2, 24 h after the first
CHAP31 injection, the tumor was irradiated with a single dose of
3 Gy. The mice were anesthetized by intraperitoneal injections of
pentabarbiturate prior to irradiation. The tumor size was measured
with calipers every 5 days over a period of 35 days. The tumor
volume was calculated according to the (length x width?)/2 and
presented as the mean (+ standard deviation (SD)) mm3.

Results

In vitro cytotoxic effects of CHAP31 and carbon-ion
irradiation. The in vitro survival curves of the T.Tn and TE-
2 cells treated for 24 h with CHAP31 before carbon-ion
irradiation of are shown in Figure 1. The combined therapy
was stronger than either single therapy used alone in regard
to its anticancer efficacy. In addition, the relationship
between CHAP31 administration and carbon-ion irradiation
was statistically significant analyzed using two-way ANOVA
for each cell line (p<0.001).

Effect of CHAP31 on expression of genes related to DNA
repair and cell cycle. The gene expression levels of Rad50,
MrellA and Nbsl decreased after 24 h CHAP3l1
administration (Figure 2a, 2b). The gene expression levels
of p21WAFl increased. The gene expression of Rad50 and
MrellA in the TE-2 cells of MrellA in the T.Tn cells was
increased after carbon-ion irradiation. CHAP31 inhibited
the gene expressions increased by carbon-ion irradiation
(Figure 2c, 2d).

In vivo effects of carbon-ion irradiation and CHAP31
administration. The growth suppression effects evaluated by
the tumor volumes are shown in Figure 3. At day 35, the
mean tumor volume of the combined treatment group was
significantly smaller than the tumor volume in either single
therapy group (p<0.05, Mann-Whitney U-test, respectively).

Discussion

The mechanism by which HDACIs sensitize cells to
conventional radiotherapy is thought to be due to cell cycle
G2/M arrest, inhibition of DNA repair and increases in DNA
double strand breaks. HDACIs are thought to alter gene
expression by the hyperacetylation of histone tails.

Recent studies also reported that HDACISs exert cell cycle
arrest by inducing p21WAF! in some other cell lines (16, 30-
32).

The Mrell-Rad50-Nbsl (MRN) complex, consisting of
proteins encoded by the genes Mrell, Rad50 and Nbsl,
plays a crucial role in DNA double-strand break (DSB)
repair (33) (Figure 4). The complex has many biological
functions, including the formation of double strand breaks
during meiosis, homologous recombination, telomere
maintenance, S-phase checkpoint and genome stability
during replication. The current results showed that CHAP31
suppressed the expression of this complex. This suggests that
HDAC:S could inhibit the function of the MRN complex.

In the present study, the administration of CHAP31 and
carbon-ion beam irradiation efficiently enhanced the anti-
tumor effect on human esophageal SCC in both in vitro and
in vivo experiments. The in vitro experiments showed a
significant synergistic effect as suggested by the two-way
ANOVA of each cell line, between carbon-ion irradiation and
CHAP31 administration for esophageal SCC. CHAP31
sensitized the esophageal SCC cells in vitro (data not shown).
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Figure 2. The changes of gene expression of Rad50, MrellA, Nbsl and p21WAF! after CHAP31 administration by quantitative real-time reverse
transcription-PCR (qRT-PCR) analysis. Values shown are means +standard deviation of 3 independent experiments. Control: untreated cells.
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In the in vivo experiments, CHAP31 was administered to

mice by i.v. injections. This method was considered an
appropriate preclinical model. The combination therapy
showed a statistically significant growth suppression in
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comparison to each of the single treatment groups. However,
there was no significant effect of the combination of CHAP31
administration and carbon-ion irradiation based on two-way
ANOVA. The in vivo tumor growth might be affected by
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Figure 4. The Mrell-Rad50-Nbsl (MRN) complex plays a crucial role in DNA double-strand break repair.

other elements such as the tumor stroma, paracrine factors,
tumor vessels, or drug delivery and so on. Carbon-ion
radiotherapy itself is an effective therapeutic modality for
esophageal SCC. In this study, CHAP31 treatment was
therefore shown to enhance the antitumor effects of carbon-
ion irradiation on a human esophageal SCC cell line.
Molecular targeted drugs such as HDACIs have demonstrated
low toxicity and some agents are already used clinically. The
use in combination with a carbon-ion localized radiation field
may therefore be a less toxic and more effective therapeutic
combination modality for esophageal cancer.
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