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Background and purpose: Radiosensitizers and heavy ion irradiation could improve therapy for female
patients with malignant tumors located in the pelvic region through dose reduction. Aim of the study
was to investigate the radiosensitizing potential of 2-deoxy-D-glucose (2-DG) in combination with carbon
ion-irradiation (12C) in representative cell lines of cancer in the female pelvic region.
Materials and methods: The human cervix carcinoma cell line CaSki and the colorectal carcinoma cell line
WiDr were used. 2-DG was employed in two different settings, pretreatment and treatment simultaneous
to irradiation. Clonogenic survival, a and b values for application of the linear quadratic model and rel-
ative biological effectiveness (RBE) were determined. ANOVA tests were used for statistical group com-
parison. Isobolograms were generated for curve comparisons.
Results: The comparison of monotherapy with 12C versus photons yielded RBE values of 2.4 for CaSki and
3.5 for WiDr along with a significant increase of a values in the 12C setting. 2-DG monotherapy reduced
the colony formation of both cell lines. Radiosensitization was found in WiDr for the combination of pho-
ton irradiation with synchronous application of 2-DG. The same setup for 12C showed no radiosensitiza-
tion, but rather an additive effect. In all settings with CaSki, the combination of irradiation and 2-DG
exhibited additive properties.
Conclusion: The combination of 2-DG and photon therapy, as well as irradiation with carbon ions can
overcome radioresistance of tumor cells such as WiDr.

� 2019 The Authors. Published by Elsevier B.V. on behalf of European Society for Radiotherapy and
Oncology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction Overcoming radioresistance of the targeted tumor entities is the
According to recent estimates, colorectal cancer is the second,
and cervix and uterus cancer the fourth most common female can-
cers worldwide [1]. Even with modern treatment, the 5-year-
survival for both rectal and cervical cancer is generally still below
70% [2]. Irradiation of the pelvic region is often necessary to
achieve locoregional control for these cancer entities, which leads
to a series of symptoms that are not tumor-related but
treatment-related, best summarized by the term ‘pelvic radiation
disease’ [3]. Examples of pelvic radiation disease include chronic
diarrhea, bleeding and sexual dysfunction, all of which lead to a
serious loss of quality of life [4–6]. Both types of cancer discussed
here are commonly irradiated with photons.
key point for reducing radiation dose and achieving better tumor
control. One approach in this endeavor is carbon ion irradiation.
Heavy ions have much better physical qualities when it comes to
avoiding side effects. This is derived from the dose-depth profile
of heavy ion beams which avoids applying much of the unwanted
dose between the source of the beam and the target [7]. In the tar-
get region heavy ions like 12C have a high linear energy transfer
(LET). This high LET in turn is responsible for a high RBE, caused
by DNA double strand breaks (DSB), which are crucial for clono-
genic cell death [8]. The details of tissue response in heavy ion irra-
diation have yet to be studied [9]. To date, only a few trials with
small patient numbers have examined carbon ions in relation to
cervical and colorectal cancer [10–13].

Apart from changing the modality of irradiation itself, the
effects of irradiation can be altered to improve response in malig-
nant cells. 2-DG is an example of an altering substance which can
make certain tumor cells more susceptible for irradiation in the
sense of a radiosensitizer [14,15]. The use of the anti-metabolite
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2-DG utilizes the differences between the metabolism of healthy
human cells and that of tumor cells. 2-DG has been long known
for its ability to inhibit glycolysis [16], which strongly affects
tumor cells because of the Warburg effect [17]. 2-DG is phosphory-
lated but cannot be further metabolized and inhibits glucose phos-
phorylation upon accumulation [18]. A well-known mechanism of
action of 2-DG is the induction of ER-stress and consecutively UPR-
upregulation which in turn promotes apoptosis [19,20]. Further-
more oxidative stress due to alteration of the thiol metabolism is
thought to play a major role in the cell toxicity of 2-DG [21–23].
The inhibition of DNA repair, which includes the repair of DSB, is
a proven cause of clonogenic cell death observed under 2-DG treat-
ment [24,25]. Many properties of the substance have just recently
been discovered and are not yet fully understood [26]. Inhibition of
glycolysis and cell proliferation have been described for numerous
cancer cell lines in a 2-DG dose range from 0.01 mM (48 h treat-
ment) up to 20 mM (24 h treatment) [27,28]

In this in vitro study we investigated the radiosensitizing poten-
tial of 2-DG in combination with photon as well as heavy ion ther-
apy for treatment of malignancies within the female pelvic region.
2. Methods

2.1. Clonogenic assay

The cell lines of HPV-transformed cervical carcinoma (CaSki)
and colorectal adenocarcinoma (WiDr) were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). For
CaSki cells RPMI 1640 medium (11 mM Glucose) was used, while
WiDr cells were cultivated in DMEM F 0415 (Dubelcco’s Modified
Eagle Medium, Biochrom, Berlin, Germany, 5.6 mM Glucose). Each
medium was supplemented with 10% fetal bovine serum (Gibco,
Life Technologies, Vienna, Austria) and 1% penicillin–streptomycin
(Sigma-Aldrich, Munich, Germany). Cells were cultivated in
175 cm2 plastic flasks in an incubator at 37 �C in 90% H2O-
saturated air and 6% CO2.

