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Head and neck squamous cell carcinoma (HNSCC) is the sixth most common form of

cancer worldwide. Radiotherapy, with or without surgery, represents the major approach

to curative treatment. However, not all tumors are equally sensitive to irradiation. It

is therefore of interest to apply newer system biology approaches (e.g., metabolic

profiling) in squamous cancer cells with different radiosensitivities in order to provide

new insights on the mechanisms of radiation response. In this study, two cultured

HNSCC cell lines from the same donor, UM-SCC-74A and UM-SCC-74B, were first

genotyped using Short Tandem Repeat (STR), and assessed for radiation response

by the means of clonogenic survival and growth inhibition assays. Thereafter, cells

were cultured, irradiated and collected for subsequent metabolic profiling analyses

using liquid chromatography-mass spectrometry (LC-MS). STR verified the similarity

of UM-SCC-74A and UM-SCC-74B cells, and three independent assays proved

UM-SCC-74B to be clearly more radioresistant than UM-SCC-74A. The LC-MS

metabolic profiling demonstrated significant differences in the intracellular metabolome of

the two cell lines before irradiation, as well as significant alterations after irradiation. The

most important differences between the two cell lines before irradiation were connected

to nicotinic acid and nicotinamide metabolism and purine metabolism. In the more

radiosensitive UM-SCC-74A cells, the most significant alterations after irradiation were

linked to tryptophan metabolism. In the more radioresistant UM-SCC-74B cells, the

major alterations after irradiation were connected to nicotinic acid and nicotinamide

metabolism, purine metabolism, the methionine cycle as well as the serine, and glycine

metabolism. The data suggest that the more radioresistant cell line UM-SCC-74B

altered the metabolism to control redox-status, manage DNA-repair, and change

DNA methylation after irradiation. This provides new insights on the mechanisms of

radiation response, which may aid future identification of biomarkers associated with

radioresistance of cancer cells.
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INTRODUCTION

Every year more than half a million new cases of squamous cell
carcinoma of the head and neck (HNSCC) are reported (1), which
makes it the 6th most common type of cancer worldwide (2).
HNSCC is a heterogeneous disease, including epithelial cancers
of the oral cavity, lip, nasal cavity, paranasal sinuses, larynx,
pharynx, and salivary glands. Despite the high frequency of
HNSCC worldwide, it has one of the lowest survival rates among
themore common cancer types (3), and almost 50% of all patients
withHNSCCwill die from their disease (4). Treatment challenges
include complex anatomy, functional preservation of substantial
organs, and minimization of side effects (5).

Radiotherapy (RT), the clinical application of ionizing
radiation, is one of the most effective tools in therapy of cancer
today (6). Even though advances in treatment methods have been
made during recent decades, RT with or without surgery remains
the major approach to curative treatment of HNSCC (7). The
efficacy of RT is however still limited by different technological,
biological, and clinical constraints. HNSCC is on average only
moderately radiosensitive, which means that radiotherapy often
must be given to such an extent that it approaches the maximum
tolerated dose for the surrounding normal tissue. This may
cause substantial acute and late toxicities, resulting in significant
morbidity and altered quality of life (8). Moreover, the individual
heterogeneity in terms of HNSCC radiosensitivity is immense,
and therapeutic responses to RT have been shown to vary from
complete to no response (9, 10). Consequently, there is a great
need for individualized radiotherapy treatment approaches in
HNSCC, to aid in predicting and monitoring tumor response to
radiotherapy before, during, and after treatment. This requires
new insights on the mechanisms of radiation response, novel
markers to predict tumor response to radiotherapy, as well as
potential treatment targets to enhance radiation-sensitivity.

The metabolism of cancer cells differs from normal
differentiated cells (11). Tumor progression, the development of
increasingly aggressive and resistant tumor cells, has increasingly
been understood to be associated with perturbations in cellular
metabolism, such as increased glutaminolysis and fatty acid
oxidation, the Warburg effect, as well as altered patterns of
macromolecule synthesis and storage (11). Cancer cells are
able to adapt metabolically to many types of cellular stress,
for example, hypoxia, nutrient depletion, and radiation, and
studies have shown several mechanistic links between cellular
metabolism and growth control (11). No doubt, the plasticity of
cancer cell metabolism can be vital for causing many patients to
relapse into disseminated and treatment-resistant disease.

Cancer metabolism is altered by ionizing radiation. Radiation
exposure induces different types of genome damage, including
DNA single- and double-strand breaks and bulky lesions.
Thereby multiple signaling pathways are activated, involved in
e.g., DNA damage response, signal transduction pathways, and
regulation of survival (9, 12, 13). Enzymatic pathways quickly
repair many of these lesions, but lesions that are not repaired
correctly lead to chromosomal abnormalities and a possible
change of cell phenotype, culminating in cell cycle arrest and/or
cell death. In addition to rapid proliferation, many cancer cells

are also deficient in repair proteins and cell cycle checkpoints,
making them more sensitive to radiation (12). Cellular exposure
to ionizing radiation also triggers a complex series of molecular
responses that can affect metabolism, either directly or indirectly,
by altering cell growth (14). Ionizing radiation also impacts
multiple cellular compartments even at relatively modest doses,
which can also trigger a variety of signaling pathways (15). These
molecular events are not only important for the therapeutic
response, but may also influence the inflammatory response at
a local and systemic host level. Subsequently, ionizing radiation
will result in different alterations in the metabolome, depending
on what pathways and processes that the specific cell alters in
response to radiation.

Several studies have identified different molecular entities
associated with radioresistance, nevertheless the underlying
mechanisms are still inconclusive (16). Suggested mechanisms
include hypoxia, alterations of the DNA damage response,
activation of pathways involved in pro-survival or cell cycle
regulation, as well as vascular, stromal, and immunological
changes (17–26). However, a majority of these studies
are based on genome, transcriptome, and proteome data.
Consequently, it would be of major interest to conduct studies
in this field closer to the phenotype, such as metabolite
profiling (27). Metabolomics in radiation biology have
previously been used for two main purposes (i) metabolic
profiling for utilization in biodosimetry or for biomarker
discovery of radiation exposure (14, 28–39) and (ii) metabolic
profiling for a more mechanistic understating of the radiation
response of the metabolome (14, 34, 40–43) However, to
date no study has focused on investigating the different
metabolic responses of genetically similar cells with divergent
radiation sensitivities.

Metabolic profiling is the comprehensive and quantitative
analysis of small endogenous metabolites that are the
downstream products in biological systems. It can be a
powerful approach to study the phenotype of cancer cells, since
it analyses the biochemical outcome of the activities of the
proteome (27). The promise of metabolomics as a scientific tool
has been fueled largely by the advancement in nuclear magnetic
resonance (NMR) and mass spectrometry (MS), and could be a
well-suited and cost-effective complement to current genomic
and proteomic data in the field (14).

Even though our current understanding of the mechanisms
in play during radiation of tumor cells, and how they are
related to radiosensitivity, is incomplete (40), it has been
shown to at least in part be due to the different metabolic
alterations that the tumor can make (44). Ionizing radiation
induces complex biological responses that interfere with gene and
protein expression, which disrupts normal metabolic processes
in cells and organs. As a result, metabolites related to classical
pathways of radiation damage, including oxidative stress and
subsequent DNA breakdown have been shown to be affected.
Additionally, polyunsaturated fatty acids (PUFA) metabolism
can be disrupted as an inflammatory effect of radiation exposure
(14). Changes in nicotinate and nicotinamide metabolism and
cofactor biosynthesis have also been reported in radiation related
research, suggested to be linked to DNA repair (14, 45, 46).
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Consequently, metabolomics may provide insights into the
mechanism behind a reduced sensitivity to radiotherapy by
identifying differences in metabolites produced in response
of irradiation in cancer cells with different sensitivity to
radiotherapy. This may provide significant mechanistic
understanding related to cellular response due to perturbations
caused by radiation treatment (14), which might be a possible
way to find a pharmacologically alterable pathway that is altered
in the less sensitive cells, or to predict response or non-response
to radiation therapy.

In the present study, we investigate the relationship between
radiation response and the metabolome of HNSCC in a unique
model system, using two HNSCC cell lines from the same donor
but with different radiosensitivity. This enables the study of their
metabolic response to radiation in an exceptionally controlled
setting, and has to our knowledge not been performed previously.
The aim was to assess the metabolic differences between the
two cell lines, and how this was affected by radiation. Cells
were first genotyped, and assessed for radiosensitivity using
clonogenic survival and long-term growth inhibition assays at
several radiation doses. Cell-based metabolic profiling using
liquid chromatography hyphenated to high resolution mass
spectrometry (LC-HRMS) was then performed to investigate
the influence of early and intermediate radiation responses
on metabolites, and to assess the potential correlation to the
different radiosensitivities of the cells. In the long-term, the study
may contribute to provide new insights on the mechanisms of
radiation response, discover possible biomarkers for radiation-
sensitivity, and possibly present potential treatment targets in
order to enhance radiation-sensitivity of HNSCC.

MATERIALS AND METHODS

This study has been conducted in accordance with Frontiers
guidelines on study ethics. It does not involve any animal or
human subjects or identifiable human data, thus does not require
ethical permission.

Cell Lines
The squamous cell carcinoma cell lines UM-SCC-74A and
UM-SCC-74B were kindly provided by Professor TE Carey
(University of Michigan, USA), and have previously been
described by Brenner et al. (47). The cell lines were taken
from the same male patient with oral squamous cell carcinoma
after radiochemotherapy (UM-SCC-74A) and then again at
surgery for persistent cancer (UM-SCC-74B) (47). Cells were
cultured at 37◦C, in 5% CO2 in DMEM medium containing
2mM l-glutamine (Biochrom GmbH, Germany), supplemented
with 5% fetal bovine serum (Sigma-Aldrich, Germany), MEM
non-essential amino acids (Sigma-Aldrich AB, Germany), and
antibiotics (100 IU penicillin and 100µg/ml streptomycin)
(Biochrome GmbH, Germany).

Genotyping
UM-SCC-74A and UM-SCC-74B cells were Genotyped using
Short Tandem Repeat (STR) Analysis in order to verify the origin
and similarity of the cell lines. DNA was extracted from frozen

cell cultures and analyzed using the AmpFLSTR R© Identifiler R©

PCR Amplification Kit. The Identifiler kit amplifies 15 loci and
Amelogenin in a single tube and provides loci consistent with
major worldwide STR databasing standards.

Clonogenic Survival
Clonogenic survival assays were performed as described
previously (48), in order to assess the radiosensitivity of UM-
SCC-74A and UM-SCC-74B cells. In short, cells were pre-
plated into 25 cm2 culture flasks with 8ml complete medium.
After 48 h, cells were exposed to external beam radiation
using 137Cs gamma-ray photons at a dose-rate of ∼1 Gy/min
(Best Theratronics Gammacell R© 40 Exactor, Springfield, USA),
corresponding to a dose of 0, 2, 4, 6, or 8Gy. Colonies
were allowed to form for 10–14 days. Cells were then fixated
with 95% ethanol and stained with crystal violet. The colonies
were inspected under a microscope, and only cells giving rise
to colonies consisting of 50 or more cells were considered
clonogenic survivors. Plating efficiency, PE (number of colonies
formed/number of cells seeded in the control), and the survival
fraction (number of colonies formed after treatment/number
of cells seeded × PE) were calculated in Microsoft Office
Excel 2016 for Mac version 14.6.1 (Microsoft, Redmond, WA,
USA). Statistical analyses were performed using GraphPad Prism
6 (GraphPad Software, San Diego, CA, USA). Differences in
normalized survival fractions of 2Gy irradiated UM-SCC-74A
cells vs. UM-SCC-74B cells were assessed using an unpaired t-test
and were considered statistically significant if P < 0.05.

