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SUMMARY

Cancer bioenergetics fuel processes necessary to maintain viability and growth
under stress conditions. We hypothesized that cancer metabolism supports the
repair of radiation-induced DNA double-stranded breaks (DSBs). We combined
the systematic collection of metabolic and radiobiological data from a panel of
irradiated cancer cell lines with mathematical modeling and identified a common
metabolic response with impact on the DSB repair kinetics, including a mitochon-
drial shutdown followed by compensatory glycolysis and resumption of mito-
chondrial function. Combining ionizing radiation (IR) with inhibitors of the
compensatory glycolysis or mitochondrial respiratory chain slowed mitochon-
drial recovery and DNA repair kinetics, offering an opportunity for therapeutic
intervention. Mathematical modeling allowed us to generate new hypotheses
on general and individual mechanisms of the radiation response with relevance
to DNA repair and on metabolic vulnerabilities induced by cancer radiotherapy.
These discoveries will guide future mechanistic studies for the discovery of meta-
bolic targets for overcoming intrinsic or therapy-induced radioresistance.

INTRODUCTION

Altered cellular metabolism is an important feature of nearly all types of cancer and represents the key
driving force for cancer growth and malignant progression (DeBerardinis and Chandel, 2016; Faubert
et al., 2020; Hanahan and Weinberg, 2011). To date, several metabolic bottlenecks in a variety of tumors
have been discovered. Glutamine and aspartate addiction are prominent examples of acquired tumor de-
pendencies on metabolism for growth, metastasis, and therapy resistance (Alkan et al., 2018; Christen
etal., 2016; Krall et al., 2016; Matschke et al., 2016; Son et al., 2013). Furthermore, mitochondrial oxidative
phosphorylation (mitochondrial respiration) and its extended function toward production of non-essential
amino acids, like aspartate; nucleotide synthesis; and balancing the intracellular reduction equivalents/
redox homeostasis are considered to be of major importance for cancer cell survival, invasion, and metas-
tasis (Chandel, 2015; Elia et al., 2018; Faubert et al., 2020; Lozoya et al., 2018). The ability of cancer cells to
adapt their metabolism to cope with stress conditions in the surrounding environment, the extent of their
flexibility to use different fuels, as well as the metabolic heterogeneity of cells within a tumor are considered
to be major determinants of resistance to anticancer treatment (Morandi and Indraccolo, 2017). Conse-
quently, targeting these determinants is a promising approach to hit such tumor addiction nodes. Major
challenges of using metabolic inhibitors in the field of cancer therapy remain the pronounced metabolic
plasticity of cancer cells and the large molecular heterogeneity within and between different tumors, high-
lighting the urgent need for developing reliable biomarkers for precise patient stratification (Boudreau
et al., 2016; Shackelford et al., 2013; Yuneva et al., 2012). In the field of precision cancer medicine, tumor
metabolism offers a wide spectrum of modern omics methods—metabolomics, transcriptomics, and other
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Figure 1. Diverse cancer cell lines differ in basal metabolic activity, mutational burden, and endogenous level of DNA double-stranded breaks
(A) Table summarizing origin, type, and mutational status of Ras and p53 of the screened cancer cell lines.

(B) Mutational burden of screened cancer cell lines depicted as a percentage of mutated genes of total number of genes analyzed.
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Figure 1. Continued

(C) Metabolic activity in a panel of nine different cancer cell lines expressed as mitochondrial oxygen consumption rate related to oxidative phosphorylation.
Mean values + SEM are plotted.

(D-F) Effect of the respective cancer cell line on logarithmic basal respiration (D), mitochondrial ATP production (E), and maximal respiration (F) relative to
corresponding average over all tested cell lines. Blue circles are median effects; bold and thin lines mark 50% and 95% of highest probability density
("credible intervals”), respectively. Numbers on the left are probabilities P- of negative effects, i.e., probabilities of log values being lower than the average
of all cell lines (average marked by thin vertical lines). Each value characterizes oxygen consumption rate (OCR) obtained from n = 8-16 wells for each cell line,
combined from N = 2 independent experiments and was normalized to cell number at the end of the assay (pmol/min/RFU).

(G) Glycolysis stress test performed to determine parameters of glycolysis (Figure S1F), glycolytic capacity (H), and non-glycolytic acidification (Figure STH) in
a panel of nine different cancer cell lines. Mean values + SEM are plotted.

(H) Effect of cell line on logarithmic glycolytic capacity with respect to average glycolytic capacity of all tested cell lines.

(1) Basal DNA damage levels indicated as the number of all measured yH2A X foci in non-irradiated cells without excluding damaged or stressed cell nuclei.
Violins show distributions of all measured foci numbers per cell without excluding damaged or stressed cell nuclei from at least 50 nuclei per experiment, of
N = 3 independent biological replicates. Horizontal bars mark medians. See also Figure S1.

cycling severe hypoxia-reoxygenation stress rendered hypoxia-reoxygenation-tolerant cancer cells more
resistant to the cytotoxicity of ionizing radiation (IR) and also created metabolic vulnerabilities for a tar-
geted radiosensitization and for overcoming acquired radioresistance (Hlouschek et al., 2018a, 2018b;
Matschke et al., 2016; Rouschop et al., 2013). We therefore hypothesized that unraveling adaptive meta-
bolic changes of cancer cells exposed to chemotherapy and/or radiotherapy will help to identify further
novel and specific targets for combination therapy and to overcome therapy resistance caused by meta-
bolic adaptation.

DNA repair demands high energy inputs, which potentially links cancer cell metabolism and resistance to
irradiation (Gotting et al., 2020; Rashmi et al., 2018; Tang et al., 2018; Turgeon et al., 2018). The genetic and
metabolic capacity of cells to repair radiation-induced lethal DNA lesions with high efficiency is considered
as one critical determinant of radiation resistance (Mladenov et al., 2013; Roos et al., 2015). However, little is
known about differences in the response of cancer cells with distinct genetic backgrounds and specific
metabolic phenotypes on the early cellular response to IR. This prompted us, first, to use extracellular
flux analyses to systematically screen a panel of nine cancer cell lines of different origins, distinct genetic
backgrounds, and mutational loads for their acute metabolic response to IR, and second, to correlate their
ability to recover from IR-induced cell stress to the kinetics of DNA repair (Pouliliou and Koukourakis, 2014).
Despite significant dissimilarities of the screened cancer cell lines in genetic background and basal meta-
bolic state, we observed a common early, transient downregulation of glycolysis and a surprising mitochon-
drial inactivation shortly after exposure to IR, which we termed a “mitochondrial shutdown.” This shutdown
was followed by a fast recovery of glycolytic capacity and by a slow, uniform, and gradual reconstitution of
mitochondrial respiration, irrespective of genetic background and mutational load. However, the genetic
background appeared to be an important factor for the kinetics and efficiency in the repair of IR-induced
DNA damage, for the use of glycolytic pathways to maintain metabolic homeostasis, and thus potentially
for the metabolic abilities of the cells to fuel DNA repair. We conclude that IR by its general physical
oxidizing effects blocks mitochondrial respiration independent of genetic background, thereby offering
a window for therapeutic intervention. Normal cells also underwent mitochondrial shutdown in response
to IR but recovered faster from initial functional inactivation, highlighting critical differences between phys-
iological and altered cancer metabolism.