In all experiments a setup was comprised of three identically
prepared flasks (25 cm2 Falcon, Becton Dickinson, East Rutherford,
USA) with 5 ml of medium and a defined number of cells ranging in
between 100 and 10,000, depending on the setup. Using a Neu-
bauer counting chamber, cell counts were estimated both after
trypsinization of stock cells and before seeding for the setups. Each
setup of three was repeated three times on different days. Thus
every experiment was conducted with nine different samples in
total. 2-DG (obtained from Sigma Aldrich, St Louis, USA) was pur-
chased in >97% pure crystalline form and dissolved in the medium
of the respective cell line. 2-DG dose response experiments were
conducted for CaSki and WiDr with doses ranging in between
0.1 mM and 10 mM prior to deciding on the doses for the combina-
tion therapy setups. Two doses for each cell line were chosen from
the dose response curves for the combination treatment, one with
a high and one with a moderate survival rate. Depending on the
combination treatment setup, 2-DG was applied in different doses
(0.1 mM/1 mM in CaSki; 0.7 mM/2.5 mM in WiDr) 4 h after cell
seeding (when plating on the flask surface was complete) or 24 h
after seeding. In the first case, a 2-DG pretreatment was initiated
20 h before irradiation, in the second case it was administered
simultaneously with irradiation. The medium was changed 24 h
after the application of 2-DG.

For the clonogenic assays, CaSki and WiDr were cultivated for 8
or 9 days respectively, the necessary time required for the forma-
tion of colonies and the manifestation of clonogenic cell-death
within the two different cell lines. Colonies defined by a content
of 50 or more cells were counted after ethanol fixation and optical
enhancement with methylene blue under a microscope.
2.2. Irradiation

A laboratory X-ray irradiator designed for biological experi-
ments (X-Rad 320 Precision X-Ray Inc., North Branford) was used
for photon irradiation. The doses applied were 2, 4, and 6 Gy at a
rate of 1.2 Gy/min with 320 kV and 20 mA. 12C-irradiation was per-
formed using the raster scanning technique at the Heidelberg Ion-
Beam Therapy Center. The average penetration depth of the
spread-out Bragg peaks occurred at the plating surface. The
spread-out Bragg peak consisted of 5 energy layers ranging from
1468 to 1643 MeV. Each layer had 9021 raster points (7.1 mm
diameter of maximum energy) with a distance of 2 mm � 2 mm
(horizontally and vertically). The average LET was 100 keV/mm
(70–170 keV/mm range). 12C irradiation doses applied in this case
were 0.125, 0.5, 1 and 2 Gy.
2.3. Data analysis

The data from the clonogenic assays was evaluated with the
help of the linear-quadratic model: �ln(S) = aD + bD2 (S being sur-
vival and D the applied dose). By applying this mathematical
model, a and b values were calculated and fitted linear graphs with
data points and corresponding standard deviations were created in
SigmaPlot (version 10, Systat Software, Erkrath, Germany). To ana-
lyze combination treatments, surviving fractions were normalized
to the corresponding values of 2-DG monotherapy by calculating
the ratio of the combination treatment’s plating efficiency and 2-
DG monotherapy. Bonferroni two-way ANOVA post hoc test was
employed in SPSS (version 23, IBM, Armonk, USA) to measure sta-
tistical significance of differences between the normalized treat-
ment groups and controls. Significant differences in ANOVA tests
alone were not considered sufficient to determine superadditivity.
For this purpose isobolograms were generated as theoretical con-
trol curves. Thus trends towards superadditivity and significant
superadditivity could be differentiated [29]. Additivity was
assumed for curves in between the control curve and the theoret-
ical control curve. Superadditivity was defined as survival below
the theoretical control curve.
3. Results

The LD50 (median lethal dose) observed in photon treatment
was 1.51 Gy for CaSki and 1.77 Gy for WiDr. In 12C irradiation
LD50 values were 0.25 Gy for CaSki and 0.19 Gy for WiDr. a/b ratios
were 24.34 for CaSki and 13.85 for WiDr in photon irradiation
monotherapy (see Table 1). a values were higher and b values
lower in the carbon irradiation setting in comparison to photon
irradiation (p < 0.001). In comparison to photon therapy, the RBE
of 12C, which was calculated at 10% survival, was 2.4 for CaSki
and 3.5 for WiDr (Fig. 1).

