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ABSTRACT

There is a need for preclinical models that can enable identification of novel
radiosensitizing drugs in clinically relevant high-throughput experiments. We used a
new high-throughput compatible total cell kill spheroid assay to study the interaction
between drugs and radiation in order to identify compounds with radiosensitizing
activity. Experimental drugs were compared to known radiosensitizers and cytotoxic
drugs clinically used in combination with radiotherapy. VLX600, a novel iron-chelating
inhibitor of oxidative phosphorylation, potentiated the effect of radiation in tumor
spheroids in a synergistic manner. This effect was specific to spheroids and not
observed in monolayer cell cultures. In conclusion, the total cell kill spheroid assay
is a feasible high-throughput method in the search for novel radiosensitizers. VLX600
shows encouraging characteristics for development as a novel radiosensitizer.

INTRODUCTION

Radiotherapy is a cornerstone in cancer treatment
and is often combined with cytotoxic drugs with the
aim to enhance the antitumor effects. One example is
5-fluorouracil (5-FU)-based chemoradiotherapy that
is a standard of care for locally advanced rectal cancer
[1]. Other drugs used for the purpose of sensitization to
radiation are the platinums, taxanes [2] and mitomycin
for the treatment of, e.g., cancer of the lung, esophagus
and anus [2—4]. Some new targeted drugs have also been
successfully combined with radiotherapy [5].

However, although combined treatment may
provide improved tumor control, enhanced normal tissue
toxicity is often also observed. The common view that
the cytotoxic drugs result in an improved therapeutic
ratio, compared with radiotherapy only, has recently been
questioned [6—10]. Thus, a drug that more selectively
sensitizes cancer cells to radiation would be of substantial
value in radiotherapy and allow for a lower radiation
dose to be effective against malignant cells while sparing
neighboring normal cells or, alternatively, to increase the

radiation dose to achieve better tumor control at similar
normal tissue toxicity.

It is well established that hypoxic areas in tumors
are associated with radiation resistance [11]. A major cause
for radiation resistance is that lack of oxygen reduces the
number of DNA double-strand breaks (DSBs) caused
by radiation induced formation of free oxygen radicals.
However, currently there is a lack of established strategies
to reduce tumor hypoxia in order to selectively sensitize
tumors to radiotherapy [11, 12].

Hypoxia induce stem cell-like properties in cancer
cells which can also contribute to chemoresistance [13,
14]. Although such cancer stem-like cancer cells may
constitute less than a few per cent of the tumor mass, they
are thought to be responsible not only for resistance to
therapy but also for cancer recurrence [13, 14].

In colorectal cancer, microenvironmental factors that
maintain the pool of intestinal stem cells also provide the
conditions necessary for proliferation of cancer stem-like
cells [13]. Since hypoxia not only is the most important
microenvironmental driving force for angiogenesis but
can induce both resistance to therapy and increase the

www.oncotarget.com

5372

Oncotarget



metastatic potential of colorectal cancer cells, it would be
of considerable value to find a drug that enables reversal
of hypoxia and selective radiosensitization of hypoxic
cancer stem-like cells [13, 15]. The inhibition of oxidative
phosphorylation in human cancer cells, e.g., colon
cancer, under hypoxic conditions has been shown to be a
promising strategy for anticancer treatment [16—18].

One major problem in the search for novel
radiosensitizers is to study the interplay between drugs and
radiation in clinically relevant high-throughput models.
Therefore, a relevant high-throughput preclinical model
that could identify synergistic effects between drugs and
radiation would be of substantial value.

In this study, a new high-throughput compatible
tumor spheroid model was used to study the interaction
between drugs and radiation in order to identify drugs
with putative beneficial interaction patterns, i.e., drugs
that potentiate the effect of radiation in a synergistic
manner. Spheroid models with the HCT116 colon cancer
cell line have been found robust and replicative and have
also been useful in screening for compounds that reduce
oxygen consumption rate in colon cancer cells both in
vitro and in vivo [16, 19]. In the spheroid model used in
this study, we found that VLX600, a novel iron-chelating
inhibitor of oxidative phosphorylation that has previously
been shown to reverse hypoxia in HCT116 spheroids
[16, 17], selectively enhanced radiation sensitivity of
tumor cells grown as spheroids. VLX600 is suggested
to be a candidate for further development into a drug for
combination with radiotherapy.

RESULTS
Spheroid experiments

Spheroid morphology and effect of radiation

Homogenous and equally sized spheroids were
formed as described below and shown in Figure 1A.
Whereas control spheroids were visually unaffected during
the 7 days, irradiated spheroids turned slightly dissociated
during the same time period (Figure 1A).

Total cell kill assay

Radiation had very little effect on cell survival in
spheroids as measured in the fluorometric microculture
cytotoxicity assay (FMCA) (SI 93.1 + 4.19% (mean
+ SEM) at 6 Gray (Gy) (Figure 1B) which was in
accordance with results from the green fluorescent protein
(GFP) assay (not shown). Whereas spheroids were very
resistant to 5-FU, oxaliplatin and deferoxamine alone,
other drugs tested were more active (Figure 1B). VLX600
was the only drug that showed consistent and significant
synergistic effects with radiation in both the FMCA and
the GFP assay and this interaction was seen at relatively
low concentrations (1-6.5 uM; Figure 1B and detailed in
Tables 1-2).

Clonogenic assay

The synergistic effect between VLX600 and
radiation in spheroids indicated by measurement of
cell viability in the total cell population was further
investigated in a clonogenic assay (Figure 1C and 1D).
Whereas the clonogenicity of cells in control spheroids
was clearly affected by radiation only (SF 36.1 +
5.16% and 8.13 + 1.94% (mean + SEM) at 4 and 6 Gy,
respectively, Figure 1D), VLX600 at low concentrations
(1.5-6.5 puM) synergistically sensitized the cells to
radiation in a radiation dose-dependent manner (Figure 1C
and 1D, Table 3). Although 5-FU at high concentrations
(50-100 uM) showed radiosensitizing effects, the effect
was not as strong as with VLX600 and was not radiation
dose-dependent (Figure 1D and Table 3).