Radiation Induced Long-Term Growth
Inhibition
As a complement to the clonogenic- and 3D cell culture
assays, the long-term growth inhibitory effects of radiation
were evaluated using a growth inhibition assay as described
earlier (49). In short, UM-SCC-74A or UM-SCC-74B cells were
pre-plated into 25 cm2 culture flasks with complete medium.
After 48 h, cells were exposed to external beam radiation
corresponding to a dose of 0, 2, 4, 6, or 8Gy. Cells were then
counted and reseeded about once a week, and the corresponding
total cell numbers were calculated. The increase in cell number
was followed for 4 weeks. Cell doubling times were calculated
using the least square fitting method. In order to determine any
statistically significant differences from the untreated group at
the last data point, total cell numbers were analyzed using one-
way ANOVA followed by Dunnett’s multiple comparisons test
in GraphPad Prism and were considered statistically significant
if P < 0.05.

Radiation Response in 3D Cell Culture
For liquid overlay 3D multicellular tumor spheroid formation,
96-well plates were coated with 0.15% agarose dissolved in
PBS with 1% penicillin/streptomycin. One thousand UM-SCC-
74B cells/well or 1500 UM-SCC-74A cells/well were seeded and
incubated at 37◦C in supplemented media for 3 days prior
to irradiation with 2Gy or mock radiation (0Gy) using 137Cs
gamma-ray photons as described above. Spheroid images were
obtained at start of treatment and 10 days after treatment
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using a Canon EOS 700D camera mounted on an inverted
Nikon Diaphot-TMD microscope. The images were analyzed
using ImageJ version 1.48 (NIH, Bethesda, MD, USA), by
measuring the surface area of each spheroid and calculating
the volume, assuming each spheroid retained a spherical form.
Each spheroid was normalized to its own starting volume at
the start of treatment (Day 0, growth ratio = 1). Statistical
analyses were performed using GraphPad Prism 6 (GraphPad
Software, San Diego, CA, USA). Differences in normalized
spheroid growth ratios of UM-SCC-74A cells vs. UM-SCC-74B
cells were assessed using an unpaired t-test and were considered
statistically significant if P < 0.05.

Measurement of Cleaved Poly ADP Ribose
Polymerase (PARP)
Levels of cleaved PARP1 in cell lines were measured using
ELISA. The assay detects the presence of the 89 kDa PARP1
fragment containing the catalytic domain. The proteolysis of
PARP1 by activated caspase-3 renders the enzyme inactive, which
further facilitates apoptotic cell death. Thus, the presence of
the 89 kDa PARP1 fragment is considered to be a reliable
biomarker of apoptosis. Cells were incubated for 48 h prior
to irradiation (2Gy) or mock radiation (0Gy) using 137Cs
gamma-ray photons as described above. Whole-cell lysates
were prepared 12 h after irradiation according to standard
protocols. Cell lysates were diluted 1:1,000. The Cleaved
PARP1 Human SimpleStep ELISA R© Kit (Abcam, Cambridge,
UK) was used according to the manufacturer’s protocol. The
OD was then measured at 450 nm using a microtiter plate
reader (BioRad, USA). Statistical analyses were performed using
GraphPad Prism 6.

Differences in cleaved PARP1 levels were assessed using
an unpaired t-test and were considered statistically significant
if P < 0.05.

Irradiation of Cells for Metabolic Profiling
Two days before irradiation (18–25) × 106 UM-SCC-74A
or (10–25) × 106 UM-SCC-74B cells were cultured in cell
culture plates (n = 46 and n = 52, respectively, Nunclon
Surface, 15 cm diameter, Cat No. 168 381, 145 cm2) at 37◦C,
in 5% CO2 in supplemented DMEM medium. At the time
of irradiation, cells were exposed to external beam radiation
corresponding to a dose of 0 or 2Gy. Cells were subsequently
harvested at ∼75% confluence at 4 h (n = 20 and 22 for
UM-SCC-74A and UM-SCC-74B, respectively) and 24 h (n =

26 and 30 for UM-SCC-74A and UM-SCC-74B, respectively)
after irradiation as according to Engskog et al. (50). The time
points were chosen in order to detect IR-induced perturbations
in the cell metabolome in the most optimal settings possible.
These time points have been shown to be relevant for IR-
induced early- and intermediate cellular responses in previous
cell-based radiation metabolomic assessments (40, 41, 43).
Moreover, while the cellular responses have occurred at these
time points, they have not yet resulted in apoptosis in the
majority of cells. Consequently, in these experimental settings
a majority of the irradiated cells can be harvested, reducing
any risk of selection-biased analyses. All cell sample harvesting

was performed on ice. Cell medium was removed and cells
were rapidly washed three times with cold, sterile phosphate
buffered saline (PBS, Medicago, Uppsala, Sweden), followed by
detachment of cells using a 23 cm long rubber-tipped Nunc cell
scraper (Thermo Scientific). The detached cells were collected
in 3.5ml cold MilliQ water, transferred to 15mL polypropylene
brown tubes (Greiner bio-one GmbH, Germany) and snap-
frozen in liquid N2 followed by thawing at 37◦C for 10min.
The freeze/thaw cycle was then repeated twice with subsequent
sonication on ice for 30 s. Samples were stored at −80◦C until
metabolite extraction.

Metabolite Extraction
Prior to extraction of the intracellular metabolites, the samples
were randomized into five separate sample batches comprised of
20 samples each. Each sample batch was prepared and analyzed
separately. The samples were thawed at room temperature
and centrifuged at 2000 RCF for 10min at 4◦C. A quality
control (QC) sample was created for each batch by pooling
an equal volume from all samples within each batch. The
QC sample was extracted as described below. The five QC
samples were pooled after extraction of all five batches. The
aqueous supernatants were transferred to fresh extraction tubes
followed by addition of chloroform and methanol for the
final proportion 2.85:4:4 water:methanol:chloroform (51–53).
The samples were vortexed gently and stored at 8◦C for
20min. to the samples were the centrifuged for 20min at
2000 RCF and 4◦C. The aqueous phases were recovered and
evaporated to dryness at 40◦C under a gentle stream of N2(g).The
samples were stored at −80◦C after evaporation. Prior to
analysis the samples were reconstituted in acetonitrile:Milli-Q
water 76:24.

Metabolite Profiling With LC-MS
All metabolite profiling analyses were performed on an Acquity
UPLC I-class system fromWaters (Manchester, UK) hyphenated
to a G2S Synapt Q-TOF equipped with an electrospray
ionization (ESI) source (Waters). All systems were controlled
using Masslynx version 4.1 (Waters). For chromatographic
sample separation prior to detection a Acquity BEH amide
column (1.7µm, i.d. 2.1 × 50mm) from Waters was used. The
column temperature was kept at 40◦C for all analyses and the
injection volume was 5 µl. Mobile phase A consisted of 95:5
acetonitrile/water with 10mM ammonium formate and 0.1%
FA and mobile phase B consisted of 50:50 acetonitrile/water
with 10mM ammonium formate and 0.1% FA. A non-linear
elution gradient from 100% A to 100% B was used, the flow rate
was set to 0.3 ml/min. In detail: 100% A was kept for 0.5min
then decreased non-linearly (slope-factor 8 in MassLynx) over
12.5min to 100% B, 100% B was held for 4min followed by 6min
at 100% A to re-equilibrate the column for a total run-time of
23min. Detection was performed in both positive and negative
ionization mode in resolution MSE-mode within the scan-range
m/z 50–800. All samples were analyzed in negative ionization
mode first, followed by positive ionization mode. The capillary
voltage was 1 and −2 kV and the cone voltage was set to 30
and 25V in positive and negative ionization mode, respectively.
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In both ionization modes the source temperature was 120◦C.
Nitrogen was used as desolvation gas at the flow-rate 800 l/h and
the desolvation temperature was 500◦C and 450◦C in positive
and negative mode, respectively. Nitrogen was used as cone gas
as well at a flow-rate of 50 l/h. and. A collision energy ramp from
20 to 45 eV was used for MSE acquisition with argon as collision
gas. Lock-mass correction for accurate m/z measurements was
applied using a solution of leucine-enkephalin (m/z 556.2766).
Each sample batch was analyzed separately, i.e., one sample batch
per day. Prior to each sample batch analysis the instrument
was mass calibrated and the sample cone was cleaned. A
reference mix (30µM of hypoxanthine, cytidine, phenylalanine,
tryptophan, and glutamine, respectively) was analyzed before and
after each batch to check the system suitability with regard to
mass accuracy, instrument sensitivity, and column performance.
The QC sample was analyzed repeatedly prior to the study
samples for system conditioning, to ensure stable analytical
conditions, as well as, between the randomized study samples in
regular intervals to monitor the analytical stability throughout
the analysis (54).

Chemicals
Formic acid, FA(LC-MS grade), ammonium formate (LC-MS
grade), methanol (LC-MS grade), Cytidine (99%), hypoxanthine
(≥99%), and tryptophan (≥99.5%) were purchased from Sigma
Aldrich (Steinheim, Germany). Phenylalanine (>99%) was
purchased fromMERCK (Kenilwoth, N.J., USA) while glutamine
(>99%) was purchased from Fluka (Buchs, Switzerland).
Acetonitrile (LC-MS grade) was obtained from Fischer Scientific
(Zurich, Switzerland) and chloroform (analytical grade) was
purchased from BDH Laboratory Supplies (Poole, England, UK).
Leucine-encephalin was prepared and certified by ERA (Golden,
CO, USA). The water was purified using a Milli-QTM water
system fromMilliPore (Bedford, MA, USA).

Data Processing
Data quality was assessed through in-depth examinations of
five representative metabolites spread out in the obtained
chromatograms; hypoxanthine, cytidine, phenylalanine,
tryptophan, and glutamine. The evaluation was performed by
univariate data analysis based on all QC sample injections,
in total 25 injections (20% of all sample injections), prior
to data pre-processing and multivariate data analysis. Mass
accuracy, retention time, and peak area was monitored to check
system stability throughout the analysis. DataBridge (Masslynx
version 4.1, Waters) was used to convert the raw data files to
NetCDF files. The R-based software XCMS was used for peak
detection, retention time alignment, and peak grouping (55).
The centWave function was used for peak detection with the
following function parameters; the maximal deviation in m/z
between scans was set to 10 ppm, the boundaries for peak width
was set between 5 and 45 s and the signal to noise ratio cut-off
was set to 5. The “obiwarp” function was used for retention time
alignment. The processed data was subjected to adduct, isotope
and fragment annotation using the R-Package, CAMERA (56).
The resulting dataset was exported to Microsoft Excel and prior
to normalization all features with a retention time <50 s were

removed. The data was normalized using LocalMean correction
where all features were normalized to the feature mean of the
QC:s in the respective batches (57). After normalization, all
features with coefficient of variance (CV) >30% in the QC
samples were removed (54, 58, 59).

Multivariate and Univariate Data Analysis
The reduced and filtered data sets from the data processing were
analyzed by multivariate data analysis using SIMCA-P+ (version
14, Umetrics, Umeå, Sweden). All data was pareto scaled prior
to multivariate data analysis. Principal Component Analysis
(PCA) was used to find sample clustering, identify possible
sample outliers, and systematic trends in the data. Orthogonal
Projection to Latent Structures- Discriminant Analysis (OPLS-
DA) in combination with S-Plots were used analyse differences
between sample groups and to identify differentiating features
between sample groups (60, 61).

