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Abstract
Background.  Atypical teratoid/rhabdoid tumor (AT/RT) is one of the most common malignant brain tumors in 
infants. Although cancer stem cells of AT/RT express aldehyde dehydrogenase (ALDH), effective chemotherapies 
against AT/RT have not been established. Here, we examined radiosensitizing effects of disulfiram (DSF), an irre-
versible inhibitor of ALDH against AT/RT for a novel therapeutic method.
Methods.  Patient-derived primary cultured AT/RT cells (SNU.AT/RT-5 and SNU.AT/RT-6) and established AT/RT cell lines 
(BT-12 and BT-16) were used to assess therapeutic effects of combining DSF with radiation treatment (RT). Survival fraction 
by clonogenic assay, protein expression, immunofluorescence, and autophagy analysis were evaluated in vitro. Antitumor 
effects of combining DSF with RT were verified by bioluminescence imaging, tumor volume, and survival analysis in vivo.
Results. The results demonstrated that DSF at low concentration enhanced the radiosensitivity of AT/RT cells with 
reduction of survival fraction to 1.21‒1.58. DSF increased DNA double-strand break (γ-H2AX, p-DNA-PKcs, and 
p-ATM), apoptosis (cleaved caspase-3), autophagy (LC3B), and cell cycle arrest (p21) in irradiated AT/RT cells, 
while it decreased anti-apoptosis (nuclear factor-kappaB, Survivin, and B-cell lymphoma 2 [Bcl2]). In vivo, DSF and 
RT combined treatment significantly reduced tumor volumes and prolonged the survival of AT/RT mouse models 
compared with single treatments. The combined treatment also increased γ-H2AX, cleaved caspase-3, and LC3B 
expression and decreased ALDH1, Survivin, and Bcl2 expression in vivo.
Conclusions.  DSF and RT combination therapy has additive therapeutic effects on AT/RT by potentiating pro-
grammed cell death, including apoptosis and autophagy of AT/RT cells. We suggest that DSF can be applied as a 
radiosensitizer in AT/RT treatment.
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Atypical teratoid/rhabdoid tumor (AT/RT) is a highly malig-
nant CNS tumor that predominantly arises in children less 
than 3  years of age.1 Although mutations and functional 
loss of the SMARCB1 gene is almost pathognomonic for 
AT/RT,2,3 recent genomic research has revealed that AT/RT 
is a heterogeneous group of tumors. Torchia et al4 reported 
that expression of achaete-scute homolog 1, a regulator 
of Notch signaling, correlates with supratentorial location 
and superior 5-year overall survival. Moreover, Johann 
et  al suggested 3 molecular subgroups of AT/RT, termed 
AT/RT-TYR, AT/RT-SHH, and AT/RT-MYC. These groups are 
genetically similar but differ in SMARCB1 mutation pattern, 
epigenetic and gene expression signature, and patients’ 
survival.4,5 Despite these advances in research, numer-
ous clinical attempts for AT/RT treatment, including surgi-
cal resection, high-dose chemotherapy, radiation therapy 
(RT), and/or proton therapy, have resulted in only limited 
responses with poor prognosis.6–11 Therefore, novel thera-
peutic modalities with different treatment mechanisms are 
required for young patients with this dismal disease.

Targeting cancer stem cells (CSCs), a rare cancer cell 
population in AT/RT, could be a solution to reverse the poor 
response of AT/RT to conventional anticancer treatments 
because CSCs preferentially survive the therapies that are 
currently being used.12 CSCs utilize different metabolic 
pathways to show their characteristics. In CNS malignan-
cies, CSCs have been reported to express aldehyde dehy-
drogenase (ALDH), a polymorphic enzyme responsible for 
the oxidation of aldehydes to carboxylic acids. Although 
the functional mechanisms of ALDH in the CSCs of CNS 
malignancies have not been fully elucidated, the targeted 
knockdown of ALDH in CSCs potently disrupted their self-
renewing ability. Notably, an ALDH inhibitor, disulfiram 
(DSF), decreased the stemness and proliferation of ALDH-
expressing AT/RT cells as well as increased apoptosis and 
cell cycle arrest.12