Monolayer experiments

Total cell kill assay

As expected, monolayer cells, compared to cells
grown as spheroids, were more sensitive to both radiation
(SI 74.3 £ 5.93%; mean £ SEM) at 6 Gy) and all drugs
alone (Figure 2). Although several drugs showed trends
toward synergistic effects with radiation, none showed
consistent statistically significant synergy with radiation in
the FMCA or the GFP assay and VLX600 was one of the
least effective radiosensitizing drugs in these experiments
(Table 4 for FMCA and not shown for the GFP assay,
respectively).

Clonogenic assay

Compared to cells from spheroids, monolayer cells
were more sensitive to radiation as well as to VLX600
and 5-FU in the clonogenic assay. VLX600 and 5-FU
were tested at concentrations close to their IC,-values
in the FMCA and the GFP assay (0.3 uM and 25 puM,
respectively). SF was less than 10% for both drugs at
these concentrations and SF after 4 Gy was 10%, to be
compared with 36% after 4 Gy in spheroid experiments.
No statistically significant synergistic effects between
radiation and the two drugs were seen (not shown).
However, the SF for drug only was too low to reliably
assess synergy in this assay.

Immunohistochemistry (IHC) for assessment of
DNA double-strand breaks

DSBs were clearly induced in spheroids by 6 Gy
of radiation, as judged by the IHC assessment of gamma-
H2AX expression (Figure 3). Although 100 uM 5-FU
induced gamma-H2AX expression, the expression pattern
after exposure to 5-FU + radiation was similar to that
after radiation alone. However, the combination produced
a higher intensity in the periphery. VLX600 at 1.5 and
3 uM clearly induced gamma-H2AX expression compared to
control and the expression of gamma-H2AX after exposure
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Figure 1: (A) HCT116 GFP cells cultured as spheroids for 7 days, irradiated day 0 and then analyzed. Control spheroids (left column) vs
irradiated spheroids (right column). The spheroids were typically 400-500 pm in diameter at day 0. (B) Cell survival in the FMCA assay,
expressed as SI of HCT116 GFP cells cultured as spheroids for 7 days, then incubated with drugs for 7 days with irradiation (6 Gy) at
4-6 h after addition of drug. Mean + SEM based on 3—7 independent experiments, with duplicate wells for each drug concentration. (C)
Clonogenic assay with VLX600, shown as growth of HCT116 GFP cells cultured as spheroids for 7 days, then irradiated (6 Gy) 46 h after
drug addition and 20 h later dissociated into single cells, transferred to 6-well plates and incubated for 10 days. Triplicate wells for each
drug concentration. (D) Cell survival in the clonogenic assay, expressed as survival fraction of HCT116 GFP cells cultured as spheroids for
7 days, then irradiated (6 Gy) 4—6 h after drug addition and 20 h later dissociated into single cells, transferred to 6-well plates and incubated
for 10 days. Mean + SEM based on 2-3 independent experiments, with triplicate wells for each drug concentration.

to VLX600 + radiation was higher than after each exposure
alone, with 3 puM VLX600 + 6 Gy increasing expression of
gamma-H2AX in both the center and margin of spheroids.

DISCUSSION

The lack of clinically relevant in vitro models in early
drug screening may at least partly be responsible for the
difficulties to identify and develop potent radiosensitizers
for clinical use. One way that has been proposed to improve
translation from preclinical results into the clinic is the
introduction of three-dimensional tumor models in early
drug screening [20]. Cell lines grown as spheroids are
thought to more closely mimic solid tumors in vivo with
respect to drug penetration, hypoxia/necrosis, metabolism,
stem cell characteristics, proliferation, cell interaction and
gene expression compared to monolayer cultures of human
cell lines [16, 21].

Thus, the use of spheroid models is reasonably a
way to better reflect the clinical situation when studying
radiosensitizers. Historically, spheroid models have
often been slow, technically demanding and not suitable

for screening purposes [21]. Therefore, simplified high-
throughput preclinical models that can identify synergistic
effects between drugs and radiation at an early stage would
be of substantial value.

The use of a clinically relevant outcome
measurement is important when screening for new
radiosensitizers. In this study, we used the FMCA and
the GFP assay as outcome measurements of total cell kill
and the results were then further explored in the ‘golden
standard’ clonogenic assay. The qualitatively similar
results retrieved for our hit VLX600 with both outcome
measurements (Tables 1-3, Figure 1B—1D) argue for the
use of total cell kill as a simpler read out. However, in
spheroid experiments 5-FU exhibited radiosensitizing
properties only in the clonogenic assay (Tables 1-3,
Figure 1B and 1D).Therefore, total cell kill assays might
miss marginally active drugs but could be used in high-
throughput screening (HTS) experiments to sort out the
most promising radiosensitizers for further evaluation.