Comparisons were made between the two cell line controls as
well as between irradiated cells and controls of the respective SCC
cell lines. The irradiated cells were further divided into subgroups
of rapid response and intermediate response depending on
the time between cell irradiation and cell sample harvesting.
Rapid response subgroups were harvested 4 h after irradiation
and intermediate response subgroups were harvested 24 h
after irradiation.

Features with p-corr values >0.4 were selected and annotated.
Molecular weight, isotopic patterns, fragmentation and, when
possible, retention time comparison to an in-house database
were utilized for feature annotation. The Human Metabolome
Database (HMDB),METLIN and in-house databases was utilized
to search for the experimental m/z values with a molecular
weight difference tolerance of 30 ppm. The raw data signal
isotopic pattern, fragmentation (when reference spectra was
available) as well as related adducts present at the same retention
time in the raw data were all matched against the plausible
hits from the data base search. All annotated metabolites
should be considered putatively annotated (level 2) according
to the Metabolomics Standards Initiative nomenclature (62).
All annotated metabolites were subjected to pathway analysis
using MetaboAnalyst 3.0 and the highest score pathways were
subjected to further data analysis. One-Way Analysis of Variance
(ANOVA) and post-hocTukey tests usingOrigin 2015 (OriginLab
corporation, Northampton, MA, USA) was used for univariate
significance testing of all annotated features and p-values <0.05
was considered significant. The significantly altered metabolite
are presented as fold changes with 95% confidence intervals.
The confidence intervals of fold changes were calculated using
Fieller’s theorem.

RESULTS

Genotyping
STR results demonstrated identical results for unirradiated UM-
SCC-74A and UM-SCC-74B (Supplemental Table 1), verifying
the origin and similarity of UM-SCC-74A and UM-SCC-
74B cells.
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Clonogenic Survival, Cell Growth, and
Apoptosis Assays
The effect of radiation on UM-SCC-74A and UM-SCC-74B cell
viability was studied using clonogenic survival assays, 3D cell
growth assays, and long term growth inhibition assays, and can
be seen in Figures 1, 2. In all three assays, UM-SCC-74A cells
proved more sensitive to radiation than UM-SCC-74B cells.

In the clonogenic survival assay (Figures 1A,B), UM-SCC-
74A cells demonstrated a lower survival fraction than UM-
SCC74B at all radiation doses assessed (Figure 1A). Accordingly,
a radiation dose of 2Gy to UM-SCC-74A resulted in a survival
fraction of 24 ± 5 (SEM)% of the unirradiated controls,
whereas the survival fraction of irradiatedUM-SCC-74B cells was
significantly higher, 52± 6% (Figure 1B).

In the three-dimensional cell growth assay (Figure 1C),
spheroid growth was followed for 10 days after irradiation,
reflecting effects of both cell death and growth inhibition in
a more in vivo-like environment (63). Also here, UM-SCC-
74B cells were significantly less affected by radiation, where a
radiation dose of 2Gy resulted in a normalized spheroid size of
84 ± 5 (SEM)% of unirradiated controls, compared to 44 ± 3%
for UM-SCC-74A spheroids.

In the long-term cell growth assay, cell growth was followed
for 4 weeks’ time, reflecting long-term effects of both cell death
and growth inhibition. Doubling times of unirradiated UM-SCC-
74A andUM-SCC-74B cells were 1.48 and 1.28 days, respectively.
Also in this assay, UM-SCC-74A cells were more affected by
radiation than UM-SCC-74B cells (Figures 2A,B). At the last
assessed time point (27 days), UM-SCC-74A cells exposed to 2Gy
of irradiation were 52± 19% (SEM) of unirradiated controls. For
4, 6, and 8Gy, the corresponding numbers were 5.9 ± 2.0, 1.0 ±
0.1, and 0.01 ± 0.01% (Figure 2C). For UM-SCC-74B cells, 2 Gy
irradiation resulted in a cell number of 65± 12% of unirradiated
controls at day 27, and for 4, 6, and 8Gy the corresponding
numbers were 37± 16, 4.2± 0.9, and 0.11± 0.05% (Figure 2D).

Moreover, apoptosis was also studied in the cells using a
cleaved PARP1 assay (Supplemental Figure 1). Levels of cleaved
PARP1 were significantly increased in 2Gy irradiated UM-SCC-
74A cells compared to unirradiated cells, whereas levels did not
significantly differ for UM-SCC-74B cells.

Consequently, as all these independent assays demonstrated
UM-SCC-74A cells to be clearly more affected by radiation
in terms of cell viability and growth than UM-SCC-74B
cells, UM-SCC-74A are referred to as “radiosensitive” and
UM-SCC-74B cells as “radioresistant” in the present study.
These are to be viewed as relative terms, where UM-SCC-
74A cells are “radiosensitive” in relation to UM-SCC-74B cells
and vice versa.

Metabolic Profiling Data Quality Control
Mass accuracy, retention time, and peak area of five metabolites;
hypoxanthine, cytidine, phenylalanine, tryptophan, and
glutamine were monitored in the QC samples throughout the
analysis to verify system stability. The mass error was found to
be within 10 and 12 ppm in positive and negative ionization
mode, respectively, and the variation in retention time displayed

a CV-value below 1.5% throughout the analysis. The peak
areas over the five analytical batches evidenced, as expected,
some batch variations; this was however corrected for after the
normalization by local mean correction as no sample separation
due to batch effects were found in the multivariate data analysis.
The peak areas of hypoxanthine, cytidine, phenylalanine and
tryptophan varied from 26 to 48% (CV) in the raw data while
glutamine showed huge variations of up to 128%.

Metabolic Profiling
Multivariate data analysis was performed on the pre-processed
and filtered data using PCA and OPLS-DA. All samples were
analyzed with the unsupervised model PCA to examine possible
sample group separations and sample clustering behavior.
The PCA scores plot revealed clear discrimination between
the intracellular metabolome of the SCC cell lines in the
second component (PC2) (Figure 3). There was some separation
between irradiated cells and controls along the first component
(PC1), the separation was most pronounced for the less
radiosensitive UM-SCC-74B cell line. However, for both cell lines
the controls cluster at the left hand side of the scores plot with the
irradiated cells on the right hand side.

The supervised model OPLS-DA was used to analyse the
metabolic changes due to irradiation in the two SCC cell lines
as well as the metabolic differences between the SCC cell
line controls (unirradiated controls). The metabolic changes
after irradiation in each SCC cell line was separated into
rapid response (cells were harvested 4 h after irradiation)
and intermediate response (cells were harvested 24 h after
irradiation), respectively.

The metabolic profiling demonstrated a number of significant
(p < 0.05) metabolic differences between the two non-irradiated
cell line controls (Table 1). Several metabolites connected to
nicotinate and nicotinamide metabolism such as nicotinic acid,
nicotinamide, and nicotinic acid mononucleotide were found
altered in the UM-SCC-74B cell line as compared to UM-
SCC-74A (p = 0.005). Moreover, guanosine, inosine, xanthine,
and the purine intermediate 5-phosphoribosylamine were found
at significantly different levels in the two cell lines indicating
changes in purine metabolism and biosynthesis between UM-
SCC-74A and UM-SCC-74B (p= 0.006).

In the radiosensitive cell line UM-SCC-74A, very few
metabolic alterations were observed after irradiation (Table 2).
The main metabolic alterations were linked to tryptophan
metabolism through tryptophan and 5-hydroxyindoleacetic acid
(5-HIAA) (p = 0.0006). In contrast, the less radiosensitive cell
line UM-SCC-74B showed numerous metabolic alterations after
irradiation, where the main metabolic alterations were connected
to nicotinate and nicotinamide metabolism (p = 0.003), the
methionine cycle (p = 0.05), and purine metabolism (p = 0.001)
(Table 3). A number of metabolites involved in the nicotinate
and nicotinamide metabolism such as 1-methylnicotinamide,
niacinamide, beta-nicotinamide D-ribonucleotide, nicotinic acid
mononucleotide, and nicotinamide adenine dinucleotide (NAD)
were all down-regulated in the UM-SCC-74B 24 h after
irradiation. Several metabolites involved in the methionine
cycle as well as the glycine and serine biosynthesis and
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FIGURE 1 | (A) Clonogenic survival assay of UM-SCC-74A and UM-SCC-74B cells treated with a radiation dose of 0, 2, 4, 6, and 8Gy. N > 3. Groups are normalized

to the plating efficiency of the non-irradiated controls. Error bars represent the standard error of mean. (B) Comparison of clonogenic survival of UM-SCC-74A and

UM-SCC-74B cells treated with a radiation dose of 2Gy. N > 6. Difference in survival fraction was assessed using an unpaired t-test. **p < 0.01. (C) Assessment of

UM-SCC-74A and UM-SCC-74B spheroid growth 10 days after 2Gy irradiation. Groups are normalized to the growth ratio of the non-irradiated controls. N > 5.

Difference in spheroid growth was assessed using an unpaired t-test. ****p < 0.0001.

FIGURE 2 | Growth inhibition studies of UM-SCC-74A and UM-SCC-74B cells treated with radiation (0, 2, 4, 6, or 8Gy). Error bars represent the standard error of

mean. N = 3. (A,B) Cell growth followed over time. (C,D) Comparison at day 27. Differences in total cell numbers from control at day 27 were analyzed using one-way

ANOVA followed by Dunnett’s multiple comparisons test. *p < 0.05, **p < 0.01.

metabolism were found altered in the irradiated UM-SCC-74B
cells. Increased levels of methionine were observed 4 h after
irradiation, while the levels of S-adenosylmethionine (SAM)
was increased both 4 h and 24 h after irradiation. Metabolites
involved in purine metabolism such as adenosine, guanosine,
and guanine were upregulated 24 h after irradiation while
guanosine mono phosphate (GMP) was found in significantly
higher levels 4 h after irradiation as compared to 24 h
after irradiation.

DISCUSSION

A current clinical problem in HNSCC is the varying therapeutic
response to irradiation, from complete to no response,
moreover relapse and resistance is common (64). Individualized
dosimetry, e.g., by predicting or monitoring tumor radiation
response before, during, or after treatment, could help optimize
radiotherapy, improve therapeutic outcome, and reduce normal
tissue complication after radiotherapy. The plasticity of cancer
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FIGURE 3 | PCA score plot from the metabolic profiling in negative ionization mode, the two SCC cell lines are separated along the second principal component

(PC2). Along the first component (PC1) there is some separation between the controls and irradiated cells, however, no clear clustering. UM-SCC-74A Control (�),

UM-SCC-74A Rapid response (4 h after 2Gy irradiation) (N), UM-SCC-74A Intermediate response (24 h after 2Gy irradiation) (•), UM-SCC-74B Control (�),

UM-SCC-74B Rapid response (△), and UM-SCC-74B Intermediate response (◦).

cell metabolism plays a major role in cancer cell survival
and treatment-resistant disease. Cancer cells are able to
adapt metabolically to many types of cellular stress, such as
radiation, and previous studies have demonstrated alterations
in cellular metabolites after irradiation of the cells (40,
41, 43, 65–68). Consequently, a feasible way to provide
significant understanding on the mechanisms of radiation
response may be through metabolic profiling. In the present
study, we have assessed metabolic profiling as a mean to
investigate the relationship between radiation response and the
metabolome. This was done by utilizing a unique in vitro
model, in which two HNSCC cell lines from the same donor

were employed. These cells exhibited the same STR genetic

profile (Supplemental Table 1) but were shown to display
different radiosensitivities, where UM-SCC-74A was shown to

be clearly more sensitive to radiation than UM-SCC-74B in

four independent assays (Figures 1, 2, Supplemental Figure 1).