In our previous study, we observed that DSF significantly 
sensitizes AT/RT cells to irradiation in vitro.12 This indi-
cated that DSF, an alcoholism treatment drug that inhibits 
the conversion of acetaldehyde to acetic acid,13,14 could 
be repositioned as a radiosensitizer for AT/RT because 
RT is commonly used to treat AT/RT patients in the clinic. 
However, the radiosensitizing activity of DSF in AT/RT cells 
needs to be reproduced in vivo, and its treatment mecha-
nisms should be elucidated before being translated to 
patient treatment. Accordingly, the goal of this study was 
to evaluate the anticancer additive effect of the DSF and 
RT combination against AT/RT in vivo and to confirm the 

potent radiosensitizing activity of DSF on AT/RT cells. In 
addition, we proposed the possible treatment mechanisms 
of DSF and RT combination therapy. For the first time, this 
study demonstrated the in vivo additive effects of DSF 
and RT combination therapy against AT/RT, which is medi-
ated by programmed cell death including apoptosis and 
autophagy.

Materials and Methods

Cell Culture

AT/RT surgical samples were derived from 2 patients who 
had surgical treatment at the Seoul National University 
Children’s Hospital (a 9-month-old boy [SNU.AT/RT-5] and 
a 13-month-old boy [SNU.AT/RT-6]) upon receipt of the 
appropriate written consent approved by the institutional 
review board of the Seoul National University Hospital 
(#1501-139-639). The pathologic diagnosis of AT/RT was 
made histologically and was confirmed by the loss of 
expression of Integrase interactor 1/Switch sucrose non-
fermentable related, matrix associated, actin-dependent 
regulator of chromatin, subfamily B (INI-1/SMARCB1).15 
AT/RT cells were primarily cultured from the surgical sam-
ples as described previously.16 The established AT/RT cell 
lines BT-12 and BT-16 were provided by Dr Peter Houghton 
(Nationwide Children’s Hospital). All AT/RT cells were cul-
tured in Dulbecco’s modified Eagle’s medium (Welgene) 
containing 10% fetal bovine serum (FBS; Life Technologies) 
and 1× antibiotic-antimycotic (Thermo Fisher Scientific). 
Cells were incubated at 37  °C in an incubator in 5% CO2 
atmosphere. AT/RT primary cells under in vitro passage 5 
were used in all experiments in this study. All AT/RT cells 
were checked to be free of mycoplasma contamination, 
and cell line authentification by DNA fingerprinting was 
executed.

DSF and/or Radiation Treatment

To define the appropriate doses of DSF and RT for each 
cell line, we first examined 72-hour short-term cell viability 
escalating single doses of DSF (0 to 10 000 nM) or radiation 
(0 to 6 Gy). DSF (Sigma-Aldrich) was dissolved in dimethyl 
sulfoxide (Sigma-Aldrich). The AT/RT cells (2  ×  103/well) 
were cultured on 96-well plates for 24 h. Complete medium 
containing dimethyl sulfoxide was used as the negative 

Importance of the study
AT/RT contains distinct subpopulations of cells that 
have high expression levels of ALDH and cancer stem 
cell (CSC) characteristics. Here, we showed significant 
therapeutic effects of an ALDH inhibitor, DSF, against 
AT/RT using patient-derived primary cells and ortho-
topic animal models to translate experimental DSF 
treatment into clinical trials. The DSF dramatically 
potentiated the anticancer effect of RT on AT/RT in vitro 

and in vivo. As DSF is a clinically applicable drug that 
is currently used for alcoholism in clinic and RT is cur-
rently used as one of the standard treatments for AT/RT, 
the additive effects of DSF + RT combination therapy 
would increase the clinical relevance of the CSC target-
ing treatment. Radiosensitizing effects of DSF would 
also broaden the applicability of RT to young AT/RT 
patients via reducing radiation dose.
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control. The cells were treated with DSF or irradiated using 
a Varian Clinac 6EX (Varian Medical Systems). After 72 h 
of incubation, the cell viability was measured using an 
EZ-cytox kit (Daeil Lab Service). The inhibitory concentra-
tion of 10% (IC10) of DSF on AT/RT cells was determined 
and utilized in the following experiments.