GFP and FMCA readouts in total cell kill assays
in spheroids were qualitatively similar (Tables 1-2)
but the GFP assay is both faster and less laborious and

www.oncotarget.com

5375

Oncotarget



Table 1: Interaction ratios in the FMCA assay of drug and radiation combinations in HCT116 GFP
cells cultured as spheroids for 7 days, then incubated with drugs for 7 days with irradiation (6 Gy)
at 4-6 h after addition of drug

SI/SI, 5-FU  Oxaliplatin Deferoxamine Ciclopirox Salinomycin Tirapazamine  VLX50 VLX60 VLX600

Highest conc. 0.96 1.00 0.99 N/A N/A 1.09 0.78 N/A N/A
0.93 0.92 0.97 N/A N/A 0.91 0.80 N/A N/A
0.95 0.99 1.02 0.85 N/A 0.94 0.79 N/A N/A
1.03 0.95 1.02 0.92 N/A 1.04 1.06 N/A 0.81
0.97 0.98 0.95 1.04 N/A 1.04 1.03 0.96 0.92
0.99 0.96 0.98 0.94" N/A 0.98 1.06 0.93 0.84"
0.98 1.01 0.94 0.96 1.19 0.99 0.95 0.98 0.72"
0.92 1.04 0.98 0.98 0.87" 0.94 1.02 1.01 0.95

Lowest conc. 1.02 0.95" 1.02 1.00 0.87 1.02 1.09 1.01 0.94

One-sample #-test. Mean interaction ratios (SI /SI)) significantly different than 1.0 (two-tailed p-value <0.05) are shown with an asterisk. Mean interaction
ratios (SI /SI ) less than 1 indicates synergy and are shown in bold. Drug concentrations for all drugs except salinomycin ranged 100-0.5 uM with 2-fold
dilution steps. Drug concentrations for salinomycin ranged 50-0.25 pM. Mean values are based on 3—7 independent experiments, with duplicate wells for
each drug concentration. N/A, SId <25%.

Table 2: Interaction ratios in the GFP assay of drug and radiation combinations in HCT116 GFP
cells cultured as spheroids for 7 days then incubated with drugs for 7 days with irradiation (6 Gy)
at 4-6 h after addition of drug

SI /SI, 5-FU Oxaliplatin ~ Deferoxamine Ciclopirox Salinomycin Tirapazamine  VLX50 VLX60 VLX600

Highest conc. 0.97 1.02 0.96 N/A N/A 1.09 0.92 N/A 1.05
1.01 0.98 1.02 N/A N/A 1.04 0.84" N/A 1.00
0.97 1.02 0.94 N/A N/A 1.09 0.89 N/A 0.94
1.02 1.00 0.99 1.01 N/A 1.03 1.04 N/A 0.89"
0.98 0.99 1.01 1.02 N/A 1.02 0.95 1.05 0.85
0.99 0.97 1.01 1.00 N/A 1.08" 0.98 1.02 0.85
1.01 0.99 0.98 1.02 1.33 1.03 1.00 0.98 0.86"
1.01 1.01 1.00 0.98 1.04 1.04 0.98 0.99 0.93

Lowest conc. 1.04 0.99 1.02 1.01 1.08 1.01 1.00 0.94" 1.02

One-sample #-test. Mean interaction ratios (SI /SI) significantly different than 1.0 (two-tailed p-value <0.05) are shown with an asterisk. Mean interaction
ratios (SI /SI) less than 1 indicates synergy and are shown in bold. Mean values are based on 3-8 independent experiments, with duplicate wells for each
drug concentration. For drug concentrations, see Table 1. N/A, SI, <25%.

Table 3: Interaction ratios in the clonogenic assay of drug and radiation combinations in HCT116
GFP cells cultured as spheroids for 7 days, then irradiated (6 Gy) 4—6 h after drug addition and
20 h later dissociated into single cells, transferred to 6-well plates and incubated for 10 days

SI /SI, 5-FU + 4 Gy 5-FU + 6 Gy VLX600 + 4 Gy VLX600 + 6 Gy
Highest conc. 0.57" 0.67 0.51" 0.30"

0.61" 0.58 0.57 0.36

N/A N/A 0.78 0.29"

0.88 0.96 - -
Lowest conc. 0.81 0.90 - -

One-sample #-test. Mean interaction ratios (SI /SI ) significantly different than 1.0 (two-tailed p-value <0.05) are shown with an
asterisk. Mean interaction ratios (SI /SI ) less than 1 indicates synergy and are shown in bold. Drug concentrations for 5-FU ranged
100-6.5 uM and for VLX600 6.5-1.5 uM with 2-fold dilution steps. Mean values are based on 2—3 independent experiments, with
triplicate wells for each drug concentration. N/A, 5-FU at 25 uM not shown due to technical failure. -, not tested.
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Table 4: Interaction ratios in the FMCA assay of drug and radiation combinations in HCT116 GFP
cells cultured as monolayers and incubated with drugs for 7 days with irradiation (6 Gy) at 46 h
after addition of drug

SI/SI, 5-FU Oxaliplatin Deferoxamine Ciclopirox Salinomycin Tirapazamine VLX50 VLX60 VLX600

Highest N/A 1.21° N/A N/A N/A 1.40° N/A N/A N/A
conc.
N/A 1.19 N/A N/A N/A 1.08 N/A N/A N/A
1.37 1.03 N/A N/A N/A 0.77° N/A N/A N/A
1.32 0.77 N/A 0.74" N/A 0.83 N/A N/A N/A
1.28 0.81 0.70 1.13° 0.96 0.98 1.02 1.19 0.91
1.05 0.91 1.03 1.28 1.28 1.21 1.16 1.34 1.49
0.87 1.22 1.24 1.35 L.67 1.24 1.65 1.47 1.31
0.85 1.31 1.36 1.38 1.63 1.28 1.51 1.41 1.32
Lowest  0.95 1.36 1.33° 1.40 1.58 1.34 1.46 1.58° 1.23
conc.