These assays reflect different thresholds, parameters, and
time-frames for assessment of cell viability and growth.

Consequently, they are to be seen as important complements
to each other in order to assess the full spectrum of
radiation response.

UM-SCC-74B Cells Were More
Radioresistant Than UM-SCC-74A Cells
In the clonogenic survival assay, considered as a gold standard
in radiation research (48, 69), UM-SCC-74A displayed a
lower survival fraction at all radiation doses assessed, at 2Gy
approximately half of that of UM-SCC-74B (Figures 1A,B).
The assay combines contribution of all types of cell death,
encompassing both early and late events. However, the impact of
cell-to-cell communication is disregarded. Moreover, quiescent
cells and cells growing at a slower rate may be counted as
non-surviving clones in the clonogenic survival assay.

In contrast, the long-term growth inhibition assay, and
in particular the 3D cell culture assay, include cell-to-cell
communication, and both assays reflect both cell death and
cell growth inhibition. The long-term growth inhibition assay is
an especially suitable complement to clonogenic survival assays
at higher doses, where the plating efficiency for clonogenic
survival may be too low to ensure reliable results. The longer
time-frame also enables visualization of delayed or reduced
growth. This was demonstrated in the present study, e.g.,
for the 8Gy irradiated samples, where UM-SCC-74A cells
resumed growth after 3 weeks, whereas, UM-SCC-74B growth
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TABLE 1 | Significantly different metabolites (p < 0.05) between non-irradiated

cell lines UM-SCC-74A and UM-SCC-74B are presented as fold changes (95%

confidence).

POSITIVE IONIZATION

Metabolite ID A control vs. B control

5-phosphoribosylamine −2.10 ± 0.66

DMAPP 2.39 ± 1.20

NEGATIVE IONIZATION

Metabolite A control vs. B control

Tyrosine −2.01 ± 0.74

Valine −3.35 ± 1.72

Alanine, sarcosine, beta-alanine −3.39 ± 1.95

Homoserine, threonine −6.80 ± 5.20

Hydantoin-5-propionic acid −2.14 ± 0.72

Diphosphoinositol pentakisphosphate −2.35 ± 1.02

Myo-inositol hexakisphosphate −2.54 ± 1.21

Leukotriene D4 14.54 ± 5.01

Leukotriene E4 −4.21 ± 1.67

Xanthine 39.62 ± 14.12

Guanosine 12.71 ± 9.35

Inosine 3.83 ± 2.20

Cytidine 2.67 ± 1.22

Nicotinic acid mononucleotide −5.93 ± 2.50

Nicotinic acid 2.30 ± 0.93

Niacinamide −2.13 ± 0.62

Pantothenic acid −3.17 ± 1.59

2-Aminomuconic acid semialdehyde 1.96 ± 0.68

The p-values were calculated using ANOVA followed by a Tukey test and the fold changes

were calculated using Fieller’s theorem for a 95% confidence interval. A positive fold

change indicates a higher level in 74A UM-SCC-74A as compared to 74B UM-SCC-74B

was resumed already after 2 weeks (Figures 2A,B). Results in
the long-term growth inhibition assay (Figure 2) verified the
clear differences in radiosensitivity at higher doses observed in
the clonogenic survival assays (Figure 1A). Also at 2Gy, UM-
SCC-74A cells demonstrated lower cell growth and viability
than UM-SCC-74B cells, although not as pronounced as in
the clonogenic survival assay, potentially reflecting the different
time-frames, culture conditions, and assessed parameters in the
different assays. The long-term growth assay also visualized the
different doubling times of the cell lines, where UM-SCC-74B
demonstrated a shorter doubling time than UM-SCC-74A. This
is consistent with clinical experiences, where the recurrence
of a tumor is often faster growing and more aggressive. The
differences in growth rates were also in line with the clearly
separated PCA scores plot (Figure 3), and reflected in some
of the metabolic differences between the unirradiated cell lines
(Table 1), discussed more in detail below. The fact that the
STR profiles were the same, whereas factors such as growth
rates, radiation resistance, and metabolic profiles were not, also
demonstrates the advantage of complementing genetic data with
cell assays and metabolomic profiling.

The 3D cell culture assay visualizes radiation effects on
viability and cell growth in the same time frame as clonogenic
survival. However, in the 3D assay, cells are cultured in a more

TABLE 2 | Significantly altered metabolites (p < 0.05) in the cell line UM-SCC-74A

between cells irradiated with 2Gy [assessed 4 h (rapid) or 24 h (intermediate) after

irradiation] vs. non-irradiated cells (control) from the analysis in negative ionization

mode are presented as fold changes (95% confidence intervals).

Metabolite Rapid vs.

control

Intermediate

vs. control

Rapid vs.

intermediate

NEGATIVE IONIZATION

Phenylalanine 1.84 ± 0.62

Uridine −2.27 ± 0.88 1.62 ± 0.55 −3.54 ± 1.51

Adenosine 3.94 ± 2.20

2-Aminomuconic

acid semialdehyde

−1.54 ± 0.51

5-

Hydroxyindoleacetic

acid

2.26 ± 1.10 −2.49 ± 1.28

POSITIVE IONIZATION

Tryptophan 2.23 ± 0.94 2.48 ± 1.15

The p-values were calculated using ANOVA followed by a Tukey test and the fold changes

were calculated using Fieller’s theorem for a 95% confidence interval. A positive fold

change indicates a higher level in the radiated cells as compared to the control.

in vivo like situation. In addition to cell-to-cell communication,
important factors such as oxygen and nutritient gradients
are mimicking the environment of small non-vascularized
metastases (63). Results from the 3D cell culture assay were
in line with the clonogenic survival assay, where both assays
demonstrated approximately twice as many surviving UM-
SCC-74B cells than UM-SCC-74A cells 10–14 days after 2Gy
irradiation (Figures 1B,C), further validating the difference in
radiosensitivity between the cell lines. Consequently, we conclude
that in all three independent assays UM-SCC-74A cells were
clearly more affected by radiation in terms of cell viability and
growth than UM-SCC-74B cells. This was also in line with the
apoptosis assay, demonstrating increased levels of cleaved PARP1
in irradiated UM-SCC74A cells, but not in UM-SCC-74B cells
(Supplemental Figure 1). Thus, we concluded that the cell lines
were a suitable model system for subsequent complex metabolic
evaluations of radiation response.

Unirradiated Cells Differed in Nicotinamide
and Nicotinic Acid Metabolism and Purine
Metabolism Pathways
Even though unirradiated UM-SCC-74A and UM-SCC-74B cells
were identical according to STR genotyping, metabolic profiles
differed clearly between the two unirradiated cell lines, as they
were distinctly separated in the PCA scores plot (Figure 3).
The nicotinamide and nicotinic acid metabolism pathways were
indicated as important differences in the pathway analysis
between the two cell lines, with metabolites such as nicotinamide,
nicotinic acid, and nicotinic acid mononucleotide significantly
different between the two control groups (Figure 4, Table 1).
Nicotinamide and nicotinic acid mononucleotide were found
at significantly higher levels in unirradiated UM-SCC-74B cells
compared to UM-SCC-74A cells, while nicotinic acid was found
in higher levels in unirradiated UM-SCC-74A cells compared
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TABLE 3 | Significantly altered metabolites (p < 0.05) in the cell line UM-SCC-74B

between cells irradiated with 2Gy [assessed 4 h (rapid) or 24 h (intermediate) after

irradiation] vs. non-irradiated cells (control) from the analysis in positive ionization

mode are presented as fold changes (95% confidence).

Metabolite Rapid vs.

control

Intermediate vs.

control

Rapid vs.

intermediate

POSITIVE IONIZATION

Phenylalanine 2.18 ± 1.18 3.51 ± 2.18

Proline 2.64 ± 1.47 3.72 ± 2.12

Tyrosine 3.89 ± 2.63 8.32 ± 6.08

Glutamine 2.62 ± 1.35

Methionine 2.94 ± 1.27 3.68 ± 2.23

Valine 2.70 ± 1.74 5.07 ± 3.53

Taurine 2.93 ± 1.38 5.20 ± 2.87

Alanine,

beta-alanine,

sarcosine

1.60 ± 0.43

Creatine 4.14 ± 2.81 7.64 ± 5.24

Glucosamine,

fructosamine

4.02 ± 2.89

N-Acetyl-

glucosamine-1-

phosphate

2.27 ± 1.23 3.90 ± 2.50

Glucosamine-1-

phosphate

2.06 ± 0.75 4.90 ± 3.28

Dihydroneopterin

triphosphate

1.58 ± 0.37

Glycerophosphocholine 5.73 ± 4.13 10.56 ± 8.03

Hydroxyindole 1.71 ± 0.70 2.20 ± 0.96

Dityrosine 2.43 ± 1.30

Thiamine

triphosphate

2.26 ± 1.19 3.81 ± 2.36

1-

Methylnicotinamide

2.01 ± 0.88

Pantothenic acid 8.52 ± 7.61

UMP 3.35 ± 1.94

NEGATIVE IONIZATION

Tyrosine −9.01 ± 2.63 7.81 ± 3.92

Arginine −4.37 ± 1.92

Proline −17.16 ± 7.94

Valine −23.50 ± 8.91

Taurine −13.71 ± 6.30

Alanine,

beta-alanine,

sarcosine

−28.73 ± 23.88

Homoserine,

threonine

−39.49 ± 34.97

L-Dopa −3.78 ± 2.15

Choline −5.81 ± 2.33 5.06 ± 3.08

Docosanaoyl-CoA 45.98 ± 21.19

Linolenoyl-CoA −13.44 ± 11.25

Oleoyl-CoA −7.94 ± 4.77

S-

Adenosylmethionine

5.19 ± 3.36 4.74 ± 2.96

(Continued)

TABLE 3 | Continued

Metabolite Rapid vs.

control

Intermediate vs.

control

Rapid vs.

intermediate

Hydantoin-5-

propionic

acid

−6.50 ± 2.61 6.20 ± 3.38

1-

Arachidonoylglycerophosphoinositol

3.74 ± 2.01

Diphosphoinositol

pentakisphosphate

−16.08 ± 3.31

Myo-inositol

hexakisphosphate

−7.94 ± 2.88

Leukotriene E4 −24.29 ± 14.42 5.55 ± 0.38

Guanine 6.21 ± 2.41 −20.50 ±

19.17

Adenosine 3.59 ± 2.52

Guanosine 19.83 ± 18.36

Pantothenic acid −19.21 ± 7.12

Nicotinic acid

mononucleotide

−8.92 ± 3.90 7.56 ± 5.20

1-

methylnicotinamide

−6.75 ± 1.87

Niacinamide −6.34 ± 1.97 5.96 ± 2.41

beta-nicotinamide

D-ribonucleotide

−5.11 ± 1.59 6.86 ± 4.32

NAD −6.50 ± 2.79 8.18 ± 5.27

CMP 21.64 ± 19.67

GMP 17.49 ± 15.52

The p-values were calculated using ANOVA followed by a Tukey test and the fold changes

were calculated using Fieller’s theorem for a 95% confidence interval. A positive fold

change indicates a higher level in the radiated cells as compared to the control.

to UM-SCC-74B cells (Figure 4). This indicates a lower rate of
biosynthesis of nicotinic acid mononucleotide and ultimately
in nicotinamide adenosine dinucleotide (NAD+) in the UM-
SCC-74A cell line. The other main pathway that was found
differentiating between the two non-irradiated cell lines was
purine metabolism. Xanthine, inosine, and guanosine were all
found at significantly higher levels in the UM-SCC-74A cells
than in the UM-SCC-74B cells. The higher levels of inosine
and xanthine in UM-SCC-74A may indicate a higher purine
degradation in the UM-SCC-74A cell line. In UM-SCC-74B, 5-
phosphoribosylamine was found in higher concentration, which
is an intermediate in de novo purine synthesis, andmight indicate
a higher rate of de novo synthesis of purine nucleotides in the
UM-SCC-74B cells. Higher rates of purine de novo synthesis
have previously been linked to increased growth rates (70), and
is in line with the results from the growth inhibition assay,
where unirradiated UM-SCC-74B cells demonstrated a shorter
doubling time than UM-SCC-74A cells (Figure 2).