2-DG monotherapy achieved survival rates of 82.4 ± 1.2% and
39.2 ± 4.5% in CaSki at concentrations of 0.1 mM and 1 mM respec-
tively at an LD50 of 0.78 mM. In WiDr similar survival rates were
reached at higher doses (73.8 ± 3.1% at 0.7 mM and 51.0 ± 4.8% at
2.5 mM, LD50 2.57 mM). The survival rates given here were
observed when 2-DG was applied 4 h after seeding with medium
change after 24 h. The actual monotherapy controls were run
simultaneously with each combination experiment. The effects of
2-DG on clonogenic survival are shown in Fig. 2.

All of the following percentages were calculated in relation to
survival of 2-DG monotherapy. The percentages thereby represent
surviving fractions normalized to the corresponding values of 2-DG
monotherapy. This facilitates the evaluation of additivity versus
superadditivity, as the percentages can be directly compared to
the surviving fractions of irradiation monotherapy.



Table 1
Overview of a and b values of the setups.

Cell line pre sync

CaSki WiDr CaSki WiDr

2-DG (mM) 0 0.1 1 0 0.7 2.5 0 0.1 1 0 0.7 2.5

Photon a (Gy�1) 0.39 0.43 0.47 0.33 0.33 0.35 0.39 0.36 0.46 0.33 0.34 0.51
b (Gy�2) 0.02 0.001 0.003 0.02 0.03 0.03 0.02 0.03 0.02 0.02 0.04 0.02
a/b (Gy) 24.34 359.94 173.21 13.85 12.08 11.56 24.34 12.68 26.63 13.85 8.47 24.94

12C a (Gy�1) 1.91 1.98 2.08 2.2 2.22 2.3 1.91 2.1 2.2 2.2 2.44 2.54
b (Gy�2) 0 0 0 0 0 0 0 0 0 0 0 0
a/b (Gy) n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a

Fig. 1. Clonogenic survival after irradiation with 12C or photons. CaSki left andWiDr
right. Symbols represent experimental data with their standard deviations, lines are
results of the fit described in the text.

Fig. 2. Clonogenic survival after 2-DG monotherapy. CaSki left and WiDr right.
Symbols represent experimental data with their standard deviations, the lines are
visual guides.
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In the pretreatment setting, low dose 2-DG (0.1 mM for CaSki
and 0.7 mM for WiDr) in combination with photon irradiation in
the standard fraction dose of 2 Gy yielded a survival of
36.4 ± 0.7% of 2-DG monotherapy survival in CaSki and
44.5 ± 2.9% in WiDr. In the synchronous setting, in which all other
parameters were identical to those above with the exception of the
moment of treatment application, survival rates of 36.0 ± 2.0% and
35.1 ± 4.6% were noted respectively for CaSki and WiDr. No statis-
tically significant difference was seen in CaSki between the pre-
treatment and synchronous treatment, whereas a significant
difference was determined in WiDr with p < 0.05. LD90 for WiDr
in the pretreatment setup was 4.93/4.65 Gy for low/high 2-DG
Fig. 3. Comparison of clonogenic survival between low dose 2-DG as a pretreat-
ment to photon therapy and synchronous combination therapy. Results for CaSki
(left) and WiDr (right). Doses were 0.1 mM and 0.7 mM, respectively. Symbols
represent experimental data with their standard deviations, the lines are results of
the fit described in the text.
dose and 4.33/3.83 Gy for low/high 2-DG dose in the synchronous
treatment setting, respectively. For a comparison of pretreatment
to synchronous treatment in the photon setup see Fig. 3. The low
survival of WiDr in synchronous treatment of 2-DG and photons
was prevalent in all tested doses of 2-DG and irradiation and the
greatest synergistic effect was seen in these setups. The superaddi-
tive reduction of the survival rate, determined by calculating the
difference between additive survival rates of the monotherapies
and the survival rate of combination treatment, ranged between
1.6 ± 0.73% (6 Gy, 2.5 mM 2-DG) and 7.5 ± 2.7% (2 Gy, 2.5 mM 2-
DG) for WiDr in the synchronous treatment setup. When this dif-
ference is set in relation to the additive survival rates of the
monotherapies, the potential of combination therapy at already
low survival rates is more suitably represented. This relative reduc-
tion of the survival rate ranged between 15.9 ± 11.3% (2 Gy,
0.7 mM 2-DG) and 54.8 ± 22.5% (6 Gy, 2.5 mM 2-DG). The highest
relative reduction of the survival rate was observed at the highest
radiation dose. The survival curves of the combination therapy for
both low and high 2-DG doses in the WiDr synchronous treatment
setup were below the isobolograms, which were calculated for the
respective 2-DG doses (Fig. 4). This was the only setup in which the
respective survival curves or their error bars did not cross the
isobolograms. Statistical analysis for all data points determined a
statistically significant difference between normalized treatment
group and control group as well in this setting (p < 0.05).