Clonogenic Assay and Sensitizer Enhancement 
Ratio Analysis

AT/RT cells (1 × 103) were cultured in 6-well plates for 24 h. 
The cells were treated with IC10 DSF, irradiated (0, 2, 4, or 6 
Gy), and then maintained for 7–14 days to form colonies. 
The colonies were stained with 0.1% crystal violet solu-
tion. Colonies with over 50 cells were counted. The cell sur-
vival curves were obtained by fitting 3 surviving fractions 
into the linear-quadratic model17 using CS-Cal clonogenic 
survival calculation software (http://angiogenesis.dkfz.de/
oncoexpress/software/cs-cal/index.htm). The sensitizer 
enhancement ratio (SER) was calculated as the ratio of the 
radiation dose required to achieve surviving fraction (SF) 
values of 0.5 in the absence of DSF to that in the presence 
of DSF.18

Western Blot Analysis

Total proteins were lysed using radioimmunoprecipitation 
assay buffer, and 50  µg of proteins were used for west-
ern blot analysis. Primary antibodies were used against 
ALDH1 (1:500, Abcam), nuclear factor-kappaB (NFκB) 
(1:2000, Abcam), γ-H2AX (1:500, Abcam), DNA-PKcs 
(1:500, Abcam), p-ATM (1:500, Abcam), cleaved caspase-3 
(1:200, Millipore), Survivin (1:2000, Abcam), B-cell lym-
phoma 2 (Bcl2) (1:500, Abcam), LC3B (1:500, Cell Signaling 
Technology), p21 (1:1000, Cell Signaling Technology), and 
β-actin (1:5000, Sigma-Aldrich). The blots were performed 
as previously reported.19

Immunofluorescence of γ-H2AX and Cleaved 
Caspase-3

The AT/RT cells (1  ×  103/well for γ-H2AX or 5  ×  103/well 
for cleaved caspase-3) were seeded in 8-well chamber 
slides (Lab-Tek) and treated with DSF and/or radiation. 
Immunofluorescence staining was performed with anti–γ-
H2AX (1:500, Abcam) or anti–cleaved caspase-3 antibody 
(1:50, Millipore) as described previously.20 The stained cells 
were observed in 3 random fields using a fluorescence 
microscope.

Autophagy Assay

The AT/RT cells (1 × 103/well) were seeded in 8-well cham-
ber slides (Lab-Tek), then incubated for 24 h. Seven days 
after DSF and/or RT, specifically labeled autophagic com-
partments were observed using fluorescence micros-
copy according to the manufacturer’s protocol (Enzo Life 
Sciences). Briefly, AT/RT cells were washed with phos-
phate-buffered saline containing 5% FBS, stained with 

Microscopy Dual Detection Reagent (Cyto-ID and Hoechst) 
for 30  min at 37  °C, and then washed twice with Assay 
Buffer. Cyto-ID–stained cells were visualized by fluorescein 
isothiocyanate filter set fluorescence microscopy.

Intracranial Orthotopic AT/RT Mouse Model

All of the animal experiments were approved by the 
Institutional Animal Care and Use Committee (IACUC num-
ber: 14-0204-C1A0(1)) at the Seoul National University and 
were conducted in accordance with the “National Institute 
of Health Guide for the Care and Use of Laboratory 
Animals” (NIH publication no.  80-23, revised in 1996). 
Eight-week-old female BALB/c nude mice (JungAng Lab 
Animal) were anesthetized by intraperitoneal (i.p.) injection 
of 30 mg/kg Zoletil (Virbac) and 10 mg/kg xylazine (Bayer). 
BT-16 expressing luciferase (BT-16-effLuc) cells were used 
for bioluminescence imaging as described previously.21 
BT-16-effLuc cells (1.2 × 105 in 3 µL of phosphate-buffered 
saline) were injected stereotactically into the brains using a 
26-gauge Hamilton syringe at an injection rate of 1 µL/min. 
Stereotactic coordinates were 1 mm anterior and 2 mm lat-
eral to the bregma and 3 mm depth from the dura.12