Altered Tryptophan and Serotonin
Metabolism in Irradiated UM-SCC-74A
Cells
In general, very few metabolic alterations were observed after
irradiation in UM-SCC-74A cells compared to UM-SCC-74B
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cells. In the UM-SCC-74A cell line the most important radiation
induced metabolic perturbation was the alteration in tryptophan
metabolism. Tryptophan was found at higher levels as compared
to the control 4 h after radiation but was reduced to the
same levels as the control 24 h after radiation. Tryptophan has
two main metabolic fates, it can be used in the biosynthesis
of quinolinic acid, which is a precursor to nicotinic acid
mononucleotide, or it can be converted to serotonin via 5-
hydroxytryptophan. The increase in tryptophan levels 4 h after
irradiation could be an indication of a shift in the metabolism
toward an increase in quinolinic acid and nicotinic acid
mononucleotide biosynthesis in the UM-SCC-74A cell line.
However, this assumption could not be verified, as the nicotinic
acid mononucleotide levels were not altered neither 4, nor 24 h
after irradiation in UM-SCC-74A, and quinolinic acid was not
detected in this analysis. Moreover, the serotonin metabolite
5-hydroxyindoleacetic acid (5-HIIA) was found increased 24 h
after irradiation the UM-SCC-74A cell line, which might suggest
an increase in serotonin degradation to 5-HIIA. Serotonin has
been shown to exhibit growth stimulatory effects on several
types of carcinoma and other tumor cells, and to play a role
in radiation-induced bystander effect (71). In previous studies,
serotonin concentrations in culture media have been shown to
be depleted after exposure of cells to radiation, suggesting that
serotoninmay be bound bymembrane receptors after irradiation,
thus facilitating calcium entry into cells, production of ROS
and activation of apoptosis pathways (71, 72). Serotonin can
also act as both vasoconstrictor and promote angiogenesis in
solid tumors, and could therefore have important effects on the
tumor hypoxia which have been linked to radiation sensitivity
previously (73).

Decreased Levels of NAD+ and Increased
NAD+ Turnover Suggest Initiated DNA
Repair Mechanisms in Irradiated
UM-SCC-74B Cells
In the UM-SCC-74A cell line, no investigated metabolites in
the nicotinamide and nicotinic acid metabolism demonstrated
significantly altered levels after irradiation. This is in contrast to
the UM-SCC-74B cell line, where the metabolites nicotinamide,
1-methylnicotinamide, nicotinamide ribotide, nicotinic acid
mononucleotide, NADH as well as NAD+ were all almost
depleted 24 h after irradiation (Figure 4). This demonstrates
inherent differences in nicotinamide and nicotinate metabolism
in the two cell lines both before and after irradiation. While
the decrease in NAD+ could be due to an increase in turnover
from NAD+ to NADP/NADPH to maintain the redox status in
the cells, regenerate glutathione, and an increased biosynthesis
(45), the fact that NADP+ and NADPH were not detected in
the analysis contradicts this explanation. Thus, a more likely
explanation is that the decreased levels of NAD+ and increased
NAD+ turnover in UM-SCC-74B cells after irradiation is due to
an increased ADP-ribosylation by poly(ADP-ribose)polymerases
(PARPs) to initiate DNA repair mechanisms (74–77). The
PARP proteins are the main consumers of NAD+ during
genotoxic stress, and the levels of NAD+ can be depleted

following ionizing radiation to meet the demands for DNA-
repair signaling by ADP-ribosyl (74–76). PARP1 is a member
of the PARP family of enzymes. Its primary function is to
detect and repair DNA damage, where amplified PARP1 activity
results in high NAD+ consumption. This process is blocked
by rapid cleavage and inactivation of PARP1 by the action
of caspases. In the present study, the cleaved PARP1 assay
demonstrated that the levels of inactivated PARP1 were increased
in irradiated UM-SCC-74A cells, whereas levels in UM-SCC-74B
cells were unchanged after radiation (Supplemental Figure 1),
which could further support this hypothesis. Moreover, previous
studies have demonstrated that inhibition of PARP or PARP
silencing increase radiosensitivity (78–85). Van Vuurden et al.
(81) observed an overexpression of PARP1 as well as a
radiosensitizing effect by the PARP1 inhibitor olaparib in
pediatric medulloblastoma, ependymoma, and high grade glioma
cell lines. Similarly, Owonikoko et al. (84) investigated the
PARP1 inhibitor veliparib in combination with DNA-damaging
treatments including radiation in small cell lung cancer cells,
and found that veliparib sensitized some cells to DNA damaging
treatment. Both Godon et al. (80) and Noël et al. (82) found
that the radiosensitizing effect of PARP1 inhibition by 4-amino-
1,8-naphthalimide (ANI) was cell cycle dependent, and that
rapidly growing cells with high fraction of cells in the S-phase
were more sensitive to PARP-inhibition in combination with
radiation. Consequently, our data suggest that PARP inhibition
may be especially suitable to overcome the radioresistance in the
radioresistant UM-SCC-74B cells, and should be evaluated in
future studies.

Increased Levels of Guanosine and
Adenosine Indicate a Functioning Purine
Salvage Pathway and More Efficient ROS
Protection in Irradiated UM-SCC-74B Cells
In UM-SCC-74B, the levels of adenosine, guanosine and
guanine were increased 24 h after irradiation, while the
levels of adenosine monophosphate (AMP) and guanosine
monophosphate (GMP) were decreased (not significantly) 24 h
after irradiation. This indicates a functioning purine salvage
pathway with an increased degradation of the purine nucleotides
to the corresponding nucleosides and nucleobases. This is in
line with previous studies, where guanosine have been shown
to protect DNA in vitro from oxidative damage induced by
reactive oxygen species (ROS), and to serve as a radioprotector
(86). Adenosine has demonstrated the same effect as guanosine
however not as strong, while the pyrimidine nucleobases
had the opposite effect (86). In contrast, this pattern was
not observed in the UM-SCC-74A cell line, where altered
(although not significant) levels of inosine, hypoxanthine,
and xanthine instead might indicate an increased purine
nucleotide catabolism through the transformation of inosine
to hypoxanthine to xanthine. This data suggests that the
UM-SCC-74B cells may have enabled a more efficient ROS
protection through increased levels of guanosine and adenosine
after irradiation.
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FIGURE 4 | Schematic figure of the nicotinamide and nicotinic acid metabolism pathway in the two cell lines UM-SCC-74A (yellow lines) and UM-SCC-74B (dark blue

lines). Each annotated metabolite is represented by a line-plot with normalized peak area on the y-axis and the three different sample groups; Control, 4 and 24 h after

irradiation, on the x-axis. Error bars represent standard error of the mean. *Metabolite level was significantly (p < 0.05) altered as compared to the respective control

group. **Metabolite level was found significantly different (p < 0.05) between the two cell line control groups.

Increased Levels of SAM Indicate
Alterations in the DNA Methylation in
Irradiated UM-SCC-74B Cells
The pathway of cysteine and methionine metabolism was altered
in the UM-SCC-74B cell line after irradiation, in contrast to
UM-SCC-74A cells (Figure 5). S-adenosylmethionine (SAM) is
a methyl donor, involved in almost all methylation reactions
in the cells, such as DNA and histone methylation but also
methyl transfer reactions to proteins, lipids, and secondary
metabolites (3, 4). SAM is also an important component in many
trans-sulfuration reactions and aminopropylation reactions (87).
After irradiation, there was an increase in both methionine and
SAM in UM-SCC-74B cells, suggesting an increased turnover
from homocysteine to methionine, which can be driven by
either the folate cycle or methyl-group transfer by betaine
(87). As the levels of glycine and serine were not found
altered after irradiation and neither were the levels of 5-
methyltetrahydrofolate (data not shown), data suggest that the
turnover from homocysteine to methionine was not driven by
the folate cycle but rather betaine (88). This was supported by
the decreased levels on choline, the main precursor of betaine,
24 h after irradiation. Moreover, the levels of glutathione in
UM-SCC-74B cells were lower after irradiation, indicating that
homocysteine is not converted to cystathionine, but mainly
reconverted to methionine, since cysteine is the rate-limiting
precursor for biosynthesis of glutathione (87). Consequently, our
data suggest that irradiated UM-SCC-74B cells mobilized the
homocysteine-methionine cycle, thereby increasing the synthesis
of SAM to avoid radiation induced DNA-hypomethylation (89).

This is in line with previous studies, linking global changes
in DNA methylation to ionizing radiation (90–93), and to the
development of radioresistance in oral squamous cell carcinoma
(93) and lung cancer (92). Kim et al. (92) found that several key
regulators in radiosensitivity in lung cancer were epigenetically
controlled by CpG methylation. Batra et al. (94) demonstrated
that methyl donor deficient diets increased the irradiation
induced metabolic stress in mice and decreased DNA methyl
transferase activity, indicating decreased DNA methylation (94,
95). Moreover, Batra et al. (96) demonstrated that L-methionine
supplementation might help to alleviate radiation induced loss
of genomic DNA methylation in murine liver tissue. This
could open up for new possibilities of sensitizing tumors to
radiation treatment and in the future avoid radio-resistance in
radiation treatment.

CONCLUSION

Our data strongly implicates that the radioresistant cells changed

their metabolism to control the redox status, DNA repair as
well as DNA methylation. A lot of preclinical efforts have
over time been devoted to the development of strategies to
sensitize cancer cells to radiation therapy. This study was a
first step in the understanding of which metabolic pathways in
SCC that were important for the differences in radiosensitivity
between the two cell lines UM-SCC-74A and UM-SCC-74B.
The elucidation of the mechanisms behind radioresistance
could lead to better prediction of radiation treatment outcome
or possibilities to sensitize tumors to radiation. However, all
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FIGURE 5 | Schematic figure of the cysteine and methionine metabolism pathway in the two cell lines UM-SCC-74A (yellow line) and UM-SCC-74B (dark blue line).

Each annotated metabolite is represented by a line-plot with normalized peak area on the y-axis and the three different sample groups; Control, 4 and 24 h after

irradiation, on the x-axis. Error bars represent standard error of the mean. *Metabolite level was significantly (p < 0.05) altered as compared to the respective control

group. **Metabolite level was found significantly different (p < 0.05) between the two cell line control groups.

metabolites and metabolic pathways investigated in this study all
require further investigation as to whether they will be able to
pose as targets for prediction of radiation response or to enhance
radiation sensitivity.

DATA AVAILABILITY

The datasets for this study are available on request.

AUTHOR CONTRIBUTIONS

EL, IE, ME, JH, TA, CP, GL, and MN designed the study.
EL, IE, ME, JH, TA, MH, CP, GL, and MN contributed to
data analysis and interpretation, and revised the manuscript.
EL and IE contributed to experimental studies and drafted
the manuscript.

FUNDING

This study was supported by grants from the Swedish
Cancer Society (CAN 2018/494, CAN 2015/1080, and
CAN 2015/385), and the Swedish Research Council (2013-
30876-104113-30). Targeted funding for development

of metabolomics research was obtained from the
disciplinary domain of medicine and pharmacy at Uppsala
University, and ALF-grants were obtained from Uppsala
University Hospital.