Thus, combining IR with inhibitors of mitochondrial respiration or compensatory glycolysis may be well
suited to specifically increase cytotoxic effects of IR in cancer cells and thereby potentially enhance the ef-
ficacy of cancer radiotherapy.

RESULTS

Cancer cell lines are characterized by high heterogeneity in metabolic activity and phenotype
First, we analyzed metabolic parameters and energy expenditures of nine well-characterized cancer cell
lines with diverse origins and with different genetic backgrounds (A549, HepG2, NCI-H460, HCT-116,
PC-3, U-87 MG, MDA-MB-231, T98G, DU-145; see Figures 1A and 1B) under standard culture conditions,
without IR treatment. For this purpose, two parameters of cellular energetics were measured in real
time: oxygen consumption rate (OCR, associated with mitochondrial respiration and oxidative phosphor-
ylation) and extracellular acidification rate (ECAR, related to glycolytic activity of cells). Further specific
metabolic parameters, such as mitochondrial ATP production, were also assessed with inhibitor-induced
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Figure 2. Exposure to ionizing radiation (IR) acutely lowers metabolic activity of cancer cells

(A) Energy map of the cancer cell line panel indicating levels of basal mitochondrial respiration (OCR, vertical axis) and extracellular acidification rate (ECAR),
associated with glycolytic activity (horizontal axis) before and 1 h after exposure to IR with a dose of 3 Gy. Arrows indicate the change in measured OCR and
ECAR parameters at 1 h after IR compared to non-irradiated control for each cancer cell line.

(B and C) Log2-values of changes in basal respiration (B) and glycolytic capacity (C) induced by IR with a dose of 3 Gy or basal respiration compared with non-
irradiated controls at 1, 6, and 24 h after IR. Mean values of n = 12-16 wells per cell line from N = 2 independent experiments are indicated. All metabolic
parameters were normalized to Hoechst intensity (relative fluorescence units, RFU) in each well. OCR, oxygen consumption rate; ECAR, extracellular
acidification rate; FC, fold change; p values calculated using two-way ANOVA with Tukey’s multiple comparisons post hoc test.

(D) Foci number per area upon 3 Gy of all cell lines between 0 and 24 h divided in Ras- or p53-mutated. Data represent the counted raw values used for
normalization in Figures S3D and S3E. Yellow, cell lines with Ras mutation; gray, intermixed mutation; and blue, p53 mutations.

(E) Heatmap of hierarchically clustered distances (d;j) of YH2A. X foci removal over all time points showing distance d;; of DSB time course vectors of cell lines i
and j. Groups are marked as follows: yellow, Ras mutation, p53*'"; gray, intermixed mutation; blue, p53 mutation, Ras" (see Figure S4 for posterior
predictive check demonstrating the validity of the statistical model used in (E) and for expected number of yH2A X foci at indicated time points in all
cell lines).

(F) Residual DNA damage represented as % of YH2A.X foci number at the 24 h time point normalized to 30 min time point. Mean values + SEM (N = 3) are
plotted. p values calculated using two-way ANOVA with Tukey’s multiple comparisons post hoc test.

(G and H) Log2-values of changes to measured basal respiration induced by IR with a dose of 3 Gy compared with non-irradiated controls 1, 6, and 24 h after
treatment indicated ((G) HCT-116 p53"" versus HCT-116 p53~~; (H) NCI-H838 KRAS™T versus NCI-H838 KRASC'?P); mean values of n = 12-16 wells per cell
line from N = 2 independent experiments are indicated + SEM (p values calculated using two-way ANOVA with Sidak’s multiple comparisons post hoc test).
See also Figures S2-S5 and S8.

changes. As expected, cancer cell lines displayed a range of mitochondrial functionality (Figure 1C).
Remarkably, the credible intervals for basal mitochondrial respiration (Figures 1D and S1) and ATP produc-
tion (Figures 1E and S1) of breast cancer MDA-MB-231 and glioblastoma U-87 MG cell lines had tendencies
toward higher values, consistent with their elevated basal mitochondrial respiration (Figure 1C). Mitochon-
drial uncoupling by carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) forced the respiratory
chain to operate at its maximal rate, i.e., at maximal oxygen consumption. Consequently, the credible in-
tervals for maximal respiration rates of the most metabolically active cell lines, MDA-MB-231 and U-87 MG,
again had tendencies toward higher values (Figures 1F and S1). ECAR values, representing the use of the
glycolytic pathway, also varied between cell lines, although to a lesser extent than the mitochondrial meta-
bolism (Figures 1G, 1H, and S1). To further elucidate glucose metabolism, we performed a glycolysis stress
test and thereby revealed distinct capabilities of cells to acutely use glucose when mitochondrial respira-
tion is blocked (Figures 1H, S1F, and STH). Finally, analysis of basal DNA damage demonstrated by YH2A.X
foci largely overlapped across tested cell lines (Figure 11). However, higher metabolic activity was not
directly associated with the level of mutational burden of the screened cells obtained from the COSMIC
Cell Line Project (cancer.sanger.ac.uk) (Figures 1A and 1B) (Sondka et al., 2018).

lonizing radiation acutely lowers mitochondrial metabolic activity of cancer cells