Tumor Volume and Immunofluorescence  
Analysis

Six days after injection of BT-16-effLuc cells, the mice were 
randomized into 4 groups (n  =  5 for each group): saline 
(control), DSF-treated group (DSF), radiation-treated group 
(RT), and combined DSF- and RT-treated group (DSF + RT). 
The mice were i.p. injected with saline or 25 mg/kg DSF 
for 5 consecutive days. The dose of DSF was determined as 
one quarter of the effective dose (100 mg/kg) based on our 
previous study.12 One day after the DSF treatment, the RT 
and DSF + RT group of mice had 5 Gy of irradiation using a 
Varian Clinac 6EX.22–24 We used 5 Gy for the in vivo tumor 
model to overcome differences with the in vitro condition. 
Followed by a 3-day resting period, the DSF + RT treatment 
cycle was repeated. The mice were sacrificed for histologi-
cal analysis 56 days after tumor cell injection. After perfu-
sion, frozen tissue sectioning was performed as previously 
reported.19 The tissues were stained with hematoxylin and 
eosin to access the tumor volume. Immunofluorescence 
was performed using the following primary antibod-
ies: ALDH1 (1:100, Abcam), Ki-67 (1:150, Abcam), γ-H2AX 
(1:500, Abcam), cleaved caspase-3 (1:100, Millipore), 
Survivin (1:200, Abcam), Bcl2 (1:200, Abcam), and LC3B 
(1:400, Cell Signaling Technology). Quantification of posi-
tively stained cells was performed from at least 3 randomly 
stained regions using a fluorescence microscope.

In vivo Live Imaging and Survival Analysis

Non-invasive in vivo monitoring of brain tumor growth via 
bioluminescence images was performed (n  =  8 for each 
group). The treatment schedule for the evaluation of survival 
was the same as the scheme for tumor volume analysis. The 
mice brains were imaged using an IVIS-100 system (Xenogen) 
equipped with a charge-coupled device camera (Caliper Life 

http://angiogenesis.dkfz.de/oncoexpress/software/cs-cal/index.htm
http://angiogenesis.dkfz.de/oncoexpress/software/cs-cal/index.htm
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Sciences) every 7 days. The mice received an i.p. administra-
tion of 150 mg/kg D-Luciferin (Caliper Life Sciences) and then 
were anesthetized with 2% isoflurane (Piramal Healthcare) in 
100% O2. Images were acquired by recording the biolumines-
cent signal for 3–5 min and were analyzed with Living Image 
software (Xenogen). Bioluminescence was quantified by cal-
culating the luminescence intensity in regions of interest. All 
of the animals were followed until euthanasia or the survival 
endpoint of 150 days.

Statistical Analysis

All of the results were calculated as means ± SD or were 
expressed as percentages of controls  ±  SD from at least 3 
independent experiments. Statistical analysis was performed 
using 2-tailed Student’s t-test. The survival data were pre-
sented by Kaplan–Meier survival graphs using GraphPad 
Prism 5 software and were analyzed by the log-rank test. 
A P-value less than .05 was considered statistically significant.

Results

Significant Radiosensitizing Effects of DSF on AT/
RT Cells

We estimated IC10 of DSF against each AT/RT cell line by 
short-term cell viability analysis: 50  nM in SNU.AT/RT-5; 
50 nM in SNU.AT/RT-6; 24 nM in BT-12; and 2 nM in BT-16 
(Supplementary Fig. S1). To determine whether IC10 of DSF 
enhances the sensitivity of the cells to RT, clonogenic assay 

was performed. The SER at SF of 0.5 (SER0.5) was 1.30 in 
SNU.AT/RT-5; 1.21 in SNU.AT/RT-6; 1.35 in BT-12; and 1.58 in 
BT-16 (Fig. 1A, Table 1). The clonogenic assay showed that 
the DSF + RT combination treatment significantly reduced 
colonies compared with single-treated groups (Fig 1B). 
These results indicate that DSF acts as a radiosensitizer 
against AT/RT cells.

Radiosensitizing Mechanisms of DSF

We examined the protein expression related to the DNA 
damage response, apoptosis, autophagy, and cell cycle 
arrest in SNU.AT/RT-5, SNU.AT/RT-6, BT-12, and BT-16 
cells (Fig. 2). DNA double-strand break markers (γ-H2AX, 
p-DNA-PKcs, and p-ATM), an apoptotic marker (cleaved 
caspase-3), an autophagy marker (LC3B-II), and a cell 
cycle arrest protein (p21) were increased in the DSF + RT 
group compared with the single-treatment groups. By 
contrast, the combination group showed a decrease 
in the expression of anti-apoptotic proteins such as 
NF-κB, Survivin, and Bcl2. These data indicate that DSF 
enhances DNA damage by irradiation, which would 
potentiate apoptosis, autophagy, and cell cycle arrest. 
Interestingly, ALDH1 expression was reduced by DSF, an 
ALDH inhibitor.