ACKNOWLEDGMENTS

The authors would like to acknowledge Sara Häggblad
Sahlberg and Jörgen Carlsson for kind manuscript feedback,
and Christina Atterby, Anja Mortensen, and Tabassom
Mohajer Shojai for help with cell culturing, cell assays,
and harvesting.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fonc.
2019.00825/full#supplementary-material

Supplemental Figure 1 | Levels of cleaved PARP1 in UM-SCC-74A (black bars)

and UM-SCC-74B (gray bars) cells 12 h after 0 or 2Gy irradiation, measured by

ELISA. Error bars represent the standard error of mean N = 3.

Supplemental Table 1 | STR analysis of non-irradiated UM-SCC-74A and

UM-SCC-74B.

Frontiers in Oncology | www.frontiersin.org 13 August 2019 | Volume 9 | Article 825

https://www.frontiersin.org/articles/10.3389/fonc.2019.00825/full#supplementary-material
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Lindell Jonsson et al. Exploring Radio-Response Through Metabolic Profiling

REFERENCES

1. Ferlay J, Shin H-R, Bray F, Forman D, Mathers C, Parkin DM. Estimates of

worldwide burden of cancer in 2008: GLOBOCAN 2008. Int J Cancer. (2010)

127:2893–917. doi: 10.1002/ijc.25516

2. CuradoMP, Boyle P. Epidemiology of head and neck squamous cell carcinoma

not related to tobacco or alcohol. Curr Opin Oncol. (2013) 25:229–34.

doi: 10.1097/CCO.0b013e32835ff48c

3. Siegel RL,Miller KD, Jemal A. Cancer statistics, 2015.CACancer J Clin. (2015)

65:5–29. doi: 10.3322/caac.21254

4. Jemal A, Siegel R,Ward E, Hao Y, Xu J, Murray T, et al. Cancer Statistics, 2008.

CA Cancer J Clin. (2008) 58:71–96. doi: 10.3322/CA.2007.0010

5. Bhide SA, Newbold KL, Harrington KJ, Nutting CM. Clinical evaluation of

intensity-modulated radiotherapy for head and neck cancers. Br J Radiol.

(2012) 85:487–94. doi: 10.1259/bjr/85942136

6. Siegel R, DeSantis C, Virgo K, Stein K, Mariotto A, Smith T, et al. Cancer

treatment and survivorship statistics, 2012. CA Cancer J Clin. (2012) 62:220–

41. doi: 10.3322/caac.21149

7. Blanchard P, Baujat B, Holostenco V, Bourredjem A, Baey C, Bourhis J, et al.

Meta-analysis of chemotherapy in head and neck cancer (MACH-NC): a

comprehensive analysis by tumour site. Radiother Oncol. (2011) 100:33–40.

doi: 10.1016/j.radonc.2011.05.036

8. Kelly C, Paleri V, Downs C, Shah R. Deterioration in quality of life and

depressive symptoms during radiation therapy for head and neck cancer.

Otolaryngol Neck Surg. (2007) 136:108–11. doi: 10.1016/j.otohns.2006.06.1278

9. Orth M, Lauber K, Niyazi M, Friedl AA, Li M, Maihöfer C, et al. Current

concepts in clinical radiation oncology. Radiat Environ Biophys. (2014) 53:1–

29. doi: 10.1007/s00411-013-0497-2

10. Anniko M, Bernal-Sprekelsen M, Bonkowsky V, Bradley PJ, Iurato S.

Otorhinolaryngology, Head and Neck Surgery. Berlin; Heidelberg: Springer

Berlin Heidelberg (2010). doi: 10.1007/978-3-540-68940-9

11. Vander HeidenMG, Cantley LC, Thompson CB. Understanding theWarburg

effect: the metabolic requirements of cell proliferation. Science. (2009)

324:1029–33. doi: 10.1126/science.1160809

12. Valerie K, Yacoub A, Hagan MP, Curiel DT, Fisher PB, Grant S, et al.

Radiation-induced cell signaling: inside-out and outside-in.Mol Cancer Ther.

(2007) 6:789–801. doi: 10.1158/1535-7163.MCT-06-0596

13. Ward JF. The yield of DNA double-strand breaks produced intracellularly

by ionizing radiation: a review. Int J Radiat Biol. (1990) 57:1141–50.

doi: 10.1080/09553009014551251

14. Menon SS, Uppal M, Randhawa S, Cheema MS, Aghdam N, Usala RL, et al.

Radiation metabolomics: current status and future directions. Front Oncol.

(2016) 6:20. doi: 10.3389/fonc.2016.00020

15. Bernier J, Hall EJ, Giaccia A. Radiation oncology: a century of achievements.

Nat Rev Cancer. (2004) 4:737–47. doi: 10.1038/nrc1451

16. Chaiswing L, Weiss HL, Jayswal RD, St. Clair DK, Kyprianou N. Profiles

of radioresistance mechanisms in prostate cancer. Crit Rev Oncog. (2018)

23:39–67. doi: 10.1615/CritRevOncog.2018025946

17. Skvortsova I, Debbage P, Kumar V, Skvortsov S. Radiation resistance: cancer

stem cells (CSCs) and their enigmatic pro-survival signaling. Semin Cancer

Biol. (2015) 35:39–44. doi: 10.1016/j.semcancer.2015.09.009

18. Barker HE, Paget JT, Khan AA, Harrington KJ. The tumour

microenvironment after radiotherapy: mechanisms of resistance and

recurrence. Nat Rev Cancer. (2015) 15:409–25. doi: 10.1038/nrc3958

19. Goldstein M, Kastan MB. The DNA damage response: implications for tumor

responses to radiation and chemotherapy. Annu Rev Med. (2015) 66:129–43.

doi: 10.1146/annurev-med-081313-121208

20. Pastorek J, Pastorekova S. Hypoxia-induced carbonic anhydrase IX as a target

for cancer therapy: from biology to clinical use. Semin Cancer Biol. (2015)

31:52–64. doi: 10.1016/j.semcancer.2014.08.002

21. Chan N, Milosevic M, Bristow RG. Tumor hypoxia, DNA repair and prostate

cancer progression: new targets and new therapies. Future Oncol. (2007)

3:329–41. doi: 10.2217/14796694.3.3.329

22. Shibata A, Jeggo PA. DNA double-strand break repair in a cellular context.

Clin Oncol. (2014) 26:243–9. doi: 10.1016/j.clon.2014.02.004

23. Lavelle C, Foray N. Chromatin structure and radiation-induced DNA damage:

from structural biology to radiobiology. Int J Biochem Cell Biol. (2014)

49:84–97. doi: 10.1016/j.biocel.2014.01.012

24. Skvortsov S, Jimenez CR, Knol JC, Eichberger P, Schiestl B, Debbage

P, et al. Radioresistant head and neck squamous cell carcinoma cells:

intracellular signaling, putative biomarkers for tumor recurrences

and possible therapeutic targets. Radiother Oncol. (2011) 101:177–82.

doi: 10.1016/j.radonc.2011.05.067

25. Skvortsov S, Dudás J, Eichberger P, Witsch-Baumgartner M, Loeffler-Ragg J,

Pritz C, et al. Rac1 as a potential therapeutic target for chemo-radioresistant

head and neck squamous cell carcinomas (HNSCC). Br J Cancer. (2014)

110:2677–87. doi: 10.1038/bjc.2014.221

26. Pawlik TM, Keyomarsi K. Role of cell cycle in mediating

sensitivity to radiotherapy. Int J Radiat Oncol. (2004) 59:928–42.

doi: 10.1016/j.ijrobp.2004.03.005

27. Fiehn O. Metabolomics - The link between genotypes and phenotypes. Plant

Mol Biol. (2002) 48:155–71. doi: 10.1007/978-94-010-0448-0_11

28. Tandle AT, Shankavaram U, Brown MV, Ho J, Graves C, Lita E, et al. Urinary

metabolomic profiling of patients with glioblastoma multiforme. J Proteomics

Bioinform. (2013) S6:003. doi: 10.4172/jpb.S6-003

29. Laiakis EC, Mak TD, Anizan S, Amundson SA, Barker CA, Wolden SL,

et al. Development of a metabolomic radiation signature in urine from

patients undergoing total body irradiation. Radiat Res. (2014) 181:350–61.

doi: 10.1667/RR13567.1

30. Broin P, Vaitheesvaran B, Saha S, Hartil K, Chen EI, Goldman D,

et al. Intestinal microbiota-derived metabolomic blood plasma markers

for prior radiation injury. Int J Radiat Oncol Biol Phys. (2015) 91:360–7.

doi: 10.1016/j.ijrobp.2014.10.023

31. Jelonek K, Pietrowska M, Widlak P. Systemic effects of ionizing radiation

at the proteome and metabolome levels in the blood of cancer patients

treated with radiotherapy: the influence of inflammation and radiation

toxicity. Int J Radiat Biol. (2017) 93:683–96. doi: 10.1080/09553002.2017.13

04590

32. Pannkuk EL, Laiakis EC, Authier S,Wong K, Fornace AJ. Global metabolomic

identification of long-term dose-dependent urinary biomarkers in nonhuman

primates exposed to ionizing radiation. Radiat Res. (2015) 184:121–33.

doi: 10.1667/RR14091.1

33. Johnson CH, Patterson AD, Krausz KW, Kalinich JF, Tyburski JB, Kang

DW, et al. Radiation metabolomics. 5. Identification of urinary biomarkers

of ionizing radiation exposure in nonhuman primates by mass spectrometry-

based metabolomics. Radiat Res. (2012) 178:328–40. doi: 10.1667/RR2950.1

34. Reisz JA, Bansal N, Qian J, Zhao W, Furdui CM. Effects of ionizing

radiation on biological molecules—mechanisms of damage and emerging

methods of detection. Antioxid Redox Signal. (2014) 21:260–92.

doi: 10.1089/ars.2013.5489

35. Laiakis EC, Pannkuk EL, Chauthe SK, Wang YW, Lian M, Mak

TD, et al. A serum small molecule biosignature of radiation exposure

from total body irradiated patients. J Proteome Res. (2017) 16:3805–15.

doi: 10.1021/acs.jproteome.7b00468

36. Golla S, Golla JP, Krausz KW, Manna SK, Simillion C, Beyoglu D, et al.

Metabolomic analysis of mice exposed to gamma radiation reveals a

systemic understanding of total-body exposure. Radiat Res. (2017) 187:612–

29. doi: 10.1667/RR14592.1

37. Xiao X, Hu M, Zhang X, Hu JZ. NMR-based metabolomics analysis of

liver from C57BL/6 mouse exposed to ionizing radiation. Radiat Res. (2017)

188:44–55. doi: 10.1667/RR14602.1

38. Laiakis EC, Pannkuk EL, Diaz-Rubio ME, Wang YW, Mak TD, Simbulan-

Rosenthal CM, et al. Implications of genotypic differences in the generation

of a urinary metabolomics radiation signature. Mutat Res. (2016) 788:41–9.

doi: 10.1016/j.mrfmmm.2016.03.003

39. Goudarzi M, Mak TD, Chen C, Smilenov LB, Brenner DJ, Fornace AJ. The

effect of low dose rate on metabolomic response to radiation in mice. Radiat

Environ Biophys. (2014) 53:645–57. doi: 10.1007/s00411-014-0558-1

40. Patterson AD, Li H, Eichler GS, Krausz KW, Weinstein JN, Fornace AJ,

et al. UPLC-ESI-TOFMS-based metabolomics and gene expression dynamics

inspector self-organizing metabolomic maps as tools for understanding

the cellular response to ionizing radiation. Anal Chem. (2008) 80:665–74.