When irradiation was performed with carbon ions in the pre-
treatment setting with the aforementioned doses of 2-DG and irra-
diation, survival rates of 8.1 ± 1.5% for CaSki and 4.7 ± 1.4% for
WiDr were seen. In the carbon ion setting, synchronous treatment
yielded a clonogenic survival of 8.5 ± 1.0% for CaSki and 4.8 ± 1.8%
for WiDr. The standard deviations of the combination treatment
curves crossed the isobologams in all 12C setups. Although the
combination with 2-DG relatively benefited photon therapy, car-
bon ion combination therapy was still more effective at equal irra-
diation dose (Fig. 5) with a high statistical significance (p < 0.001
for all data points). RBE values at 10% survival were 2.75 for CaSki
Fig. 4. Comparison of clonogenic survival between synchronous combination
therapy of high dose 2-DG with photon irradiation in WiDr and the matching
isobologram. Symbols represent experimental data with their standard deviations,
the lines are results of the fit described in the text.



Fig. 5. Comparison of clonogenic survival between synchronous combination
therapy of low dose 2-DG with photon and carbon ion irradiation. CaSki left and
WiDr right. Symbols represent experimental data with their standard deviations,
the lines are results of the fit described in the text.
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and 3.71 for WiDr after pretreatment and 2.68 for CaSki and 3.51
for WiDr after synchronous treatment with low dose 2-DG.
4. Discussion

The high a values found in 12C irradiation may be explained by
the high LET of heavy ions. Low a/b ratio in photon monotherapy
has been associated with high RBE [30]. WiDr, which was more
resistant to photon irradiation in monotherapy than CaSki, had
the lower a/b ratio in photon monotherapy and a higher RBE of
12C. The efficacy of 12C irradiation was therefore higher for WiDr
than for CaSki. Photon irradiation a/b ratios were comparable to
those of studies done in vivo, e.g. a/b of 26 Gy for cervical and
11.1 Gy for colorectal carcinoma [31,32]. The RBE of 12C found in
this study is similar to the results reported in previous studies on
different cell lines [33,34]. WiDr was also affected more by the
combination of photon irradiation with 2-DG. Both therapies were
able to overcome WiDr’s radioresistance.

A trend towards an increase of a values, which is associated
with higher radiation sensitivity was observed in 2-DG combina-
tion treatment. Significant elevation of a values was demonstrated
for 12C irradiation. An increase of a values reflects higher radiation
sensitivity [33].

The 2-DG dose needed for radiosensitization was relatively low.
Effects of 2-DG have often been studied at higher doses up to
20 mM [28]. These studies often had a medium change following
application of 2-DG in <24 h [35,36,37]. Perumal et al. changed
the medium as early as 3 h after application [38]. In other cases
the high dose was used to achieve a measurable effect in as early
as 24 h [39] and not 8–9 days as presented here. These differences
explain the higher doses compared to our study. The results of the
simultaneous treatment group suggest that the duration of treat-
ment with 2-DG can also be shortened.

The combination of photon irradiation and 2-DG led to an addi-
tive effect on colony formation in CaSki with a trend towards
superadditivity under almost all experimental conditions. A trend
towards superadditivity was seen for WiDr when 2-DG was added
20 h before irradiation and a statistically significant superadditive
effect was seen after simultaneous application of irradiation and 2-
DG. Simultaneous treatment was more effective for WiDr. The
superadditive potential of simultaneous treatment had already
been shown for 2-DG in an early murine experiment [40]. Never-
theless, many studies were conducted under pretreatment condi-
tions hereafter [14,15]. In the present study, the synergistic
potential of 2-DG was lost within the 20 h of incubation before
irradiation in the pretreatment setup. Apparently, this period was
sufficient for a metabolic adaptation in the surviving cells to these
doses that diminished a later synergistic effect.

The difference between the effect of 2-DG on the two cell lines
becomes more discernable when observing the survival data in
monotherapy. The decrease of survival in WiDr can clearly be
divided into two linear phases changing at 4 mM, whereas CaSki’s
decrease of survival is exponential. CaSki’s colony formation was
also more sensitive to lower doses of 2-DG. Large differences
between cell lines regarding 2-DG therapy response have been
reported before [41]. In the case of CaSki the high sensitivity to
2-DG has been linked to a high glucose metabolism [42].