DNA Damage, Apoptosis, and Autophagy Are 
Enhanced by DSF in Irradiated AT/RT Cells

We carried out γ-H2AX immunofluorescence to confirm the 
effect of DSF on DNA damage. γ-H2AX foci were minimally 

Fig. 1  In vitro radiosensitizing effects of DSF on AT/RT cells. (A) The surviving fractions of AT/RT cells at various doses of irradiation ± IC10 DSF 
were compared. (B) The clonogenic assay was performed to determine the treatment effects of IC10 of DSF and/or irradiation (50 nM + 2 Gy for 
SNU.AT/RT-5 and SNU.AT/RT-6; 24 nM + 4 Gy for BT-12; 2 nM + 2 Gy for BT-16). Surviving colonies after treatment were stained and illustrated. 
*P < .05, **P < .01.
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observed in the control, DSF, and RT alone groups. By con-
trast, the numbers of γ-H2AX foci dramatically increased in 
the DSF + RT combination group of all 4 AT/RT cells (Fig. 3A). 
Apoptotic cells stained with cleaved caspase-3 were signifi-
cantly increased in the DSF + RT group compared with the 
single-treatment group (Fig.  3B). Enhanced autophagy by 
DSF in irradiated AT/RT cells was confirmed by autophagy-
visualization with Cyto-ID. In the DSF + RT groups of all 4 AT/
RT cells, the accumulation of autophagy was increased sig-
nificantly compared with the other groups (Fig.  3C). Taken 
together, these data confirmed that DSF enhances DNA dam-
age via apoptosis and autophagy in irradiated AT/RT cells.

In vivo Short-term Therapeutic Efficacy

To confirm the radiosensitizing effect of DSF in vivo, an AT/
RT intracranial orthotopic mouse model was established 

using BT-16-effLuc cells as described previously.12 The 
treatment schedule is indicated in Fig. 4A. Changes in the 
tumor volume by treatments were pathologically exam-
ined at 56 days. The tumor volume of the DSF + RT group 
(1.02 ± 1.38 mm3) was significantly smaller than that of the 
control (39.12 ± 18.17 mm3, P < .01), DSF (31.23 ± 23.91 mm3, 
P < .05), and RT groups (20.80 ± 16.25 mm3, P < .05, Fig. 4B). 
Together, these results indicate that the DSF + RT combina-
tion treatment is dramatically more effective than the sin-
gle treatments in reducing the tumor volume.

In addition, the in vivo effects of DSF on irradiated AT/RT 
cells were examined by immunofluorescence of the AT/RT 
tumor tissues. ALDH1, Ki-67, Survivin, and Bcl2 expression 
decreased significantly, whereas the expression of γ-H2AX, 
cleaved caspase-3, and LC3B increased significantly in the 
DSF + RT group compared with the other groups (Fig. 4B). 
These results were consistent with previous in vitro data.

In vivo Long-term Therapeutic Efficacy

The noticeable in vivo therapeutic effects of the DSF and 
RT combination treatment were visualized and further 
evaluated by survival analysis. The AT/RT animal models 
and treatment schedules were identical to those in previ-
ous experiments. The treatment dosage was also the same 
as 25 mg/kg DSF and 5 Gy RT. The effect of DSF and RT was 
analyzed by bioluminescence intensity at a median region 
of interest (Fig. 5A and B). Although the DSF or RT single 
treatment reduced the tumor volumes at the initial stage 
of treatment (day 35), the effects did not last one month 
after the treatment (days 49 and 56). By contrast, the biolu-
minescence of the DSF + RT group did not increase signifi-
cantly until day 56, when the mice in the other groups were 
euthanized due to the huge tumor volume.

Fig. 2  Radiosensitizing mechanisms of DSF. The expression of ALDH1, NF-κB, γ-H2AX, p-DNA-PKcs, p-ATM, cleaved caspase-3, Survivin, Bcl2, 
LC3B-I and -II, and p21 was analyzed in SNU.AT/RT-5, SNU.AT/RT-6, BT-12, and BT-16 cells by western blotting.