doi: 10.1021/ac701807v

41. Wu L, Hu Z, Huang Y, Yu Y, Liang W, Zheng Q, et al. Radiation changes the

metabolic profiling of melanoma cell line B16. PLoS ONE. (2016) 11:e0162917.

doi: 10.1371/journal.pone.0162917

Frontiers in Oncology | www.frontiersin.org 14 August 2019 | Volume 9 | Article 825

https://doi.org/10.1002/ijc.25516
https://doi.org/10.1097/CCO.0b013e32835ff48c
https://doi.org/10.3322/caac.21254
https://doi.org/10.3322/CA.2007.0010
https://doi.org/10.1259/bjr/85942136
https://doi.org/10.3322/caac.21149
https://doi.org/10.1016/j.radonc.2011.05.036
https://doi.org/10.1016/j.otohns.2006.06.1278
https://doi.org/10.1007/s00411-013-0497-2
https://doi.org/10.1007/978-3-540-68940-9
https://doi.org/10.1126/science.1160809
https://doi.org/10.1158/1535-7163.MCT-06-0596
https://doi.org/10.1080/09553009014551251
https://doi.org/10.3389/fonc.2016.00020
https://doi.org/10.1038/nrc1451
https://doi.org/10.1615/CritRevOncog.2018025946
https://doi.org/10.1016/j.semcancer.2015.09.009
https://doi.org/10.1038/nrc3958
https://doi.org/10.1146/annurev-med-081313-121208
https://doi.org/10.1016/j.semcancer.2014.08.002
https://doi.org/10.2217/14796694.3.3.329
https://doi.org/10.1016/j.clon.2014.02.004
https://doi.org/10.1016/j.biocel.2014.01.012
https://doi.org/10.1016/j.radonc.2011.05.067
https://doi.org/10.1038/bjc.2014.221
https://doi.org/10.1016/j.ijrobp.2004.03.005
https://doi.org/10.1007/978-94-010-0448-0_11
https://doi.org/10.4172/jpb.S6-003
https://doi.org/10.1667/RR13567.1
https://doi.org/10.1016/j.ijrobp.2014.10.023
https://doi.org/10.1080/09553002.2017.1304590
https://doi.org/10.1667/RR14091.1
https://doi.org/10.1667/RR2950.1
https://doi.org/10.1089/ars.2013.5489
https://doi.org/10.1021/acs.jproteome.7b00468
https://doi.org/10.1667/RR14592.1
https://doi.org/10.1667/RR14602.1
https://doi.org/10.1016/j.mrfmmm.2016.03.003
https://doi.org/10.1007/s00411-014-0558-1
https://doi.org/10.1021/ac701807v
https://doi.org/10.1371/journal.pone.0162917
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Lindell Jonsson et al. Exploring Radio-Response Through Metabolic Profiling

42. Haritwal T, Maan K, Rana P, Parvez S, Singh AK, Khushu S, et al.

Trichostatin A, an epigenetic modifier, mitigates radiation-induced

androphysiological anomalies and metabolite changes in mice as evident

from NMR-based metabolomics. Int J Radiat Biol. (2019) 95:443–51.

doi: 10.1080/09553002.2018.1524989

43. Kwon YK, Ha IJ, Bae HW, Jang WG, Yun HJ, Kim SR, et al. Dose-dependent

metabolic alterations in human cells exposed to gamma irradiation. PLoS

ONE. (2014) 9:e113573. doi: 10.1371/journal.pone.0113573

44. Jose C, Bellance N, Rossignol R. Choosing between glycolysis and oxidative

phosphorylation: a tumor’s dilemma? Biochim Biophys Acta Bioenerg. (2011)

1807:552–61. doi: 10.1016/j.bbabio.2010.10.012

45. Sauve AA. NAD+ and vitamin B3: frommetabolism to therapies. J Pharmacol

Exp Ther. (2007) 324:883–93. doi: 10.1124/jpet.107.120758

46. Hassa PO, Haenni SS, Elser M, Hottiger MO. Nuclear ADP-ribosylation

reactions in mammalian cells: where are we today and where are we going?

Microbiol Mol Biol Rev. (2006) 70:789–829. doi: 10.1128/MMBR.00040-05

47. Brenner JC, Graham MP, Kumar B, Saunders LM, Kupfer R, Lyons RH, et al.

Genotyping of 73 UM-SCC head and neck squamous cell carcinoma cell lines.

Head Neck. (2010) 32:417–26. doi: 10.1002/hed.21198

48. Franken NA, Rodermond HM, Stap J, Haveman J, van Bree C.

Clonogenic assay of cells in vitro. Nat Protoc. (2006) 1:2315–9.

doi: 10.1038/nprot.2006.339

49. Nestor M, Persson M, van Dongen GA, Jensen HJ, Lundqvist H, Anniko

M, et al. In vitro evaluation of the astatinated chimeric monoclonal

antibody U36, a potential candidate for treatment of head and neck

squamous cell carcinoma. Eur J Nucl Med Mol Imaging. (2005) 32:1296–304.

doi: 10.1007/s00259-005-1848-2

50. Engskog M, Björklund M, Haglöf J, Arvidsson T, Shoshan M, Pettersson

C. Metabolic profiling of epithelial ovarian cancer cell lines: evaluation

of harvesting protocols for profiling using NMR spectroscopy. Bioanalysis.

(2015) 7:157–66. doi: 10.4155/bio.14.235

51. León Z, García-Cañaveras JC, Donato MT, Lahoz A. Mammalian cell

metabolomics: experimental design and sample preparation. Electrophoresis.

(2013) 34:2762–75. doi: 10.1002/elps.201200605

52. Viant MR. Revealing the metabolome of animal tissues using 1H nuclear

magnetic resonance spectroscopy. Methods Mol Biol. (2007) 358:229–46.

doi: 10.1385/1-59745-244-0:229

53. Teng Q, Huang W, Collette TW, Ekman DR, Tan C. A direct cell quenching

method for cell-culture basedmetabolomics.Metabolomics. (2009) 5:199–208.

doi: 10.1007/s11306-008-0137-z

54. Engskog MKR, Haglöf J, Arvidsson T, Pettersson C. LC–MS based global

metabolite profiling: the necessity of high data quality. Metabolomics. (2016)

12:114. doi: 10.1007/s11306-016-1058-x

55. Smith CA, Want EJ, O’Maille G, Abagyan R, Siuzdak G. XCMS: processing

mass spectrometry data for metabolite profiling using nonlinear peak

alignment, matching, and identification. Anal Chem. (2006) 78:779–87.

doi: 10.1021/ac051437y

56. Kuhl C, Tautenhahn R, Böttcher C, Larson TR, Neumann S. CAMERA: an

integrated strategy for compound spectra extraction and annotation of liquid

chromatography/mass spectrometry data sets. Anal Chem. (2012) 84:283–9.

doi: 10.1021/ac202450g

57. Kamleh MA, Ebbels TM, Spagou K, Masson P, Want EJ. Optimising the

use of quality control samples for signal drift correction in long urine

metabolic profiling studies. Anal Chem. (2012) 84:2670–7. doi: 10.1021/ac2

02733q

58. Want EJ, Wilson ID, Gika H, Theodoridis G, Plumb RS, Shockcor J, et al.

Global metabolic profiling procedures for urine using UPLC-MS. Nat Protoc.

(2010) 5:1005–18. doi: 10.1038/nprot.2010.50

59. Dunn WB, Broadhurst D, Begley P, Zelena E, Francis-Mcintyre S, Anderson

N, et al. Procedures for large-scale metabolic profiling of serum and

plasma using gas chromatography and liquid chromatography coupled to

mass spectrometry. Nat Protoc. (2011) 6:1060–83. doi: 10.1038/nprot.20

11.335

60. Bylesjö M, Rantalainen M, Cloarec O, Nicholson JK, Holmes E, Trygg J.

OPLS discriminant analysis: combining the strengths of PLS-DA and SIMCA

classification. J Chemom. (2006) 20:341–51. doi: 10.1002/cem.1006

61. Trygg J, Holmes E, Lundstedt T. Chemometrics in metabonomics. J Proteome

Res. (2007) 6:469–79. doi: 10.1021/pr060594q

62. Creek DJ, Dunn WB, Fiehn O, Griffin JL, Hall RD, Lei Z, et al. Metabolite

identification: are you sure? And how do your peers gauge your confidence?

Metabolomics. (2014) 10:350–3. doi: 10.1007/s11306-014-0656-8

63. Hirschhaeuser F, Menne H, Dittfeld C, West J, Mueller-Klieser

W, Kunz-Schughart LA. Multicellular tumor spheroids: an

underestimated tool is catching up again. J Biotechnol. (2010) 148:3–15.

doi: 10.1016/j.jbiotec.2010.01.012

64. Deeken JF, Newkirk K, Harter KW, Marshall MB, Banovac F, Johnson L,

et al. Effect of multimodality treatment on overall survival for patients

with metastatic or recurrent HPV-positive head and neck squamous cell

carcinoma. Head Neck. (2015) 37:630–5. doi: 10.1002/hed.23644

65. Baroni F, Marraccini C, Merolle L, Piccagli V, Lambertini D, Iori

M, et al. Red blood cells metabolome changes upon treatment with

different X-ray irradiation doses. Ann Hematol. (2018) 97:1909–17.

doi: 10.1007/s00277-018-3386-6

66. Varghese RS, Cheema A, Cheema P, Bourbeau M, Tuli L, Zhou B, et al.

Analysis of LC-MS data for characterizing the metabolic changes in response

to radiation. J Proteome Res. (2010) 9:2786–93. doi: 10.1021/pr100185b

67. Sappington DR, Siegel ER, Hiatt G, Desai A, Penney RB, Jamshidi-Parsian

A, et al. Glutamine drives glutathione synthesis and contributes to radiation

sensitivity of A549 and H460 lung cancer cell lines. Biochim Biophys Acta.