To the best of our knowledge, there is no other study on the
combination therapy of 2-DG and carbon ion irradiation. The com-
bination led to an additive effect with a trend towards superaddi-
tivity. Accordingly, RBE values at 10% survival were only
insignificantly higher for combination treatment in both cell lines
in comparison to monotherapeutic irradiation. Survival was signif-
icantly lower compared to equal doses in the photon setting
(p < 0.001). As a result, much lower doses could be used in order
to achieve the same clonogenic cell death rates. This is in accor-
dance with findings from other studies [43,44]. The effect of
radiosensitization in WiDr in simultaneous treatment could not
be reproduced in the heavy ion setting, only a trend towards a syn-
ergistic effect was observed. Similar observations have been made
before with different cell lines and different substances with high
potential for radiosensitization in photon irradiation [45].
Nonetheless, multiple studies have shown that radiosensitization
occurs in different cell lines in heavy ion combination therapy as
well [46,47,48]. In the case of the present study, an antimetabolite
was used that restricts DNA repair mechanisms. While photon irra-
diation primarily causes non-DSB clustered DNA lesions, the char-
acteristic property of high LET radiation is the induction of DSB
[49]. DSB are repaired with less success than other DNA damage
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because of a high error rate [50,51]. Sublethal radiation damage as
it often occurs with photon irradiation can become fatal due to
missing repair mechanisms and lead to a synergistic effect of pho-
ton irradiation and antimetabolite treatment. The lack of measura-
bility of a synergistic effect in the 12C setup can in turn be
explained by a lesser importance of these repair mechanisms. This
is supported by the high alpha values in the 12C setups which have
been linked to irreparable cell damage [52].

At high radiation doses the relative reduction of the survival
rate by combination therapy was highest, which shows that espe-
cially the highly resistant tumor cells can be targeted by combina-
tion therapy for maximum reduction of tumor load.

The advantages of carbon ion irradiation cannot be fully com-
prehended in an in vitro setting. Our department has experienced
success in sparing structures at risk during carbon irradiation
[53,54], which is another benefit that can be expected during the
clinical trials following this study.

In terms of feasibility, 2-DG is a valid option for cancer therapy
with wide applicability, as it is regarded to be a safe substance
[55,56]. Mohanti et al. successfully tested the substance in doses
of up to 200 mg/kg on glioma patients as early as 1996 with no rel-
evant toxicity [16]. Thus the effective doses applied and considered
safe in vivo where considerably higher than those of the present
study.

5. Conclusions

In the present study we investigated the radiosensitizing poten-
tial of the antimetabolite 2-deoxyglucose in combination with
photon and carbon ion irradiation in vitro in two cell lines of pelvic
tumors commonly found in females.

2-DG was able to radiosensitize cells successfully when applied
simultaneously with irradiation. Whether the moment of the
application of 2-DG has relevant effects in vivo is yet to be
explored. High RBE carbon ion irradiation can be complemented
with 2-DG for an additive effect and maximum reduction of cell
survival.

Both the combination of photon therapy with 2-DG as well as
the combination of irradiation with carbon ions and 2-DG are
effective measures to counter radioresistant cancer cells like WiDr.
The effectiveness of these therapies could also be used to lower the
radiation dose.
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et al. Health-related quality of life in locally advanced cervical cancer patients
after definitive chemoradiation therapy including image guided adaptive
brachytherapy: an analysis from the EMBRACE study. Int J Radiat Oncol Biol
Phys 2016;94(5):1088–98.

[6] Jensen PT, Froeding LP. Pelvic radiotherapy and sexual function in women.
Transl Androl Urol 2015;4(2):186–205.

[7] Jiang GL. Particle therapy for cancers: a new weapon in radiation therapy.
Front Med 2012;6(2):165–72.

[8] Aoki-Nakano M, Furusawa Y. Misrepair of DNA double-strand breaks after
exposure to heavy-ion beams causes a peak in the LET–RBE relationship with
respect to cell killing in DT40 cells. J Radiat Res 2013;54(6):1029–35.

[9] Durante M. New challenges in high-energy particle radiobiology. Br J Radiol
2014;87(1035):20130626.

[10] Takuro A, Taka-fumi T, Shingo K, Tomoko K, Masaki K, Sunao T, et al. Treatment
outcomes of patients with FIGO Stage I/II uterine cervical cancer treated with
definitive radiotherapy: a multi-institutional retrospective research study. J
Radiat Res 2015;56(5):841–8.

[11] Noura S, Ohue M, Miyoshi N, Fukata T, Fujino S, Sugimura K, et al. Irradiation
with carbon ions for locally recurrent rectal cancer. Gan To Kagaku Ryoho
2014;41(12):1713–5.

[12] Okada M, Yasuno M, Kawakami M, Ishihara A, Inagaki F, Oda G, et al. Rectal
cancer with local re-recurrence successfully treated by carbon ion
radiotherapy. Gan To Kagaku Ryoho 2014;41(12):1710–2.