Table 1.  Sensitizer enhancement ratio (SER) in AT/RT cells

Cells Radiation dose of  
SF of 0.5

SER0.5

Control DSF

SNU.AT/RT-5 3.01 2.31 1.30

SNU.AT/RT-6 2.92 2.41 1.21

BT-12 5.85 4.34 1.35

BT-16 3.15 1.99 1.58

SER was calculated as the radiation dose needed for radiation only 
divided by the dose needed for IC10 of DSF with radiation at surviving 
fraction (SF) of 0.5.
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Fig. 4  In vivo radiosensitizing effects of DSF. Mice transplanted with AT/RT cells were randomly grouped into the control, DSF, RT, or DSF + RT 
group. (A) Hematoxylin and eosin (H&E) staining and immunofluorescence against ALDH1, Ki-67, γ-H2AX, cleaved caspase-3, Survivin, Bcl2, and 
LC3B were performed at day 56. Magnification for H&E, ×1.25. The outlines indicate tumor margins. Scale bar for immunofluorescence, 50 µm. 
Nuclei were counterstained with 4′,6′-diamidino-2-phenylindole (blue). (B) The tumor volume and positive cell number for ALDH1, Ki-67, γ-H2AX, 
cleaved caspase-3, Survivin, Bcl2, and LC3B were quantified and compared (n = 3 for each group). *P < .05, **P < .01, ***P < .001.

Fig. 3  Effects of DSF on the DNA damage and autophagy of irradiated AT/RT cells. (A) γ-H2AX foci-positive cells (green) in each group were 
compared by immunofluorescence (n = 3 for each group). Scale bar, 10 μm. (B) Apoptosis was confirmed by cleaved caspase-3-stained cells (red) 
by immunofluorescence (n = 3 for each group). Scale bar, 50 μm. (C) The autophagy-induced cells were observed by Cyto-ID uptake (green). Scale 
bar, 30 μm. Nuclei were counterstained with 4′,6′-diamidino-2-phenylindole (DAPI, blue). All of the experiments were performed in SNU.AT/RT-5, 
SNU.AT/RT-6, BT-12, and BT-16 cells.
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Long-term median survival results showed that the 
DSF + RT group (129 days) lived significantly longer than 
the control (66  days), DSF (65  days), and RT (76.5  days) 
groups (P < .001, Fig. 5C). There were no differences in the 
survival length between the control and single-treatment 
groups.

Discussion

This study demonstrates that the DSF and RT combination 
treatment significantly reduced tumor volumes and dramati-
cally prolonged the survival length of mice with AT/RT. In the 
clinical setting, RT is usually reserved for brain tumor patients 
older than 3 years. Unfortunately, AT/RT is prevalent in chil-
dren younger than 3 years.10 Therefore, limited application of 
RT is a significant hurdle in the treatment of AT/RT. Recently, 
clinical trials applied RT to patients older than 1.5  years.25 
However, many centers hesitate to apply this protocol 
because of delayed RT sequels in the young children. Herein, 
we suggest DSF as a radiosensitizer that enhances the ther-
apeutic effect of radiation. The introduction of radiosensi-
tizer might broaden the applicability of RT to AT/RT patients 
younger than 3 years by adjusting the radiation dose.

DSF has been used for over 60  years as an off-patent 
drug for ethanol abuse. The absorption of DSF occurs in 
the gastrointestinal tract and it is sequentially converted 
to its active metabolites: diethyldithiocarbamate (DDC), 
diethyldithiomethylcarbamate (Me-DDC), and diethylthi-
omethylcarbamate (Me-DTC).26,27 The metabolic molecules 
can also penetrate the blood‒brain barrier.28,29 In the pre-
sent study, we confirmed that DSF inhibited ALDH enzyme 
activity and regulated expression of NF-κB in AT/RT cells. 
In addition, DSF significantly increased the expression of 
DNA double-strand break markers (γ-H2AX, p-DNA-PKcs, 
and p-ATM), an apoptotic marker (cleaved caspase-3), an 
autophagy marker (LC3B), and a cell cycle arrest protein 
(p21), and decreased the expression of anti-apoptotic pro-
teins (NF-κB, Survivin, and Bcl2) in irradiated AT/RT cells 
or orthotopic tumors. These data indicate that induced 
DNA damage, apoptosis, autophagy, and cell cycle arrest 
might be involved in the radiosensitization of DSF in AT/
RT. Although the essential mediator of diverse phenotypes 
provoked by DSF needs to be elucidated further, NF-κB 
could be a candidate, since it is a key player which con-
nects DNA damage and programmed cell death.30,31