One-sample t-test. Mean interaction ratios (SI /SI ) significantly different than 1.0 (two-tailed p-value <0.05) are shown with
an asterisk. Mean interaction ratios (SI /SI ) less than 1 indicates synergy and are shown in bold. Drug concentrations for
5-FU, oxaliplatin, deferoxamine, tirapazamine and VLX50 ranged 100-0.5 uM, for salinomycin and VLX600 3-0.015 uM
and for ciclopirox and VLX60 10-0.05 uM with 2-fold dilution steps. Mean values are based on 3 independent experiments,
with duplicate wells for each drug concentration. N/A, SI, <25%.
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Figure 2: Cell survival in the FMCA assay, expressed as SI of HCT116 GFP cells cultured as monolayers and incubated

with drugs for 7 days with irradiation (6 Gy) at 4—6 h after addition of drug. Mean = SEM based on 3 independent experiments,
with duplicate wells for each drug concentration.
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Sample H2AX expression | Center | Margin | Periphery

DMSO 0 Gy +++ | 3| ++ (1| ++ 1
6 3 3
DMSO 6 Gy +++ [ 3| +4+ 2] ++ |1

5-FU 100 uM/0Gy e (2| 4+ 2] ++ | 3

5-FU 100 uM/6Gy +++ | 3|+t | 2| 4+ 3

VLX600 1.5 uM/0Gy +++ |3 | +++ (1| ++ | 4

VLX600 1.5 uyM/6Gy +++ [ 3| +++ (3| ++ | 4

VLX600 3 uM/0Gy +++ |2 | +++ [ 2| ++ | 4

VLX600 3 pM/6Gy ++++ | 3 | 44+ | 3| ++ 4

Figure 3: Immunohistochemical expression (centrally and peripherally in spheroids) of gamma-H2AX in HCT116
GFP cells cultured as spheroids for 7 days, then irradiated (6 Gy) at 4-6 h after addition of drug and harvested 24 h
later. A typical expression pattern from each sample is shown in the second column. A light microscope at 400x magnification was used
to assess immunohistochemical staining. H2A.X was scored as no expression (-), expression in 1-25% of cells (+), 26-50% of cells (++),
51-75% of cells (+++) and 76-100% of cells (++++) in the center, margin (between the center and periphery) or periphery. The intensity
of the staining in each location was scored as 1 (low), 2 (moderate), 3 (high) or 4 (very high). The number of plus signs was added to
the intensity number to obtain a weighted measure of the staining (italicized number). The assessment was based on observation of 6—40
spheroids for each experimental condition. Scale bar = 100 uM.
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simultaneously allows kinetic evaluation throughout the
experiment.

In this study, the interaction between drug and
radiation was analyzed in accordance with independent
Bliss interaction, which assumes that the effect of a
treatment is independent of the presence of the other
treatment [22]. As a result, non-independent interactions
between the two treatments would be seen as deviation
from additivity rather than synergy. Therefore, the
requirement to qualify for synergy in this study was high.

The reversal of hypoxic areas in tumors has been
proposed as a promising strategy to overcome radiation
resistance [11]. Since VLX600 has been shown to
decrease oxygen consumption and reduce the hypoxic
fraction of spheroids through inhibition of oxidative
phosphorylation [16, 17], it is reasonable to believe that
one of the important ways in which VLX600 exerts its
radiosensitization effect is through reduced tumor hypoxia.
This hypothesis is supported by the selective VLX600
radiosensitization in tumor spheroids compared to cells
grown as monolayer, an effect that could not be seen with
the other drugs used, including standard drugs and known
radiosensitizers (Tables 1-2, and 4). The hypothesis is
also strengthened by the increase in expression of gamma-
H2AX in the hypoxic fraction of spheroids after exposure
to the combination 3 uM VLX600 + 6 Gy compared to
either treatment alone (Figure 3).

Proof of principle for sensitizing cancer cells to
radiation through reducing the tumor hypoxic fraction
was demonstrated decades ago in spheroids and xenografts
using different mitochondrial poisons, although none of
those were attractive to pursue in the clinic [23]. More
recently, the clinically available drug arsenic trioxide
(ATO) was shown to inhibit mitochondrial respiration,
decrease oxygen consumption rate (OCR) of tumor cells
and radiosensitize solid tumors in mice [23, 24]. However,
although ATO is an established treatment for acute
promyelocytic leukemia (APL), it has shown less efficacy
in clinical trials in solid tumors and it has dose-related
risks of cardiac and hepatic toxicity [25, 26].

Furthermore, the primary effect of the anti-diabetic
drug metformin has been proposed to be inhibition of the
mitochondrial electron transport chain and metformin
has been shown to improve both tumor oxygenation and
radiotherapy response [23, 27]. Moreover, the decrease
in OCR in tumors through inhibition of mitochondrial
complex III was recently shown to be associated with
decreased tumor hypoxia and increased radiosensitivity
[19]. Darinaparsin is another compound that has recently
shown promising preclinical effects as a radiosensitizer of
hypoxic cells [25]. However, preclinical and clinical data
at this point are not strong enough to justify clinical use of
the above drugs.

The identification of VLX600 as a radiosensitizer
is promising since it has recently been shown to
selectively act on cancer cells in vitro and also found to

be active in vivo [16] and it is now in phase I clinical
development in solid tumors (Clinical Trials.gov Identifier:
NCT02222363).

In conclusion, a new high-throughput compatible
spheroid tumor model was used to study the interaction
between drugs and radiation. The total cell kill assay
in spheroids is suggested to be a feasible method in the
search for novel radiosensitizers. Selective enhancement
of radiation sensitivity in cells grown as tumor spheroids
compared to cells grown as monolayer were seen with the
novel iron-chelating inhibitor of oxidative phosphorylation
VLX600, which makes it interesting in the development of
a novel radiosensitizer.

MATERIALS AND METHODS

Cell lines and cell culture

The human colon cancer cell line HCT116 GFP
(HCT116 cells transfected with Green Fluorescent Protein;
Anticancer, Inc., San Diego, CA, USA) was cultured as
detailed in Supplementary Materials and Methods.

Drugs, irradiation, and cell culture experiments

Drugs

The drugs used in the experiments were the standard
cytotoxic drugs 5-FU and oxaliplatin that are used as
standard therapy for colorectal cancers (CRC) and are in
clinical use also as radiosensitizers [3, 12, 28, 29]. Drugs
previously considered to have a potential role as radiation
sensitizers, i.e., deferoxamine, ciclopirox, salinomycin,
and tirapazamine, as well as the experimental drugs
VLX50, VLX60 and VLX600, were also evaluated. For
drug details, drug preparation and drug addition, see
Supplementary Materials and Methods.