[13] Wakatsuki M, Kato S, Kiyohara H, Ohno T, Karasawa K, Tamaki T, et al. Clinical
trial of prophylactic extended-field carbon-ion radiotherapy for locally
advanced uterine cervical cancer (Protocol 0508). PLoS ONE 2015;10(5):
e0127587.

[14] Bandugula VR, Bandugula NRP. 2-Deoxy-D-glucose and ferulic acid modulates
radiation response signaling in non-small cell lung cancer cells. Tumour Biol
2013;34(1):251–9.

[15] Lin X, Zhang F, Bradbury CM, Kaushal A, Li L, Spitz DR, et al. 2-Deoxy-D-
glucose-induced cytotoxicity and radiosensitization in tumor cells is mediated
via disruptions in thiol metabolism. Cancer Res 2003;63(12):3413–7.

[16] Mohanti BK, Rath GK, Anantha N, Kannan V, Das BS, Chandramouli BA, et al.
Improving cancer radiotherapy with 2-deoxy-D-glucose: phase I/II clinical
trials on human cerebral gliomas. Int J Radiat Oncol Biol Phys 1996;35
(1):103–11.

[17] Vander Heiden MG. Targeting cancer metabolism: a therapeutic window
opens. Nat Rev Drug Discov 2011;10(9):671–84.

[18] Kern KA, Norton JA. Inhibition of established rat fibrosarcoma growth by the
glucose antagonist 2-deoxy-D-glucose. Surgery 1987;102(2):380–5.

[19] Shinjo S, Mizotani Y, Tashiro E, Imoto M. Comparative analysis of the
expression patterns of UPR-target genes caused by UPR-inducing
compounds. Biosci Biotechnol Biochem 2013;77(4):729–35. Epub 2013 Apr 7.

[20] Matsumura K, Sakai C, Kawakami S, Yamashita F, Hashida M. Inhibition of
cancer cell growth by GRP78 siRNA lipoplex via activation of unfolded protein
response. Biol Pharm Bull 2014;37(4):648–53.

[21] Blackburn RV, Spitz DR, Liu S, Galoforo SS, Sim JE, Ridnour LA, et al. Metabolic
oxidative stress activates signal transduction and gene expression during
glucose deprivation in human tumor cells. Free Radic. Biol. Med 1999;26(3–
4):419–30.

[22] Spitz DR, Sim JE, Ridnour LA, Galoforo SS, Lee YJ. Glucose deprivation-induced
oxidative stress in human tumor cells: a fundamental defect in metabolism?
Ann NY Acad Sci 2000;899:349–62.

[23] Lee YJ, Galoforo SS, Berns CM, Chen JC, Davis BH, Sim JE, et al. Glucose
deprivation-induced cytotoxicity and alterations in mitogen-activated protein
kinase activation are mediated by oxidative stress in multidrug-resistant
human breast carcinoma cells. J Biol Chem 1998;273:5294–9.

[24] Kawata M, Ogi K, Nishiyama K, Miyamoto S, Nakagaki T, Shimanishi M, et al.
Additive effect of radiosensitization by 2-deoxy-D-glucose delays DNA repair
kinetics and suppresses cell proliferation in oral squamous cell carcinoma. J
Oral Pathol Med 2017;46(10):979–85.

[25] Jha B, Pohlit W. Effect of 2-deoxy-D-glucose on DNA double strand break re-
pair, cell survival and energy metabolism in euoxic Ehrlich ascites tumour
cells. Int J Radiat Biol 1992;62(4):409–15.

[26] Mühlenberg T, Grunewald S, Treckmann J, Podleska L, Schuler M, Fletcher JA,
et al. Inhibition of KIT-glycosylation by 2-deoxyglucose abrogates KIT-
signaling and combination with ABT-263 synergistically induces apoptosis in
gastrointestinal stromal tumor. PLoS One 2015;10(3).

[27] Sun L, Yin Y, Clark LH, Sun W, Sullivan SA, Tran AQ, et al. Dual inhibition of
glycolysis and glutaminolysis as a therapeutic strategy in the treatment of
ovarian cancer. Oncotarget 2017;8(38):63551–61.

[28] Chatterjee S, Thaker N, De A. Combined 2-deoxy glucose and metformin
improves therapeutic efficacy of sodium-iodide symporter-mediated targeted
radioiodine therapy in breast cancer cells. Breast Cancer (Dove Med Press)
2015;7:251–65.

[29] Steel GG, Peckham MJ. Exploitable mechanisms in combined radiotherapy-
chemotherapy: the concept of additivity. Int J Radiat Oncol Biol Phys 1979;5
(1):85–91.

[30] Paganetti H. Proton relative biological effectiveness – uncertainties and
opportunities. Int J Particle Ther 2018;5(1):2–14.