We next examined the acute effects of IR on cell metabolism at a single dose of 3 Gy. Remarkably, we
observed a general reduction of mitochondrial respiration and ECAR in all cell lines. However, the most
pronounced effect was noticed 1 h after exposure to IR (Figure 2A). In addition, mitochondrial respiration,
ATP production, and forced maximal respiration after mitochondrial uncoupling were strongly decreased
1 h after IR, resulting in a mitochondrial inactivation, a phenomenon that we termed a mitochondrial shut-
down (Figures 2B, S2A, S3A, and S3B). Mitochondrial respiration did not bounce completely back over 24 h
from its lowest point after 1 h toward levels of non-irradiated controls (Figures 2B, S2A, S3A, and S3B). Of
interest, we observed a low initial glycolytic activity (ECAR, Figures 2A and S2) and glycolytic capacity 1 h
after IR and almost complete recovery of glycolytic activity 6 h after IR in all tested cell lines (Figures 2C,
S2A, and S3C). The capability to recover mitochondrial respiration toward the levels of non-irradiated con-
trols within 24 h after 3 Gy of IR has been observed across all cell lines (Figures 2B, S3A, and S3B). It is note-
worthy that the recovery of mitochondrial activity was not complete in terms of mitochondrial metabolic
parameters in any of the cell lines (Figures 2B, S2A, S3A, and S3B). In contrast, the glycolytic capacity
had been recovered to the basal levels 6 h post IR, and for some cell lines it even reached higher levels
than the non-irradiated controls after 24 h (Figures 2C, S2A, and S3C). As a control we also examined
the effects of radiation on mitochondrial metabolism in normal lung epithelial cells (HSAEC1-KT) and
observed an early and transient IR-induced mitochondrial shutdown in these cells (Figure S5E). However,
in contrast to the cancer cells the recovery of basal mitochondrial respiration from initial IR-induced mito-
chondrial shutdown in normal epithelial cells reached levels of non-irradiated controls already after 6 h (Fig-
ure S5E). These results hint at significant differences in the ability between tumor and normal tissue cells to
cope with therapy-induced metabolic stress, particularly to recover from IR-induced mitochondrial
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shutdown. In summary, we observed a common early and transient decrease in mitochondrial function,
which we termed mitochondrial shutdown. However, the recovery from IR-induced mitochondrial shut-
down differed between tumor and normal cell lines and depended on the genetic background (Figures
2G, 2H, and S5C-S5E). Yet, further investigations are needed to reveal the potential impact of early mito-
chondrial shutdown on the survival of irradiated cancer cells (Figures S3H and S3I).

The genetic background impacts DNA repair kinetics in irradiated cancer cells

To assess a possible association between the cell metabolism and the efficiency in the repair of IR-induced
DNA double-stranded breaks (DSBs), we monitored the kinetics of removal of YH2A X foci at 30 min, 2 h, 6
h, and 24 h after IR (Pouliliou and Koukourakis, 2014). Based on the rate of YH2A.X foci removal (Figures 2D,
S3D, and S3E), we subdivided the cell lines into a fast (A549, NCI-H460, HepG2, and HCT-116; yellow, Fig-
ure S3D), intermediate (PC3, U87-MG; gray, Figure S3D), and a slow (T98G, DU-145, and MDA-MB-231;
blue, Figure S3D; Figure S3E) repairing group. Between these groups, we observed the most pronounced
differences in DNA repair kinetics when comparing foci numbers at 0.5-2 h for A549, HepG2, NCI-H460,
and T98G and at 2 and 6 h for the other cell lines after IR (Figure S3G). Here, U87-MG displayed the second
highest level of YH2A X, which correlated with an insufficient G2 arrest in the response to IR (Figure S8l).

Statistical analysis of YH2A.X foci removal over time revealed a correlation between genetic background
and DNA repair kinetics (Figures S3D and S4). These results implicate that the speed of YH2A.X foci
removal depends on the genetic background, particularly on the oncogenic regulators Ras and p53.
Here, rapid removal of IR-induced YH2A X foci correlated to mutated Ras, whereas Ras"™T cell lines were
characterized by slower DNA repair kinetics (Figures 2E and S4). In detail, the MDA-MB-231 breast cancer
cell line harboring mutations in both KRAS and p53 had delayed DNA repair kinetics. However, delayed
DNA repair kinetics were also noticed in prostate PC-3 cells with p53~/~ and KRAS"T and in prostate
DU-145 with p53Y?7%F. These findings confirm a strong heterogeneity and multifactorial genetic control
of DSB repair kinetics across cancer cells corroborating those genetic alterations beyond oncogenic drivers
will influence the observed responses (Figures 2D and S4).

To decipher the direct genetic influence of mutations in Ras or p53 on the observed phenotypes of DSB
repair kinetics upon IR we used isogenic cell lines harboring specific mutations in Ras (NCI-H838 KRAS™T
and NCI-H838 KRASC'?P) or p53 (HCT-116 p53WT and HCT-116 p53’/’). Here, the occurrence of a KRAS
mutation correlated with both an increased removal of IR-induced YH2A X foci (Figures 2F and S5B) and
accelerated recovery from IR-induced mitochondrial shutdown (Figures 2H and S5D). By contrast, muta-
tions in p53 potently slowed DNA repair kinetics (Figures 2F and S5A) and attenuated the recovery of mito-
chondrial function from IR-induced mitochondrial shutdown (Figures 2G and S5C). Consequently, our data
suggest an opposite influence of mutant KRAS or p53 defects on DNA repair kinetics and recovery from IR-
induced mitochondrial function.

IR-induced metabolic activity and DNA DSB repair correlate in a time-dependent manner

To gain insight into a potential association between DSB repair kinetics and metabolic parameters, we
correlated the recovery of the mitochondrial respiration and glycolysis parameters within the 24 h after
IR (3 Gy) to the progression of YH2A.X foci removal over time. To this end, we computed linear models
relating metabolic parameters and probabilities of YH2A X foci per unit area at four different time points
(Figures 3 and S6A). This analysis revealed that overall IR-induced alterations in metabolic parameters
negatively correlated with the removal of yH2A X foci for all tested cell lines, irrespective of the underlying
Ras or p53 mutations (Figures 3 and S7A). A notable exception of this negative correlation was basal ECAR,
where slopes varied around zero. Taken together, our results indicate that, across different cancer cell lines,
exposure to IR induces a severe metabolic stress that decreases as YH2A X foci are removed (Figures S7A
and S7B). Our results reveal a two-way interconnection of cellular metabolism and DNA repair pathways,
offering a starting point for further mechanistic investigations.

Mitochondrial shutdown correlates with IR-induced physical oxidizing effects

The similar pattern of the metabolic response of normal and cancer cells to IR described above suggested
that general, potentially physical oxidizing effects induced by IR might cause the observed mitochondrial shut-
down across cell types. To elucidate if the induction of reactive oxygen species (ROS) as consequence of the
IR-induced radiolysis of water might contribute to IR-induced mitochondrial damage, we analyzed if we could
attenuate the mitochondrial shutdown by the addition of a chemical ROS scavenger. In fact, pre-treatment of