Spheroid experiments

The formation of HCT 116 GFP spheroids was
recently described in detail [30]. Briefly, on day 0, 50 pl cell
suspension with 10,000 cells were seeded into each well of a
384-well Corning® black clear bottom ultra-low attachment
(ULA) microplate (Corning Inc., New York, NY, USA). For
further details about spheroid formation, see Supplementary
Materials and Methods. Drug was added with the Echo 550
liquid handler (Labecyte) on day 7. Spheroids were then
incubated with drug for 4-6 h before irradiation as described
below for monolayer experiments. Following 7 days of drug
incubation without change of culture medium cell viability
was assessed in the fluorometric microculture cytotoxicity
assay (FMCA), green fluorescent protein (GFP) assay and
clonogenic assays, as described below.

Monolayer experiments

On day 0 of the experiment, 50 pl cell suspension
(1,000 cells/well) was added into 384-well plates and
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allowed to pre-incubate overnight. On day 1, drug
was added using the liquid handling system ECHO®
550 (Labcyte Inc., Sunnyvale, CA, USA) and the
plates were irradiated with an external low dose-rate
gamma radiation source (GammaCell 40 Exactor, Best
Theratronics, Canada) 4—6 h thereafter. Following 7 days
of drug incubation without change of culture medium, cell
viability was assessed in the FMCA, GFP- and clonogenic
assays, as described below.

Measurement of cellular cytotoxicity

Total cell kill assay

Cell kill in the total cell population was assessed
using the FMCA and the GFP assay. The FMCA is
based on conversion of fluorescein diacetate (FDA)
to fluorescent fluorescein by viable cells with intact
plasma membrane and has previously been described
in detail [31].

Following spheroid experiments as described
above, culture medium was removed and the spheroids
dissociated into single cells by addition of 50 pl/well of
Accumax (PAA, Pasching, Austria) and the plates were
then incubated at 37°C for 30 min. Spheroids were then
dissociated with a multipipette and the FMCA procedure
was as described for the monolayer cultured cells (see
below).

In the GFP assay for spheroids, after drug addition,
the fluorescent signal generated from HCT116 GFP cells
was measured every 24 h in the Cellomics ArrayScan VTI
HCS Reader (Thermo Fisher Scientific). The Arrayscan
software algorithm MEAN _ ObjectAvglnten was used
as the measure of mean spheroid fluorescence [30] and
further used in the calculation of the AUTO SI defined as
the spheroid fluorescence in experimental wells in percent
of that in the same wells immediately before addition of
drug 7 days earlier.

Following monolayer experiments as described
above, culture medium was removed and after one wash
in phosphate buffered saline (PBS), FDA buffer and FDA
solution was added. After an incubation time of 50-70 min
at 37°C, the fluorescence generated from each well was
measured in the scanning fluorometer FLUOstar Optima
(BMG Labtech, Ortenberg, Germany). Cell viability
data is presented as survival index (SI) defined as the
fluorescence in experimental wells in percent of that in
unexposed control wells, with fluourescence of blank
wells subtracted.

For the GFP assay in monolayers the fluorescence
signal generated from HCT116 GFP cells was measured
in the IncuCyte® ZOOM Live-Cell Analysis System. One
image was acquired in each well at one point and the
IncuCyte® software algorithm Green Object Confluence
was used as the measure of fluorescence in each well and
further used in the calculation of the SI, as defined above.

Clonogenic assay on spheroid cultures

Approximately 20 h after radiation, spheroids were
dissociated into single cells as described above. The
plates were then centrifuged, followed by removal of the
Accumax solution and addition of 50 pl fresh medium.
After mixing, 20 pl cell solution from each well was
transferred together with 3 ml fresh medium to 6-well
plates (Nunc) and the procedure was then identical to that
described for monolayer experiments (see below).

Clonogenic assay on monolayer cultures

Approximately 20 h after radiation, 40 pl medium
was removed from each well in the 384-well plates,
followed by addition of 50 ul Accumax/well. After an
incubation time of 10 min at 37°C, followed by mixing,
the plates were centrifuged, Accumax solution removed
and 50 ul fresh medium added. After mixing, 20 pl cell
solution from each well was transferred to a tube with 3
ml fresh medium and the cell solution was, after mixing,
directly transferred into each well in a 6-well plate (Nunc).

The 6-well plates were incubated at 37°C for 10
days. Cells were then fixed and stained as previously
described by Franken et al. [32]. Briefly, after removal
of medium and one wash in PBS, a mixture of 6%
glutaraldehyde (Sigma-Aldrich) and 0.5% crystal violet
(Sigma-Aldrich) was added to each well. After 30 min,
the plates were rinsed with tap water and left to dry at
air temperature. The plates were then photographed with
a Canon iR-ADV C5235i printer and colonies counted
on the computer screen. Cell survival data is presented
as survival fraction (SF) defined as number of colonies
in percent of that in unexposed control wells. This is a
slightly modified SF definition since plating efficiency
was not assessed.

Assessment of DNA double-strand breaks
immunohistochemistry

by

The spheroids were established and exposed
to drugs and radiation as described above, 24 h after
exposure to radiation, spheroids were harvested, washed
in PBS, embedded in paraffin, sectioned and stained with
the antibody Anti-gamma H2A.X (phospho S139 antibody
[9F3] against the synthetic peptide phosphorylated
(Ser139) human Histone H2A.X; ab26350; abcam,
Cambridge) according to standard protocols. For further
details, see Supplementary Materials and Methods.