[31] Datta NR, Rajkumar A, Basu R. Variations in clinical estimates of tumor volume
regression parameters and time factor during external radiotherapy in cancer
cervix: does it mimic the linear-quadratic model of cell survival? Indian J
Cancer 2005;42(2):70.

[32] Suwinski R, Wzietek I, Tarnawski R, Namysl-Kaletka A, Kryj M, Chmielarz A,
et al. Moderately low alpha/beta ratio for rectal cancer may best explain the

http://refhub.elsevier.com/S2405-6308(19)30091-6/h0005
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0005
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0010
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0010
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0015
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0015
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0015
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0020
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0020
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0020
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0025
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0025
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0025
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0025
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0025
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0030
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0030
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0035
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0035
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0040
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0040
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0040
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0045
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0045
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0050
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0050
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0050
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0050
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0055
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0055
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0055
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0060
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0060
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0060
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0065
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0065
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0065
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0065
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0070
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0070
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0070
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0075
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0075
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0075
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0080
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0080
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0080
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0080
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0085
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0085
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0090
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0090
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0095
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0095
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0095
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0100
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0100
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0100
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0105
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0105
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0105
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0105
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0110
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0110
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0110
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0115
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0115
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0115
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0115
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0120
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0120
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0120
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0120
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0125
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0125
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0125
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0130
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0130
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0130
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0130
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0135
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0135
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0135
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0140
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0140
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0140
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0140
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0145
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0145
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0145
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0150
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0150
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0155
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0155
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0155
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0155
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0160
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0160


58 F.C. Hasse et al. / Clinical and Translational Radiation Oncology 19 (2019) 52–58
outcome of three fractionation schedules of preoperative radiotherapy. Int J
Radiat Oncol Biol Phys 2007;69(3):793–9.

[33] Schlaich F, Brons S, Haberer T, Debus J, Combs SE, Weber KJ. Comparison of the
effects of photon versus carbon ion irradiation when combined with
chemotherapy in vitro. Radiat Oncol 2013;8:260.

[34] Habermehl D, Ilicic K, Dehne S, Rieken S, Orschiedt L, Brons S, et al. The relative
biological effectiveness for carbon and oxygen ion beams using the raster-
scanning technique in hepatocellular carcinoma cell lines. PLoS ONE 2014;9
(12):e113591.

[35] van Leeuwen CM, Oei AL, Crezee J, Bel A, Franken NAP, Stalpers LJA, et al. The
alfa and beta of tumours: a review of parameters of the linear-quadratic
model, derived from clinical radiotherapy studies. Radiat Oncol 2018;13(1):96.

[36] Fan LX, Liu CM, Gao AH, Zhou YB, Li J. Berberine combined with 2-deoxy-d-
glucose synergistically enhances cancer cell proliferation inhibition via energy
depletion and unfolded protein response disruption. Biochim Biophys Acta
2013;1830(11):5175–83.

[37] Kalia VK, Prabhakara S, Narayanan V. Modulation of cellular radiation
responses by 2-deoxy-D-glucose and other glycolytic inhibitors: implications
for cancer therapy. J Cancer Res Ther 2009;5(Suppl 1):57–60.

[38] Perumal V, Solomon PF, Jayanth VR. Modification of 2-deoxy-D-glucose on
radiation-and chemo-therapeutic drug-induced chromosomal aberrations. J
Cancer Res Ther 2009;5(Suppl 1):48–52.

[39] Sharma PK, Varshney R. 2-Deoxy-D-glucose and 6-aminonicotinamide-
mediated Nrf2 down regulation leads to radiosensitization of malignant cells
via abrogation of GSH-mediated defense. Free Radic Res 2012;46
(12):1446–57.

[40] Dwarakanath BS, Singh S, Jain V. Optimization of tumour radiotherapy: Part V-
radiosensitization by 2-deoxy-D-glucose and DNA ligand Hoechst-33342 in a
murine tumour. Indian J Exp Biol 1999;37(9):865–70.

[41] Dwarkanath BS, Zolzer F, Chandana S, Bauch T, Adhikari JS, Muller WU, et al.
Heterogeneity in 2-deoxy-D-glucose-induced modifications in energetics and
radiation responses of human tumor cell lines. Int J Radiat Oncol Biol Phys
2001;50(4):1051–61.

[42] Rashmi R, Huang X, Floberg JM, Elhammali AE, McCormick ML, Patti GJ, et al.
Radioresistant cervical cancers are sensitive to inhibition of glycolysis and
redox metabolism. Cancer Res 2018;78(6):1392–403.