6 iScience 24, 103366, November 19, 2021

iScience



iScience ¢? CellPress
OPEN ACCESS

Linear models of metabolic parameters to the YH2A.X foci over time

A
Basal OCR ATP Production Max. Respiration
0.1+ 0.05 0.104
3
2 0.05 A
& 0.00 1 s
3 0.00 -
g 0.05 1
- e -0.05
-0.10 A -0.104
S E NN I SN I N2 ¥ e . 6
o 8 o e a O o ©o o o o o c O O o O O
; ; - + 24
Basal ECAR Glycolysis Glycolytic Capacity
H 0.1
° ° 024 0.2 1
£ ° ’ + cell line
© @ A b
5 | 0.0 il 0.0 +C\ 0.0
© n:: ‘ == A549
° ¢ -0.1-4 —0.24 —0.2-
w - : =8=
§ i \ k HepG2
Q -l
£ —0.2 -0.44 ® R _04- \ NCI-H460
o n
3 . ~064 HCT-116
- A o < 1 © - oA o < v © - o o < v ©
S & o 5 & o S 6 5 5 5 o S & 6 5 & o PC-3
Glycolytic Reserve Non-Glycolytic Acidification U-87MG
MDA-MB-231
0.2 1 0.0
" =0= TI98G
@
2 |
E 0.0 _0.4- =8= DU-145
3
w —0.2+
oD
S —0.8 1
—0.4 1
hY
T T T T T '—12 T T T T T
- o M < 1 © - N ™o < 1 ©
o o o o o o o o o o o o

Probability of YTH2A.X foci per unit area

Figure 3. Linear models of time courses of metabolic parameters and DNA damage response
Linear models of probabilities of YH2A X foci per unit area (0.1*Pixel?) and log-metabolic parameter at four time points for different tumor cell lines. Linear
models revealed a strong negative correlation (except for the basal ECAR) of IR-induced time-dependent alterations in metabolic parameters with the

resolution of YH2A X foci with a similar pattern (for slopes of lines see Figure S7A). See also Figures S6 and S7.

cancer cells with mitochondrial ROS scavenger (MitoTempo [Murphy and Smith, 2007]) in combination with a
single dose irradiation reduced ROS formation (Figure S8J) and partially rescued cells from the loss in mito-
chondrial function (Figures 4A, S8A, and S8B). Many enzymes operating in mitochondria, e.g., in the respiratory
chain, are dependent on Fe?" for their function (Levi and Rovida, 2009; Xu et al., 2013). Since IR is well known to
oxidize ironions ex vivo (Fregene, 1967), we speculated that exposure to IR alters the oxidative state of iron ions
and thereby disturbs cellular iron homeostasis and mitochondrial function. Indeed, exposure to a single-dose
irradiation (3 Gy) resulted in increased Fe3*/Fe®* ratios (Figures 4B and S8C) at 1 h after irradiation. The basal
iron status was reconstituted within 24 h after irradiation as indicated by the reduction in the Fe*/Fe?* ratios
(Figures 4B and S8C). A similar time-dependent pattern was observed by using an Fe®*-specific fluorescent
sensor (RPA (Rhodamine B-[(1,10-phenanthrolin-5-yl)- aminocarbonyllbenzylester)), which is quenched by mito-
chondrial Fe?* species (Figure S8D). Finally, combining IR with an iron chelator, Deferoxamine (DFO), almost
abrogated IR-induced mitochondrial shutdown in all tested cell lines (Figures 4A, S8A, and S8B).
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Figure 4. Mitochondrial shutdown correlates with IR-induced oxidizing effects
(A) Mean Log2-values of changes to measured basal respiration induced by IR alone or in combination treatment with DFO (50 uM) or MitoTempo (1 nM) with

a dose of 3 Gy compared with non-irradiated controls 1, 6, and 24 h after treatment.
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Figure 4. Continued

(B) Mean Fe**/Fe?®* ratios induced by IR with a dose of 3Gy 1, 6, and 24 h after IR normalized to non-irradiated controls. For calculated Fe3*/Fe?" ratios +SD
induced by IR with a dose of 3 Gy 1, 6, and 24 h after IR refer to Figure S8C.

(C-J) Mitochondrial morphology in tumor cancer cell lines 1 h after irradiation with 3 Gy. Representative transmission electron micrographs of A549 (C),
NCI-H460 (E), MDA-MB-231 (G), and T98G (1) cell lines and corresponding quantification of the mitochondrial perimeter, area, and mean Feret's diameter
(n = 61-170 mitochondria per condition) at 1 h after IR with a dose of 3 Gy compared with untreated control cells (D, F, H, and J). Scale bar: top row, 1,000 um;
bottom row, 500 um. p Values calculated using unpaired two-tailed t test; ns, not significant. See also Figure S8.

A single high-dose irradiation with 3 Gy induced neither cell death nor apoptosis levels higher than 5%
within the first 24 h (Figures S8F-S8I). Moreover, by detailed studies of mitochondrial morphology and mi-
tophagy activity we could exclude the induction of major damage to mitochondrial structures and mitoph-
agy as mechanisms underlying the mitochondrial shutdown observed at 1 h after irradiation (Figures 4C-4J
and S8K).

Taken together, our results indicate that IR-induced formation of ROS and massive iron oxidation are caus-
ative for the mitochondrial shutdown induced by exposure of cells to a single high dose of irradiation.
Moreover, our findings suggest that the importance of compensatory glycolysis to restore mitochondrial
function might be linked to the contribution of glycolytic activity to the defense of cells against radia-
tion-induced oxidative stress (Floberg and Schwarz, 2019; Rashmi et al., 2018), potentially also including
the homeostasis of Fe3*/Fe?" (Li et al., 2019; Oexle et al., 1999).

Mitochondrial respiration recovery after shutdown and DNA repair is compromised by
inhibition of glycolysis

So far, we demonstrated that IR acutely delays and abolishes full recovery of mitochondrial respiration and
drives a faster recovery of glycolytic parameters. We thus hypothesized that compensatory glycolysis could
ensure energy provision upon IR treatment. In fact, we found prolonged mitochondrial shutdown in irradi-
ated cancer cells pre-treated with the glycolysis inhibitor 2-deoxy-p-glucose (2DG) (Figures 5A, 5B, and
S9A) compared with IR alone (Figures 2B, 2C, and S8L).

In line with these findings, inhibition of the DNA repair enzyme poly(ADP-ribose) polymerase 1 (PARP1), a
known negative regulator of glycolysis (Fouquerel et al., 2014), by pharmacologic inhibition with the PARP
inhibitor PJ34, partially rescued IR-induced drop in glycolytic capacity at 1 h in irradiated cancer cells
(Figure S8E).

Clinical radiotherapy uses application of fractionated IR doses. We thus aimed to explore the relevance of
the observed effects for clinically more relevant fractionated radiation schedules by assuming repeated cy-
cles of mitochondrial shutdown (Figures 5C, 5D, and S9B). As depicted in Figures 5C and 5D, application of
fractionated irradiation with a fractionated dose of 3 x 3 Gy every 24 h lowered all tested parameters (basal
and maximal respiration, ATP production) when examined 1 h after the last IR dose. Even more important,
the assumed repeated cycles of mitochondrial shutdown by fractionated irradiation with 3 x 3 Gy delayed
the mitochondrial recovery (Figures 5C and 5D) compared with a single dose of 3 Gy (Figures 2B, 2C,
and S8L).