Data analysis and presentation

GraphPad Prism 7 was used for result calculations
and graphical presentation. Results from concentration/
dose - response curves are presented as means + SEM for
the number of experiments indicated. To characterize the
interaction between drug and radiation, the mean SI (or
SF) for wells treated with drug only (SI, or SF)), and the
mean SI (or SF) for wells irradiated only (SI_or SF) were
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used to calculate an expected combination SI (or SF) (SI,
or SF ) as follows: SI, x SI = SI_(or SF, x SF_= SF ) in
accordance with independent Bliss interaction [22]. The
SI (or SF) actually observed for the combination (SI_ or
SF ) was then divided by SI_ (or SF ) to get an interaction
ratio for each individual experiment. Tabular interaction
data are presented as the mean interaction ratio (SI /SI,
or SF /SF ) for the number of experiments indicated and
the one-sample ¢-test was used to calculate interaction
ratios different from 1. A SI /SI_(or SF /SF ) ratio <1 is
considered to indicate synergy. Only drug concentrations
with a SI, or SF,>25% are included in tabular interaction
data. A two-tailed p-value of <0.05 was used to indicate
interaction ratios significantly different from 1.

Author contributions

HK and PN designed the experiments and wrote
the paper. MF, RL, SL and JG helped in the design of
the experiments. WS helped in the design of the spheroid
experiments. The laboratory work was done by HK and
SM. All authors commented on the manuscript and gave
their approval for publication.

ACKNOWLEDGMENTS

The laboratory work by Lena Lenhammar and
our late laboratory worker Christina Leek are gratefully
acknowledged.

CONFLICTS OF INTEREST

MF, SL, JG, RL and PN are minor shareholders of
Vivolux AB.

FUNDING

This work was supported by grants from Swedish
Cancer Society, Swedish Foundation for Strategic
Research and Lions Cancer Research Fund.

REFERENCES

1. Illum H. Irinotecan and radiosensitization in rectal cancer.
Anticancer Drugs. 2011; 22:324-9. https://doi.org/10.1097/
CAD.0b013e3283425c14. [PubMed]

2. Dai T, Shah MA. Chemoradiation in oesophageal cancer.
Best Pract Res Clin Gastroenterol. 2015; 29:193-209.
https://doi.org/10.1016/j.bpg.2014.11.006. [PubMed]

3. Spalding AC, Lawrence TS. New and emerging
radiosensitizers and radioprotectors. Cancer Invest. 2006;
24:444-56. https://doi.org/10.1080/07357900600705706.
[PubMed]

4. Spithoff K, Cummings B,
and Gastrointestinal

Jonker D, Biagi
Site

Chemoradiotherapy for squamous cell cancer of the

1],

Cancer Disease Group.

10.

11.

12.

13.

14.

15.

16.

anal canal: a systematic review. Clin Oncol (R Coll
Radiol). 2014; 26:473-87. https://doi.org/10.1016/].
clon.2014.03.005. [PubMed]

Morris ZS, Harari PM. Interaction of radiation therapy with
molecular targeted agents. J Clin Oncol. 2014; 32:2886-93.
https://doi.org/10.1200/JC0O.2014.55.1366. [PubMed]

Yazbeck VY, Villaruz L, Haley M, Socinski MA.
Management of normal tissue toxicity associated with
chemoradiation (primary skin, esophagus, and lung).
Cancer J. 2013; 19:231-7. https://doi.org/10.1097/
PPO.0b013e31829453fb. [PubMed]

Zhou ZR, Liu SX, Zhang TS, Chen LX, Xia J, Hu ZD, Li
B. Short-course preoperative radiotherapy with immediate
surgery versus long-course chemoradiation with delayed
surgery in the treatment of rectal cancer: a systematic
review and meta-analysis. Surg Oncol. 2014; 23:211-21.
https://doi.org/10.1016/j.suronc.2014.10.003. [PubMed]
Koning CC, Wouterse SJ, Daams JG, Uitterhoeve LL, van
den Heuvel MM, Belderbos JS. Toxicity of concurrent
radiochemotherapy for locally advanced non--small-cell
lung cancer: a systematic review of the literature. Clin
Lung Cancer. 2013; 14:481-7. https://doi.org/10.1016/].
cllc.2013.03.002. [PubMed]

Shang J, Gu J, Han Q, Xu Y, Yu X, Wang K.
Chemoradiotherapy is superior to radiotherapy alone after
surgery in advanced squamous cell carcinoma of the head
and neck: a systematic review and meta-analysis. Int J Clin
Exp Med. 2014; 7:2478-87. [PubMed]

Glimelius B. Neo-adjuvant radiotherapy in rectal cancer.
World J Gastroenterol. 2013; 19:8489-501. https://doi.
org/10.3748/wjg.v19.i46.8489. [PubMed]

Overgaard J. Hypoxic radiosensitization: adored and
ignored. J Clin Oncol. 2007; 25:4066-74. https://doi.
0rg/10.1200/JC0O.2007.12.7878. [PubMed]

Higgins GS, O’Cathail SM, Muschel RJ, McKenna WG. Drug
radiotherapy combinations: review of previous failures and

reasons for future optimism. Cancer Treat Rev. 2015; 41:105—
13. https://doi.org/10.1016/j.ctrv.2014.12.012. [PubMed]
Mathonnet M, Perraud A, Christou N, Akil H, Melin C,
Battu S, Jauberteau MO, Denizot Y. Hallmarks in colorectal
cancer: angiogenesis and cancer stem-like cells. World J
Gastroenterol. 2014; 20:4189-96. https://doi.org/10.3748/
wjg.v20.i115.4189. [PubMed]

Catalano V, Turdo A, Di Franco S, Dieli F, Todaro M,
Stassi G. Tumor and its microenvironment: a synergistic

interplay. Semin Cancer Biol. 2013; 23:522-32. https://doi.
org/10.1016/j.semcancer.2013.08.007. [PubMed]