[43] Harrabi S, Combs SE, Brons S, Haberer T, Debus J, Weber KJ. Temozolomide in
combination with carbon ion or photon irradiation in glioblastoma multiforme
cell lines – does scheduling matter? Int J Radiat Biol 2013;89(9):692–7.
[44] El Shafie RA, Habermehl D, Rieken S, Mairani A, Orschiedt L, Brons S, et al. In
vitro evaluation of photon and raster-scanned carbon ion radiotherapy in
combination with gemcitabine in pancreatic cancer cell lines. J Radiat Res
2013;54(Suppl 1):i113–9.

[45] Combs SE, Zipp L, Rieken S, Habermehl D, Brons S, Winter M, et al. In vitro
evaluation of photon and carbon ion radiotherapy in combination with
chemotherapy in glioblastoma cells. Radiat Oncol 2012;7:9.

[46] Ma H, Takahashi A, Yoshida Y, Adachi A, Kanai T, Ohno T, et al. Combining
carbon ion irradiation and non-homologous end-joining repair inhibitor
NU7026 efficiently kills cancer cells. Radiat Oncol 2015;10:225.

[47] Kubo N, Noda SE, Takahashi A, Yoshida Y, Oike T, Murata K, et al.
Radiosensitizing effect of carboplatin and paclitaxel to carbon-ion beam
irradiation in the non-small-cell lung cancer cell line H460. J Radiat Res
2015;56(2):229–38.

[48] Fujisawa H, Nakajima NI, Sunada S, Lee Y, Hirakawa H, Yajima H, et al. VE-821,
an ATR inhibitor, causes radiosensitization in human tumor cells irradiated
with high LET radiation. Radiat Oncol 2015;10:175.

[49] Sage E, Shikazono N. Radiation-induced clustered DNA lesions: Repair and
mutagenesis. Free Radic Biol Med 2017;107:125–35.

[50] Khanna KK, Jackson SP. DNA double-strand breaks: signaling, repair and the
cancer connection. Nat Genet 2001;27(3):247–54.

[51] Ceccaldi R, Rondinelli B, D’Andrea AD. Repair pathway choices and
consequences at the double-strand break. Trends Cell Biol 2016;26(1):52–64.

[52] Zhao L, Mi D, Hu B, Sun Y. A generalized target theory and its applications. Sci
Rep 2015;28(5):14568.

[53] Combs SE, Kalbe A, Nikoghosyan A, Ackermann B, Jäkel O, Haberer T, et al.
Carbon ion radiotherapy performed as re-irradiation using active beam
delivery in patients with tumors of the brain, skull base and sacral region.
Radiother Oncol 2011;98:63–7.

[54] Jensen AD, Poulakis M, Nikoghosyan AV, Welzel T, Uhl M, Federspil PA, et al.
High-LET radiotherapy for adenoid cystic carcinoma of the head and neck: 15
years’ experience with raster-scanned carbon ion therapy. Radiother Oncol
2016;118(2):272–80.

[55] Raez LE, Langmuir V, Tolba K, Rocha-Lima CM, Papadopoulos K, Kroll S, et al.
Responses to the combination of the glycolytic inhibitor 2-deoxy-glucose
(2DG) and docetaxel (DC) in patients with lung and head and neck (H/N)
carcinomas. J Clin Oncol 2007;25(18):14025.

[56] Stein M, Lin H, Jeyamohan C, Dvorzhinski D, Gounder M, Bray K, et al. Targeting
tumor metabolism with 2-deoxyglucose in patients with castrate-resistant
prostate cancer and advanced malignancies. Prostate 2010;70(13):1388–94.

http://refhub.elsevier.com/S2405-6308(19)30091-6/h0160
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0160
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0165
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0165
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0165
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0170
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0170
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0170
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0170
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0175
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0175
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0175
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0180
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0180
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0180
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0180
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0185
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0185
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0185
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0190
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0190
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0190
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0195
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0195
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0195
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0195
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0200
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0200
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0200
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0205
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0205
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0205
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0205
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0210
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0210
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0210
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0215
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0215
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0215
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0220
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0220
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0220
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0220
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0225
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0225
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0225
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0230
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0230
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0230
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0235
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0235
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0235
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0235
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0240
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0240
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0240
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0245
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0245
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0250
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0250
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0255
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0255
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0260
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0260
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0265
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0265
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0265
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0265
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0270
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0270
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0270
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0270
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0275
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0275
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0275
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0275
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0280
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0280
http://refhub.elsevier.com/S2405-6308(19)30091-6/h0280

	Overcoming radioresistance in WiDr cells with heavy ion irradiation and radiosensitization by 2-deoxyglucose with photon irradiation
	1 Introduction
	2 Methods
	2.1 Clonogenic assay
	2.2 Irradiation
	2.3 Data analysis

	3 Results
	4 Discussion
	5 Conclusions
	Declaration of Competing Interest
	Acknowledgment
	References