To gain more insight into the functional relevance of the observed metabolic changes for the assumed link
between cancer metabolism and DNA repair kinetics, we analyzed the time-dependent removal of yH2A X
foci after interfering with either compensatory glycolysis by 2DG or with the mitochondrial function by rote-
none in four selected cell lines representing different genetic groups defined above (Figures 5E, 5F, and
S9D). Rotenone slightly increased the number of residual yH2A X foci at 24 h after IR, whereas the inhibition
of compensatory glycolysis by 2DG efficiently slowed the removal YH2A X foci at 6 and 24 h after IR, respec-
tively (Figures 5E, 5F, and S9D). These effects were observed in all four cell lines independent of the genetic
subgroup. Combining IR with 2DG increased residual YH2A X foci (Figure 5F) and radiosensitized all tested
cell lines, supporting the functional relevance of compensatory glycolysis for the survival of irradiated can-
cer cells (Figure S8M).

DISCUSSION

To the best of our knowledge this study provides the first mathematical model of an integrated metabolic
IR response of cancer cells with different origins and diverse genetic backgrounds. This model was
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Figure 5. Mitochondrial respiration recovery, DNA repair, and survival after mitochondrial shutdown are
compromised by inhibition of glycolysis

(A and B) Log2-values of changes to measured basal respiration (A) and ATP production (B) induced by combination
treatment with 2DG (20 mM) and IR with a single dose of 3 Gy compared with non-irradiated controls 1, 6, and 24 h after
treatment.

(C and D) Log2-values of changes to measured basal respiration (C) and ATP production (D) induced by fractionated dose
of 3 x 3 Gy applied every 24 h for 3 consecutive days compared with non-irradiated controls 1, 6, and 24 h after the last IR
dose. Mean values of n = 8-16 wells per cell line from N = 2 independent experiments are indicated. p values were
calculated using two-way ANOVA with Tukey’s multiple comparisons post hoc test. All metabolic parameters were

normalized to Hoechst intensity (relative fluorescence units, RFU) in each well. OCR, oxygen consumption rate; FC, fold
change.

(E) Representative pictures of nuclear YH2A.X on NCI-H60 and MDA-MB-231 cell lines treated with 2DG (20mM) or
Rotenone (0.8 uM) in combination with IR (3 Gy) at the indicated time points. Blue, Hoechst 33342; red, YH2A.X. Scale bar:
2 um.

(F) Heatmap representing fold change (FC) values of measured YH2A. X foci number per area normalized to 0.5 h time
point after treatment with IR (3 Gy) alone or in combination with 2DG (20 mM) or Rotenone (0.8 uM) at 6 and 24 h. For
corresponding DNA repair kinetics determined using the YH2A X assay with statistical test refer to Figure S9D. See also
Figures S8 and S9.

obtained by the extraction of a general correlation between the IR-induced alterations in mitochondrial
metabolic parameters from extracellular flux analyses and the repair kinetics of IR-induced DSBs during
the first 24 h after irradiation. Despite the wide heterogeneity of the screened cancer cell lines, we observed
a similar pattern of the metabolic response to a single irradiation with 3 Gy regardless of the genetic back-
ground. This unified cellular response involved a pronounced and sustained inactivation of mitochondrial
respiration, which we termed mitochondrial shutdown, presumably as a consequence of radiation-induced
oxidative damage to critical mitochondrial enzymes or their iron-dependent co-factors. The mitochondrial
shutdown was paralleled by a rapid downregulation of glycolytic activity. These quick metabolic responses
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to irradiation were followed by a time-dependent gradual and sequential reconstitution of glycolysis and
mitochondrial function. The dynamics of recovery from IR-induced mitochondrial shutdown depended on
the genetic background. These novel observations, identified by mathematical modeling, suggest that
mechanisms compensating for early mitochondrial shutdown (such as glycolysis) or supporting recovery
from mitochondrial shutdown may offer vulnerabilities for a targeted radiosensitization. Further investiga-
tions are needed to decipher the potential impact of early mitochondrial shutdown on the long-term sur-
vival of irradiated cancer cells. The observation on the faster recovery of irradiated normal epithelial lung
cancer cells from IR-induced mitochondrial shutdown compared with cancer cells suggests that targeting
metabolic bottlenecks of IR-induced metabolic shutdown may even allow for a cancer cell-specific
radiosensitization.

Consistent with our findings, others reported that yeast avoid respiration upon DNA damage, presumably
to reduce further harmful effects on DNA (Simpson-Lavy et al., 2015). The IR-induced mitochondrial shut-
down observed in our study may thus have similar protective effects in mammalian cells. Furthermore, by
decreasing oxygen consumption the IR-induced mitochondrial shutdown may contribute to the early re-
oxygenation observed in the microenvironment of irradiated tumors (Crokart et al., 2005; Gallez et al.,
2017). Instead, the reduced mitochondrial energy supply may reduce the proliferation rate of cancer cells
noticed in irradiated tumors (Bol et al., 2015; Gabry et al., 2018; Lu et al., 2015). Of interest, the IR-induced
mitochondrial impairment was followed by a rapid resumption of glycolytic activity during gradual recon-
stitution of mitochondrial respiration in all cell lines, irrespective of the genetic background or mutational
load. We assume that the inversely proportional exploitation of mitochondrial and glycolytic mechanisms is
required to maintain energetic and redox homeostasis during recovery of cells upon IR. Glycolysis might
thus be a general compensatory mechanism to allow cancer cells to adapt to and survive conditions of
endogenous and exogenous oxidative stress (Liemburg-Apers et al., 2015).

In line with our observations, a recent study reported the relevance of glycolysis to provide energy and nucle-
otides (via the pentose phosphate pathway) during DNA repair, which is initiated directly after exposure to gen-
otoxic agents (Qu et al., 2017). The observed initial decrease of glycolytic activity within the first hour after IR
observed in our study might thus reflect an exploitation of basal cellular energetic and metabolic resources
to fuel energy and metabolites required for DNA damage response mechanisms and DNA repair early after
irradiation when glycolysis and oxidative phosphorylation are impaired. Consistent with our findings, others
demonstrated a decrease in glycolytic activity of glioblastoma cancer cells 1 h after treatment with methylnitro-
nitrosoguanidine and linked this decline with hexokinase 1 (HK-1) inhibition by poly(ADP-ribose) polymerase 1
(PARP1)-mediated poly(ADP-ribose) (PAR) synthesis (Fouquerel et al., 2014). IR-induced PARP1 activation is
also an essential step for the activation of DNA repair pathways (Homologous Recombination Repair (HRR),
base excision repair, and alternative end joining) (Fouquerel et al., 2014; Qu et al., 2017). In our hands, the glyco-
lytic capacity of irradiated cancer cells was higher when cells were treated with the PARP inhibitor PJ34
compared with cells receiving irradiation only, corroborating a role of PARP1 activity in the rapid decline of
glycolytic activity in irradiated cancer cell line panel.