Ulivi P, Marisi G, Passardi A. Relationship between hypoxia

and response to antiangiogenic therapy in metastatic
colorectal cancer. Oncotarget. 2016; 7:46678-91. https://
doi.org/10.18632/oncotarget.8712. [PubMed]

Zhang X, Fryknas M, Hernlund E, Fayad W, De Milito A,
Olofsson MH, Gogvadze V, Dang L, Pahlman S, Schughart
LA, Rickardson L, D’Arcy P, Gullbo J, et al. Induction of
mitochondrial dysfunction as a strategy for targeting tumour

www.oncotarget.com

5381

Oncotarget


https://doi.org/10.1097/CAD.0b013e3283425c14
https://doi.org/10.1097/CAD.0b013e3283425c14
https://www.ncbi.nlm.nih.gov/pubmed/21160419
https://doi.org/10.1016/j.bpg.2014.11.006
https://www.ncbi.nlm.nih.gov/pubmed/25743466
https://doi.org/10.1080/07357900600705706
https://www.ncbi.nlm.nih.gov/pubmed/16777698
https://doi.org/10.1016/j.clon.2014.03.005
https://doi.org/10.1016/j.clon.2014.03.005
https://www.ncbi.nlm.nih.gov/pubmed/24721444
https://doi.org/10.1200/JCO.2014.55.1366
https://www.ncbi.nlm.nih.gov/pubmed/25113770
https://doi.org/10.1097/PPO.0b013e31829453fb
https://doi.org/10.1097/PPO.0b013e31829453fb
https://www.ncbi.nlm.nih.gov/pubmed/23708070
https://doi.org/10.1016/j.suronc.2014.10.003
https://www.ncbi.nlm.nih.gov/pubmed/25466851
https://doi.org/10.1016/j.cllc.2013.03.002
https://doi.org/10.1016/j.cllc.2013.03.002
https://www.ncbi.nlm.nih.gov/pubmed/23751283
https://www.ncbi.nlm.nih.gov/pubmed/25356100
https://doi.org/10.3748/wjg.v19.i46.8489
https://doi.org/10.3748/wjg.v19.i46.8489
https://www.ncbi.nlm.nih.gov/pubmed/24379566
https://doi.org/10.1200/JCO.2007.12.7878
https://doi.org/10.1200/JCO.2007.12.7878
https://www.ncbi.nlm.nih.gov/pubmed/17827455
https://doi.org/10.1016/j.ctrv.2014.12.012
https://www.ncbi.nlm.nih.gov/pubmed/25579753
https://doi.org/10.3748/wjg.v20.i15.4189
https://doi.org/10.3748/wjg.v20.i15.4189
https://www.ncbi.nlm.nih.gov/pubmed/24764657
https://doi.org/10.1016/j.semcancer.2013.08.007
https://doi.org/10.1016/j.semcancer.2013.08.007
https://www.ncbi.nlm.nih.gov/pubmed/24012661
https://doi.org/10.18632/oncotarget.8712
https://doi.org/10.18632/oncotarget.8712
https://www.ncbi.nlm.nih.gov/pubmed/27081084

17.

18.

19.

20.

21.

22.

23.

24.

cells in metabolically compromised microenvironments.
Nat Commun. 2014; 5:3295. https://doi.org/10.1038/
ncomms4295. [PubMed]

Fryknas M, Zhang X, Bremberg U, Senkowski W, Olofsson
MH, Brandt P, Persson I, D’Arcy P, Gullbo J, Nygren P,
Schughart LK, Linder S, Larsson R. Iron chelators target
both proliferating and quiescent cancer cells. Sci Rep. 2016;
6:38343. https://doi.org/10.1038/srep38343. [PubMed]

de Padua MC, Delodi G, Vucetic M, Durivault J, Vial V,
Bayer P, Noleto GR, Mazure NM, Zdralevic M, Pouyssegur
J. Disrupting glucose-6-phosphate isomerase fully
suppresses the “Warburg effect” and activates OXPHOS
with minimal impact on tumor growth except in hypoxia.
Oncotarget. 2017; 8:87623-37. https://doi.org/10.18632/
oncotarget.21007. [PubMed]

Ashton TM, Fokas E, Kunz-Schughart LA, Folkes LK,
Anbalagan S, Huether M, Kelly CJ, Pirovano G, Buffa
FM, Hammond EM, Stratford M, Muschel RJ, Higgins
GS, McKenna WG. The anti-malarial atovaquone
increases radiosensitivity by alleviating tumour hypoxia.
Nat Commun. 2016; 7:12308. https://doi.org/10.1038/
ncomms12308. [PubMed]

Breslin S, O’Driscoll L. Three-dimensional cell culture: the
missing link in drug discovery. Drug Discov Today. 2013;
18:240-9.  https://doi.org/10.1016/j.drudis.2012.10.003.
[PubMed]

Karlsson H, Fryknas M, Larsson R, Nygren P. Loss of

cancer drug activity in colon cancer HCT-116 cells during
spheroid formation in a new 3-D spheroid cell culture
system. Exp Cell Res. 2012; 318:1577-85. https://doi.
org/10.1016/j.yexcr.2012.03.026. [PubMed]

Yeh PJ, Hegreness MJ, Aiden AP, Kishony R. Drug
interactions and the evolution of antibiotic resistance. Nat
Rev Microbiol. 2009; 7:460—-6. https://doi.org/10.1038/
nrmicro2133. [PubMed]

Koritzinsky M. Metformin: A Novel Biological Modifier of
Tumor Response to Radiation Therapy. Int J Radiat Oncol
Biol Phys. 2015; 93:454-64. https://doi.org/10.1016/j.
ijrobp.2015.06.003. [PubMed]

Diepart C, Karroum O, Magat J, Feron O, Verrax J, Calderon
PB, Grégoire V, Leveque P, Stockis J, Dauguet N, Jordan
BF, Gallez B. Arsenic trioxide treatment decreases the

oxygen consumption rate of tumor cells and radiosensitizes

25.