(2016) 1860:836–43. doi: 10.1016/j.bbagen.2016.01.021

68. Wang M, Keogh A, Treves S, Idle JR, Beyoglu D. The metabolomic

profile of gamma-irradiated human hepatoma and muscle cells reveals

metabolic changes consistent with the Warburg effect. PeerJ. (2016) 4:e1624.

doi: 10.7717/peerj.1624

69. Brown JM, Attardi LD. The role of apoptosis in cancer development and

treatment response. Nat Rev Cancer. (2005) 5:231–7. doi: 10.1038/nrc1560

70. Kondo M, Yamaoka T, Honda S, Miwa Y, Katashima R, Moritani M,

et al. The rate of cell growth is regulated by purine biosynthesis via ATP

production and G1to S phase transition. J Biochem. (2000) 128:57–64.

doi: 10.1093/oxfordjournals.jbchem.a022730

71. Azzam EI, de Toledo SM, Little JB. Oxidative metabolism, gap junctions and

the ionizing radiation-induced bystander effect. Oncogene. (2003) 22:7050–7.

doi: 10.1038/sj.onc.1206961

72. Lyng FM, Maguire P, McClean B, Seymour C, Mothersill C. The involvement

of calcium and MAP kinase signaling pathways in the production

of radiation-induced bystander effects. Radiat Res. (2006) 165:400–9.

doi: 10.1667/RR3527.1

73. Sarrouilhe D, Clarhaut J, Defamie N, Mesnil M. Serotonin

and cancer: what is the link? Curr Mol Med. (2015) 15:62–77.

doi: 10.2174/1566524015666150114113411

74. Fouquerel E, Sobol RW. ARTD1 (PARP1) activation and NAD+

in DNA repair and cell death. DNA Repair. (2014) 23:27–32.

doi: 10.1016/j.dnarep.2014.09.004

75. Sharif T, Martell E, Dai C, Ghassemi-Rad MS, Kennedy BE, Lee PWK, et al.

Regulation of cancer and cancer-related genes via NAD +. Antioxid Redox

Signal. (2018) 30:906–23. doi: 10.1089/ars.2017.7478

76. Surjana D, Halliday GM, Damian DL. Role of nicotinamide in DNA

damage, mutagenesis, and DNA repair. J Nucleic Acids. (2010) 2010:157591.

doi: 10.4061/2010/157591

77. Virág L, Szabó C. The therapeutic potential of poly (ADP-Ribose). Pharmacol

Rev. (2002) 54:375–429. doi: 10.1124/pr.54.3.375

78. Chalmers A, Johnston P,WoodcockM, JoinerM,Marples B. PARP-1, PARP-2,

and the cellular response to low doses of ionizing radiation. Int J Radiat Oncol

Biol Phys. (2004) 58:410–9. doi: 10.1016/j.ijrobp.2003.09.053

79. Guillot C, Favaudon V, Herceg Z, Sagne C, Sauvaigo S, Merle P, et al. PARP

inhibition and the radiosensitizing effects of the PARP inhibitor ABT-888

in in vitro hepatocellular carcinoma models. BMC Cancer. (2014) 14:603.

doi: 10.1186/1471-2407-14-603

80. Godon C, Cordelières FP, Biard D, Giocanti N, Mégnin-Chanet F, Hall J,

et al. PARP inhibition versus PARP-1 silencing: different outcomes in terms

of single-strand break repair and radiation susceptibility. Nucleic Acids Res.

(2008) 36:4454–64. doi: 10.1093/nar/gkn403

81. Van Vuurden DG, Hulleman E, Meijer OLM, Wedekind LE, Kool

M, Witt H, et al. PARP inhibition sensitizes childhood high grade

medulloblastoma and ependymoma to radiation.Oncotarget. (2011) 2:984–96.

doi: 10.18632/oncotarget.362

Frontiers in Oncology | www.frontiersin.org 15 August 2019 | Volume 9 | Article 825

https://doi.org/10.1080/09553002.2018.1524989
https://doi.org/10.1371/journal.pone.0113573
https://doi.org/10.1016/j.bbabio.2010.10.012
https://doi.org/10.1124/jpet.107.120758
https://doi.org/10.1128/MMBR.00040-05
https://doi.org/10.1002/hed.21198
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1007/s00259-005-1848-2
https://doi.org/10.4155/bio.14.235
https://doi.org/10.1002/elps.201200605
https://doi.org/10.1385/1-59745-244-0:229
https://doi.org/10.1007/s11306-008-0137-z
https://doi.org/10.1007/s11306-016-1058-x
https://doi.org/10.1021/ac051437y
https://doi.org/10.1021/ac202450g
https://doi.org/10.1021/ac202733q
https://doi.org/10.1038/nprot.2010.50
https://doi.org/10.1038/nprot.2011.335
https://doi.org/10.1002/cem.1006
https://doi.org/10.1021/pr060594q
https://doi.org/10.1007/s11306-014-0656-8
https://doi.org/10.1016/j.jbiotec.2010.01.012
https://doi.org/10.1002/hed.23644
https://doi.org/10.1007/s00277-018-3386-6
https://doi.org/10.1021/pr100185b
https://doi.org/10.1016/j.bbagen.2016.01.021
https://doi.org/10.7717/peerj.1624
https://doi.org/10.1038/nrc1560
https://doi.org/10.1093/oxfordjournals.jbchem.a022730
https://doi.org/10.1038/sj.onc.1206961
https://doi.org/10.1667/RR3527.1
https://doi.org/10.2174/1566524015666150114113411
https://doi.org/10.1016/j.dnarep.2014.09.004
https://doi.org/10.1089/ars.2017.7478
https://doi.org/10.4061/2010/157591
https://doi.org/10.1124/pr.54.3.375
https://doi.org/10.1016/j.ijrobp.2003.09.053
https://doi.org/10.1186/1471-2407-14-603
https://doi.org/10.1093/nar/gkn403
https://doi.org/10.18632/oncotarget.362
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Lindell Jonsson et al. Exploring Radio-Response Through Metabolic Profiling

82. Noël G, Godon C, Fernet M, Giocanti N, Mégnin-Chanet F, Favaudon

V. Radiosensitization by the poly(ADP-ribose) polymerase inhibitor 4-

amino-1,8-naphthalimide is specific of the S phase of the cell cycle and

involves arrest of DNA synthesis. Mol Cancer Ther. (2006) 5:564–74.

doi: 10.1158/1535-7163.MCT-05-0418

83. Wurster S, Hennes F, Parplys AC, Seelbach JI, Mansour WY, Zielinski A,

et al. PARP1 inhibition radiosensitizes HNSCC cells deficient in homologous

recombination by disabling the DNA replication fork elongation response.

Oncotarget. (2016) 7:9732–41. doi: 10.18632/oncotarget.6947

84. Owonikoko TK, Zhang G, Deng X, Rossi MR, Switchenko JM, Doho GH,

et al. Poly (ADP) ribose polymerase enzyme inhibitor, veliparib, potentiates

chemotherapy and radiation in vitro and in vivo in small cell lung cancer.

Cancer Med. (2014) 3:1579–94. doi: 10.1002/cam4.317

85. Karam SD, Reddy K, Blatchford PJ, Waxweiler T, DeLouize AM, Oweida A,

et al. Final report of a phase I trial of olaparib with cetuximab and radiation

for heavy smoker patients with locally advanced head and neck cancer. Clin

Cancer Res. (2018) 24:4949–59. doi: 10.1158/1078-0432.CCR-18-0467

86. Gudkov SV, Shtarkman IN, Smirnova VS, Chernikov AV, Bruskov

VI. Guanosine and inosine display antioxidant activity, protect DNA

in vitro from oxidative damage induced by reactive oxygen species,

and serve as radioprotectors in mice. Radiat Res. (2006) 165:538–45.

doi: 10.1667/RR3552.1

87. Lu SC. S-Adenosylmethionine. Int J Biochem Cell Biol. (2000) 32:391–5.

doi: 10.1016/S1357-2725(99)00139-9

88. Maddocks ODK, Labuschagne CF, Adams PD, Vousden KH, Serine

metabolism supports the methionine cycle and DNA/RNA methylation

through de novo ATP synthesis in cancer cells. Mol Cell. (2016) 61:210–21.

doi: 10.1016/j.molcel.2015.12.014

89. Detich N, Hamm S, Just G, Knox JD, Szyf M. The methyl donor S -

Adenosylmethionine inhibits active demethylation of DNA. J Biol Chem.

(2003) 278:20812–20. doi: 10.1074/jbc.M211813200

90. Miousse IR, Kutanzi KR, Koturbash I. Effects of ionizing radiation on DNA

methylation: from experimental biology to clinical applications. Int J Radiat

Biol. (2017) 93:457–69. doi: 10.1080/09553002.2017.1287454

91. Koturbash I, Miousse IR, Sridharan V, Nzabarushimana E, Skinner CM,

Melnyk SB, et al. Radiation-induced changes in DNA methylation of

repetitive elements in the mouse heart. Mutat Res. (2016) 787:43–53.

doi: 10.1016/j.mrfmmm.2016.02.009

92. Kim EH, Park AK, Dong SM, Ahn JH, Park WY. Global analysis of CpG

methylation reveals epigenetic control of the radiosensitivity in lung cancer

cell lines. Oncogene. (2010) 29:4725–31. doi: 10.1038/onc.2010.223

93. Huang KH, Huang SF, Chen IH, Liao CT, Wang HM, Hsieh LL. Methylation

of RASSF1A, RASSF2A, and HIN-1 is associated with poor outcome after

radiotherapy, but not surgery, in oral squamous cell carcinoma. Clin Cancer

Res. (2009) 15:4174–80. doi: 10.1158/1078-0432.CCR-08-2929

94. Batra V, Mishra KP. Modulation of DNA methyltransferase profile by methyl

donor starvation followed by gamma irradiation. Mol Cell Biochem. (2007)

294:181–7. doi: 10.1007/s11010-006-9258-8

95. Batra V, Kesavan V, Mishra KP. Modulation of enzymes involved in folate

dependent one-carbon metabolism by gamma-radiation stress in mice. J

Radiat Res. (2004) 45:527–33. doi: 10.1269/jrr.45.527

96. Batra V, Verma P. Dietary l-methionine supplementation mitigates gamma-

radiation induced global DNA hypomethylation: enhanced metabolic

flux towards S-adenosyl-l-methionine (SAM) biosynthesis increases

genomic methylation potential. Food Chem Toxicol. (2014) 69:46–54.

doi: 10.1016/j.fct.2014.03.040

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Lindell Jonsson, Erngren, Engskog, Haglöf, Arvidsson, Hedeland,

Petterson, Laurell and Nestor. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 16 August 2019 | Volume 9 | Article 825

https://doi.org/10.1158/1535-7163.MCT-05-0418
https://doi.org/10.18632/oncotarget.6947
https://doi.org/10.1002/cam4.317
https://doi.org/10.1158/1078-0432.CCR-18-0467
https://doi.org/10.1667/RR3552.1
https://doi.org/10.1016/S1357-2725(99)00139-9
https://doi.org/10.1016/j.molcel.2015.12.014
https://doi.org/10.1074/jbc.M211813200
https://doi.org/10.1080/09553002.2017.1287454
https://doi.org/10.1016/j.mrfmmm.2016.02.009
https://doi.org/10.1038/onc.2010.223
https://doi.org/10.1158/1078-0432.CCR-08-2929
https://doi.org/10.1007/s11010-006-9258-8
https://doi.org/10.1269/jrr.45.527
https://doi.org/10.1016/j.fct.2014.03.040
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Exploring Radiation Response in Two Head and Neck Squamous Carcinoma Cell Lines Through Metabolic Profiling
	Introduction
	Materials and Methods
	Cell Lines
	Genotyping
	Clonogenic Survival
	Radiation Induced Long-Term Growth Inhibition
	Radiation Response in 3D Cell Culture
	Measurement of Cleaved Poly ADP Ribose Polymerase (PARP)
	Irradiation of Cells for Metabolic Profiling
	Metabolite Extraction
	Metabolite Profiling With LC-MS
	Chemicals
	Data Processing
	Multivariate and Univariate Data Analysis

	Results
	Genotyping
	Clonogenic Survival, Cell Growth, and Apoptosis Assays
	Metabolic Profiling Data Quality Control
	Metabolic Profiling

	Discussion
	UM-SCC-74B Cells Were More Radioresistant Than UM-SCC-74A Cells
	Unirradiated Cells Differed in Nicotinamide and Nicotinic Acid Metabolism and Purine Metabolism Pathways
	Altered Tryptophan and Serotonin Metabolism in Irradiated UM-SCC-74A Cells
	Decreased Levels of NAD+ and Increased NAD+ Turnover Suggest Initiated DNA Repair Mechanisms in Irradiated UM-SCC-74B Cells
	Increased Levels of Guanosine and Adenosine Indicate a Functioning Purine Salvage Pathway and More Efficient ROS Protection in Irradiated UM-SCC-74B Cells
	Increased Levels of SAM Indicate Alterations in the DNA Methylation in Irradiated UM-SCC-74B Cells

	Conclusion
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