Yet, further investigations are needed to reveal whether PARP-1-dependent effects on glycolytic activity of
irradiated cancer cells are also due to inhibition of HK-1.

We speculate that the IR-induced mitochondrial shutdown will force cells to exploit alternative energy sour-
ces to supportrepair of IR-induced DNA damage, particularly DNA DSB repair, which is considered a highly
energy-consuming process (Bakkenist and Kastan, 2004; Hopfner et al., 2004; Paull and Gellert, 1999; Qin
et al., 2015). Herein, rapid resumption of compensatory glycolysis will allow cancer cells to fuel highly en-
ergy-demanding DNA repair processes despite temporary loss of mitochondrial function upon depletion
of basal cellular energetic and metabolic resources. This assumption is based on our observation that phar-
macologic inhibition of glycolysis in irradiated cancer cells by 2DG not only impaired the onset of compen-
satory glycolysis but also significantly delayed both recovery of irradiated cancer cells from mitochondrial
shutdown and the resolution of YH2A X foci.

In line with our findings, previous reports observed potent radiosensitizing effects of 2DG in pancreatic
cancer, glioblastoma, and radioresistant cervical cancer cells (Coleman et al., 2008; Mohanti et al., 1996,
Prasanna et al., 2009). Furthermore, inhibition of oxidative phosphorylation with Rotenone also only
affected the resolution of YH2A.X at later time points (6-24 h), suggesting that mitochondrial respiratory

¢? CellPress

OPEN ACCESS

iScience 24, 103366, November 19, 2021 1"




¢? CellPress

OPEN ACCESS

chain function will have to recover from radiation-induced damage to resume function and support DNA
repair with energy and essential metabolites (Chandel, 2015; Lu et al., 2015; Qin et al., 2015; Weinberg
and Chandel, 2015). Clearly, irradiated cancer cells can benefit from ATP supplied by a dynamic enhance-
ment in mitochondrial oxidative phosphorylation (Lu et al., 2015; Qin et al., 2015). For example, cell lines
with defects in homologous recombination DSB repair pathway increase the activity of mitochondrial respi-
ration to provide NAD™ and ATP for poly(ADP-ribose) polymerase (PARP)-dependent DNA repair (Lahi-
guera et al., 2020). Herein, recently identified mechanisms of mitochondrial-nuclear signaling have been
linked to retrograde pro-survival response, pointing to a two-way interconnection of mitochondrial meta-
bolism and DNA repair (Desai et al., 2020; Wu et al., 2019).

Using cancer cell lines from different entities with various genetic backgrounds, we were able to reveal a
potential correlation of DNA repair kinetics with the genetic background (mutations in Ras and p53), the
mitochondrial shutdown, and compensatory glycolysis. Although we found that activation of PARP1 con-
tributes to the rapid decline of glycolytic activity in irradiated cancer cells, presumably as a consequence
of IR-induced DNA damage, the mechanisms underlying the mitochondrial shutdown remained elusive. By
using flow cytometry as well as biochemical and microscopy methods including TEM, we could exclude that
those structural mitochondrial changes contribute to impaired mitochondrial function at the time of the
observed IR-induced mitochondrial shutdown that was most pronounced at 1 h after irradiation. Further-
more, the unified reduction of mitochondrial respiration observed across all tested cell lines argued against
a predominant role of oncogenic signaling for this effect. Instead, the similar pattern of the metabolic
response of normal and cancer cells to IR strongly suggested that the mitochondrial shutdown might rather
be a consequence of the physical effects induced by IR resulting in secondary changes in cellular bioener-
getics, rather than altered activation of metabolic enzymes AMPK, SIRT3, or PARP1 described in response
to IR (Fouquerel et al.,, 2014; Liu et al., 2015; Sanli et al., 2010). This prompted us to investigate if physical
effects induced by IR, e.g., oxidation of cellular components, might cause the observed IR-induced mito-
chondrial shutdown across cell types. These investigations revealed that the addition of a mitochondrial
ROS scavenger partially rescued cells from the loss in mitochondrial function, pointing to the contribution
of radiation-induced mitochondrial oxidative stress to the decline in mitochondrial function. Furthermore,
we observed an increase in the oxidative state of iron (increased Fe3*/Fe®" ratio) at the time of the IR-in-
duced mitochondrial shutdown and were able to rescue cells from the IR-induced mitochondrial shutdown
by the iron scavenger DFO. IR acts as a strong oxidant, including also the oxidation of iron ions (Fregene,
1967), and mitochondria are major hubs of iron accumulation and utilization (Paul et al., 2017): for example,
iron is needed as a cofactor in heme- or iron-sulfur cluster-containing proteins functioning in the mitochon-
drial respiratory chain; furthermore, various mitochondrial mono- or dioxygenases use iron ions as co-fac-
tors. Thus, our observations strongly suggest that IR-induced physical events, particularly the oxidation of
iron ions, are major contributors to the radiation-induced mitochondrial shutdown and metabolic dysfunc-
tion. Such physical effects on iron ion oxidation state would also provide an explanation for our findings
that the subsequent recovery of mitochondrial activity was delayed and incomplete when applying a frac-
tionated dose of 3 X 3 Gy. In fact, the suggested role of physical events in radiation-induced metabolic
dysfunction implicates that fractionated irradiation will cause a more pronounced and long-lasting meta-
bolic dysfunction.

Yet further studies are needed to gain a better mechanistic understanding of the radiation mitochondrial
shutdown and also to address potential differences in the importance of cell metabolism upon hypo-frac-
tionated versus hyper-fractionated radiation schedules, or when using different dose rates or radiation
qualities (e.g., particle versus photon irradiation) in the future.

Taken together, targeting the recovery of mitochondrial respiration or compensatory mechanisms of en-
ergy and metabolite supply is suited to compromise DNA repair of irradiated cancer cells. Even more
important, statistical modeling of our DNA repair and metabolic data demonstrated a general correlation
between IR-induced alterations in mitochondrial metabolic parameters detected in the extracellular flux
measurements and the kinetics of IR-induced DNA DSB repair. This analysis underlines the reliance of
IR-induced DNA repair on the cellular ability to compensate the energetic catastrophe evoked by the mito-
chondrial shutdown. Although mitochondrial shutdown was also observed in normal lung epithelial cells,
the recovery process of mitochondrial function to normal levels was faster in normal cells compared with
cancer cells. This observation corroborates finding from demonstrating significant differences in the meta-
bolic plasticity between tumor and normal tissue (Budczies et al., 2012; Reznik et al., 2018) pointing to
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various means to recover from the IR-induced mitochondrial shutdown. It thus seems plausible that non-
proliferating normal tissue cells use distinct metabolic pathways to recover from an IR-induced mitochon-
drial shutdown than oncogene-driven proliferative cancer cells creating oncogene-driven metabolic
bottlenecks for survival of cancer cells, particularly during therapy-induced stress.