As CSCs are more resistant to radiation therapy than 
non-CSCs,32 their characteristics can provide clues to make 
novel treatment modalities reverse the radiation resistance 

Fig. 5  Long-term treatment effects of the DSF and RT combination therapy. (A) Bioluminescence images (BLI) were obtained at various time-
points using an IVIS-100 imaging machine. (B) Tumor growth was quantified by BLI and compared. (C) The median survival time of the groups 
(days) was illustrated by Kaplan–Meier survival curves and compared using the log-rank test. DSF + RT combination therapy showed survival 
benefit compared with other groups. *P < .05, **P < .01, ***P < .001.
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of brain tumors. The CSCs of brain tumors express spe-
cific surface proteins such as CD13333 and CD15,34 but their 
functional implications in CSCs are unclear. Moreover, spe-
cific inhibitors for the surface antigens are hard to make 
because they do not have enzymatic activities. However, 
ALDH is an attractive candidate for targeting CSCs espe-
cially in AT/RT for 2 reasons. First, ALDH is universally 
expressed in CSCs in various primary brain tumors, includ-
ing AT/RT. Notably AT/RT has a very high ALDH+ fraction of 
more than 20% of cells.20 Second, the therapeutic effects of 
RT are profoundly affected by the metabolic status of can-
cer cells, especially the oxidative status.35 Although CSCs 
are usually cultured in serum-free conditions, in this study 
the AT/RT cells were cultured in monolayer conditions with 
FBS. We compared the ALDH+ cell ratio between serum-
free and FBS-containing media and found that early pas-
sage tumor cells in the FBS condition still have comparable 
tumor cells with ALDH enzyme activity. The differential 
expression of metabolic enzymes such as ALDH could be 
used to target CSCs combined with RT.

To overcome the radioresistance, various types of chemi-
cals have been developed and tested.36 Most importantly, 
many agents have focused on re-oxygenating hypoxic 
tumor tissues using several action mechanisms such as 
hypoxic cytotoxicity and the enhancement of oxygen diffu-
sion.37,38 Others inhibit key enzymes of DNA damage repair 
signaling (ie, ATM, ATR, CHK1, CHK2, and PARP) or cell sur-
vival signaling (ie, epidermal growth factor receptor, [11C]
methyl-L-methionine, phosphatidylinositol-3 kinase/Akt, 
and mammalian target of rapamycin).39–41 Along with those 
targeted agents, nonspecific cytotoxic chemotherapeutic 
agents, including temozolomide, have been tested.42,43 It has 
also been suggested that DSF supplemented with copper is 
a promising therapeutic agent.29,44,45 In spite of the active 
developments, significant radiosensitizing effects have not 
been proven in clinical trials until now. Therapeutics target-
ing the metabolic pathway of radioresistant CSCs such as 
DSF in this study could be another candidate with a unique 
treatment mechanism to enhance the effects of RT.

Although DSF has rare side effects on the nervous sys-
tem such as mood or mental changes,46 specific adverse 
effects on the developing brain have not been reported. 
In this study, we focused on reducing drug concentration 
because there has been no information related to DSF in 
children. We also confirmed that in vivo DSF concentration 
is in the safety range when it is converted to human dose 
according to FDA guidelines.47 Although we have observed 
significant radiosensitizing effects even at low concentra-
tion, IC10, the safe application and effective dose of DSF in 
young patients need to be further defined. Altogether, this 
article demonstrates significant radiosensitizing effects of 
DSF in AT/RT and the radiosensitizing mechanisms of DSF. 
Because the DSF and RT combination treatment had signif-
icant in vivo therapeutic effects against AT/RT, concomitant 
chemoradiotherapy using DSF may be incorporated into 
conventional regimens for young AT/RT patients.
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Supplementary data are available at Neuro-Oncology online.
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