26.

27.

28.

29.

30.

31.

32.

solid tumors. Cancer Res. 2012; 72:482-90. https://doi.
org/10.1158/0008-5472.CAN-11-1755. [PubMed]

Tian J, Zhao H, Nolley R, Reese SW, Young SR, Li X,
Peehl DM, Knox SJ. Darinaparsin: solid tumor hypoxic
cytotoxin and radiosensitizer. Clin Cancer Res. 2012;
18:3366—76. https://doi.org/10.1158/1078-0432.CCR-11-
3179. [PubMed]

Kindler HL, Aklilu M, Nattam S, Vokes EE. Arsenic
trioxide in patients with adenocarcinoma of the pancreas

refractory to gemcitabine: a phase II trial of the University
of Chicago Phase II Consortium. Am J Clin Oncol. 2008;
31:553-6. https://doi.org/10.1097/COC.0b013e318178e4cd.
[PubMed]

Zannella VE, Dal Pra A, Muaddi H, McKee TD, Stapleton
S, Sykes J, Glicksman R, Chaib S, Zamiara P, Milosevic M,
Wouters BG, Bristow RG, Koritzinsky M. Reprogramming
metabolism with metformin improves tumor oxygenation

and radiotherapy response. Clin Cancer Res. 2013;
19:6741-50. https://doi.org/10.1158/1078-0432.CCR-13-
1787. [PubMed]

Shewach DS, Lawrence TS. Antimetabolite radiosensitizers.
J Clin Oncol. 2007; 25:4043-50. https://doi.org/10.1200/
JCO.2007.11.5287. [PubMed]

Hermann RM, Rave-Frank M, Pradier O. Combining
radiation with oxaliplatin: a review of experimental results.
Cancer Radiother. 2008; 12:61-7. https://doi.org/10.1016/].
canrad.2007.12.006. [PubMed]

Senkowski W, Zhang X, Olofsson MH, Isacson R, Hoglund
U, Gustafsson M, Nygren P, Linder S, Larsson R, Fryknas
M. Three-Dimensional Cell Culture-Based Screening
Identifies the Anthelmintic Drug Nitazoxanide as a
Candidate for Treatment of Colorectal Cancer. Mol Cancer
Ther. 2015; 14:1504-16. https://doi.org/10.1158/1535-7163.
MCT-14-0792. [PubMed]

Lindhagen E, Nygren P, Larsson R. The fluorometric
microculture cytotoxicity assay. Nat Protoc. 2008; 3:1364—
9. https://doi.org/10.1038/nprot.2008.114. [PubMed]
Franken NA, Rodermond HM, Stap J, Haveman J, van
Bree C. Clonogenic assay of cells in vitro. Nat Protoc.
2006; 1:2315-9. https://doi.org/10.1038/nprot.2006.339.
[PubMed]

www.oncotarget.com

5382

Oncotarget


https://doi.org/10.1038/ncomms4295
https://doi.org/10.1038/ncomms4295
https://www.ncbi.nlm.nih.gov/pubmed/24548894
https://doi.org/10.1038/srep38343
https://www.ncbi.nlm.nih.gov/pubmed/27924826
https://doi.org/10.18632/oncotarget.21007
https://doi.org/10.18632/oncotarget.21007
https://www.ncbi.nlm.nih.gov/pubmed/29152106
https://doi.org/10.1038/ncomms12308
https://doi.org/10.1038/ncomms12308
https://www.ncbi.nlm.nih.gov/pubmed/27453292
https://doi.org/10.1016/j.drudis.2012.10.003
https://www.ncbi.nlm.nih.gov/pubmed/23073387
https://doi.org/10.1016/j.yexcr.2012.03.026
https://doi.org/10.1016/j.yexcr.2012.03.026
https://www.ncbi.nlm.nih.gov/pubmed/22487097
https://doi.org/10.1038/nrmicro2133
https://doi.org/10.1038/nrmicro2133
https://www.ncbi.nlm.nih.gov/pubmed/19444248
https://doi.org/10.1016/j.ijrobp.2015.06.003
https://doi.org/10.1016/j.ijrobp.2015.06.003
https://www.ncbi.nlm.nih.gov/pubmed/26383681
https://doi.org/10.1158/0008-5472.CAN-11-1755
https://doi.org/10.1158/0008-5472.CAN-11-1755
https://www.ncbi.nlm.nih.gov/pubmed/22139377
https://doi.org/10.1158/1078-0432.CCR-11-3179
https://doi.org/10.1158/1078-0432.CCR-11-3179
https://www.ncbi.nlm.nih.gov/pubmed/22535156
https://doi.org/10.1097/COC.0b013e318178e4cd
https://www.ncbi.nlm.nih.gov/pubmed/19060586
https://doi.org/10.1158/1078-0432.CCR-13-1787
https://doi.org/10.1158/1078-0432.CCR-13-1787
https://www.ncbi.nlm.nih.gov/pubmed/24141625
https://doi.org/10.1200/JCO.2007.11.5287
https://doi.org/10.1200/JCO.2007.11.5287
https://www.ncbi.nlm.nih.gov/pubmed/17827452
https://doi.org/10.1016/j.canrad.2007.12.006
https://doi.org/10.1016/j.canrad.2007.12.006
https://www.ncbi.nlm.nih.gov/pubmed/18243751
https://doi.org/10.1158/1535-7163.MCT-14-0792
https://doi.org/10.1158/1535-7163.MCT-14-0792
https://www.ncbi.nlm.nih.gov/pubmed/25911689
https://doi.org/10.1038/nprot.2008.114
https://www.ncbi.nlm.nih.gov/pubmed/18714304
https://doi.org/10.1038/nprot.2006.339
https://www.ncbi.nlm.nih.gov/pubmed/17406473