The capability of cancer cells to recover from IR-induced mitochondrial damage was determined by their
metabolic plasticity, e.g., their ability to rapidly activate the glycolytic pathway, presumably to provide
energy and nucleotides for the repair of DNA DSBs. Notably, the metabolic flexibility to recover from
the IR-induced mitochondrial shutdown depended on the genetic background. Using isogenic cells lines
we could demonstrate that the introduction of an oncogenic mutation in KRAS rendered NCI-H838 cancer
cells more capable of recovering from IR-induced mitochondrial shutdown and this was associated with an
improved ability to remove IR-induced DNA damage foci. By contrast, the deficiency of p53 in HCT-116
cells attenuated the resumption of mitochondrial activity upon irradiation and this went along with slowed
DNA repair kinetics. We thus conclude that the energy supply and demand in irradiated cancer cells are
orchestrated by mutations in several cancer-promoting genes, e.g., RAS and TP53, which are also linked,
among others, to DNA repair capacity (Hahnel et al., 2014; Krause et al., 2016; Liu et al., 2015; Toulany et al.,
2016) and survival (Viale et al., 2014).

Radiotherapy is applied locally to the tumor with high precision and thus provides the opportunity to un-
mask metabolic vulnerabilities specifically in the irradiated cancer cells. Herein, the IR-induced early mito-
chondrial shutdown creates a common metabolic vulnerability in the form of compensatory glycolysis
across cell lines.

Yet distinct pathways will control activation of compensatory glycolysis and recovery of oxidative phos-
phorylation upon irradiation in cancer cells with distinct genetic backgrounds so that individual metabolic
treatments may be required for radiosensitization. Pharmacological inhibition of the underlying metabolic
dependencies and compensatory metabolic pathways will allow enhancement of cytotoxic efficacy of IR in
cancer cells. Furthermore, our screen of the cancer cell line panel suggests a strong correlation between
cancer metabolism and DNA repair within the first 24 h after IR. Yet further mechanistic studies are required
to dissect the molecular mechanisms linking the mitochondrial shutdown to suggested defects in DSB
repair and to define common and individual pathways driving compensatory glycolysis and recovery of
mitochondrial respiration to fuel the repair of radiation-induced DNA lesions.

In conclusion, combining systematic radiobiological investigations with mathematical modeling of the ob-
tained results represents an innovative approach for the discovery of therapeutic targets. Our study gained
first insight into a potential role of the genetic background for the ability of the cancer cells to activate
compensatory glycolysis and resume mitochondrial function upon irradiation. Future studies will uncover
the importance of the genetic background for the ability of cancer cells to cope with radiation-induced
damage by rewiring their metabolism and help to generate new hypotheses on general and individual
mechanisms of radiosensitivity.

Limitations of the study

Our study aimed to reveal potential metabolic bottlenecks of the DNA repair capability by using extracel-
lular flux analysis, DNA repair kinetics, and mathematical modeling. Our screen of the cancer cell line panel
suggests a strong correlation between cancer metabolism and DNA repair within the first 24 h after IR. Yet
further mechanistic studies are required to dissect the molecular mechanisms linking the mitochondrial
shutdown to suggested defects in DSB repair and to define common and individual pathways driving
compensatory glycolysis and recovery of mitochondrial respiration to fuel the repair of radiation-induced
DNA lesions. Our experimental approach does not allow exploration of the link between a dependency of
the cancer cells on basal mitochondrial respiration for survival upon radiotherapy and radiosensitivity. We
suspect that additional differences in the genetic background of the cells interact with and orchestrate the
metabolic phenotype of the cancer cells and the ability to adapt their metabolism in response to irradiation
to fuel DSB repair and cell survival. Herein, glycolysis appears to play an important and central role
including also other processes, such as antioxidant defense.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:
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Antibodies

mouse anti-actin HRP-conjugated antibody Santa Cruz sc-8432-HRP; RRID: AB_626630
mouse anti-ATP Synthase antibody, (clone Millipore MAB3494; RRID: AB_177597
4.3E8.D)

mouse anti-HSP 60 antibody (LK1) Santa Cruz sc-59567; RRID: AB_783870
mouse anti-prohibitin 2 antibody (A-2) Santa Cruz sc-133094; RRID: AB_2164785
mouse anti-TOMM20 (F-10) Santa Cruz sc-17764; RRID: AB_628381

mouse anti-y-H2A.X Alexa Fluor
647-conjugated (pS139), clone N1-431

BD Bioscience

Cat# 560447; RRID: AB_1645414

anti-mouse |gG-HRP secondary antibody Cell Signaling 7076; RRID: AB_330924
anti-Rabbit IgG-HRP secondary antibody Cell Signaling 7074; RRID: AB_2099233
goat-anti-mouse Alexa Fluor 488 secondary Invitrogen A-11001; RRID: AB_2534069
antibody

Chemicals, peptides, and recombinant proteins

1,2-Propylen oxide VWR Cat# 27165.295
2-Deoxy-D-glucose Sigma-Aldrich Cat# D8375; CAS: 154-17-6

Agar-Agar
Dako Fluorescence Mounting Medium
Dalton solution:
Osmium Tetraoxide
Potassium dichromate
Deferoxamine (DFO)
Dihydroethidium (DHE)
Dulbecco’s Modified Eagle’s (DMEM) medium
Epon mixture:
Glycid Ether (EPON812)
Methylnadic anhydride
2-Dodecenylsuccinic acid anhydride
2,4,6-Tris(dimethylaminomethyl)phenol
Ethanol, p.a.
Fetal Bovine Serum (FBS)
Glutaraldehyde solution
Hoechst 33342, trihydrochloride, trihydrate
D-(+)-Glucose
L-Glutamine
Lead citrate trihydrate
MitoTempo
Sodium citrate monobasic
Sodium pyruvate
Seahorse XF base medium (DMEM)
Paraformaldehyd
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Merck-Millipore

Dako North America Inc.

Electron Microscopy Science
Carl Roth

Sigma Aldrich

Molecular Probes/Invitrogen

Thermo Fisher Scientific

SERVA

SERVA

SERVA

SERVA

VWR

Biochrom

Sigma Aldrich

Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
Fluka Chemika

Cayman Cheimcals
Sigma-Aldrich
Sigma-Aldrich

Agilent Technologies
Carl Roth

1.01614
S3023

Cat# 19134; CAS: 20816-12-0
Cat# 7953; CAS: 7778-50-9
D9533; CAS: 70-51-9

D1168; CAS: 104821-25-2
41965039

Cat# SERVA21045.02; CAS: 90529-77-4
Cat# SERVA29452.02: CAS: 25134-21-8
Cat# SERVA20755.0; CAS: 19780-11-1
Cat# SERVA36975.01; CAS: 90-72-2
Cat# 20821.32; CAS: 64-17-5

S0115

Cat# 49629; CAS: 111-30-8

Cat# H1399; CAS: 875756-97-1

Cat# G7021; CAS: 50-99-7

Cat# 25030024; CAS: 56-85-9

Cat# 15326; CAS: 6107-83-1

Cat# 16621; CAS: 1334850-99-5

Cat# 71497-250G; CAS: 18996-35-5
Cat# P5280; CAS: 113-24-6
103334-100

Cat# 0335.2; CAS: 30525-89-4

(Continued on next page)
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Penicillin-Streptomycin (10,000 U/mL) Thermo Fisher Scientific 15140122

Phosphate-Buffered Saline (PBS) 1x Thermo Fisher Scientific 10010023

PJ34 Selleckchem S7300

Propidium iodide
Rhodamine B-[(1,10-phenanthroline-5-yl)-
aminocarbonyl]benzyl ester (RPA)

Sigma-Aldrich

Squarix Biotechnology

Cat# 81845; CAS: 25535-16-4
Cat# ME043; CAS: 408356-71-8

Rotenone Sigma-Aldrich Cat# R8875; CAS: 83-79-4
Triton X-100 Carl Roth Cat# 3051.4; CAS: 9002-93-1
Critical commercial assays

GenePrint 10 System Promega B9510

Iron Assay Kit (Colorimetric) Abcam ab83366

Seahorse XF Cell Mito Stress Test kit Agilent Technologies 103015-100

Seahorse XF Glycolysis Stress Test Kit Agilent Technologies 103020-100

Experimental models: Cell lines

A549 ATCC CCL185

HepG2 ATCC HB-8065

DU-145 ATCC HTB-81

HCT-116 ATCC CCL-247

HPAC ATCC CRL-2119

HSAEC1-KT ATCC CRL-4050

MDA-MB-231 ATCC HTB-26

NCI-H460 ATCC HTB-177

NCI-H838 ATCC CRL-5844

NCI-H838 KRAS®'2P Horizon Discovery As a gift

PC-3 ATCC CRL-1435

PaTuS DSMZ ACC-204

T98G ATCC CRL-1690

U-87 MG ATCC HTB-14

Software and algorithms

Prism 7 GraphPad https://www.graphpad.com/scientific-

ImageJ software

FlowJo software

Focinator version 2-22 software
R software
RStudio Open-Source Edition software

R package rstanarm version 2.18.2

shinystan version 2.5.0
Stan

Wave 2.4 Desktop software

Zeiss ZEN pro software

NIH, open source

FlowJo, LLC,

(Oeck et al., 2017)

R Core Team, open source

RStudio, open source

(Goodrich et al., 2018)

(Gabry et al., 2018)
(Carpenter et al., 2017)

Agilent Technologies

Carl Zeiss

software/prism/

https://imagej.nih.gov/ij/
https://www.flowjo.com/solutions/flowjo/
downloads

http://focinator.oeck.de/
https://www.r-project.org/
https://www.rstudio.com/products/rstudio/
http://packages.renjin.org/package/org.
renjin.cran/rstanarm/2.18.2
https://mc-stan.org/shinystan/
https://www.jstatsoft.org/article/view/v076i01
https://www.agilent.com/en/products/cell-
analysis/software-download-for-wave-desktop
https://www.zeiss.com/microscopy/int/

products/microscope-software/zen.html

(Continued on next page)
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Other

Cell lines genomic data and analysis (accessed: COSMIC Cell Line Project https://cancer.sanger.ac.uk/cosmic
2019/09/20)
EM grids: formvar and carbon coated Plano S162-5

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Johann Matschke (Johann.Matschke@uk-essen.de), following an approved Material
Transfer Agreement between the Institute of Cell Biology (Cancer Research), University of Duisburg-Essen
and the receiving institution.

Material availability
This study did not generate new unique materials or reagents.

Data and code availability

This study did not use any unpublished custom code, software, or algorithm.

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Cancer cell lines used in this study were chosen to represent a broad heterogeneity of malignant disease in
respect to site of origin, cancer type, and oncogenic drivers (especially p53 tumor suppressor and Ras
oncogene). A549 (human, male, lung adenocarcinoma), HepG2 (human, male, hepatocellular carcinoma),
NCI-H460 (human, male, lung adenocarcinoma), HCT-116 (human, male, colon adenocarcinoma), PC-3
(human, male, prostate adenocarcinoma), U-87 MG (human, male, glioblastoma), MDA-MB-231 (human,
female, breast adenocarcinoma), T98G (human, male, glioblastoma multiforme), DU-145 (human, male,
prostate adenocarcinoma), HSAEC1-KT (human, male, normal lung epithelial) cell lines were purchased
from the American Type Culture Collection (ATCC, Manassas, VA, USA). NCI-H838 (human, male, lung
adenocarcinoma) KRASYT and KRAS®'?P were obtained from Horizon Discovery as a gift. All cell lines,
except of HSAEC1-KT, were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) with addition of 1% penicillin-strep-
tomycin (Pen-Strep, Life Technologies) and maintained in a humidified incubator at 37°C and atmosphere
containing 5% CO,. HSAEC1-KT cells were cultured in Airway Epithelial Media (PromoCell, Heidelberg,
Germany). All cell lines were authenticated through STR sequencing and analysis performed with the Gen-
ePrint 10 System (Promega Corp., Madison, WI, USA) in accordance with the ANSI/ATCC ASN-0002-2011
standardization of STR profiling guidelines. All cell lines were routinely tested for mycoplasma
contamination.

Extracellular flux assay — Mito stress test

Cells were plated in XF96 micro-plates (Agilent Technologies, Santa Clara, CA, USA; for seeding densities
see Table S1) in DMEM Medium supplemented with 10% FBS and 1% Pen-Strep at least 24h prior to the
assay and cultivated in humified incubator at 37°C with 5% CO2. Treatment with MitoTempo (1nM), Defer-
oxamine (DFO, 50uM) or D-2DG (20mM) was performed 2h before irradiation with 3Gy. For the treatment
with a fractionated dose, cells were irradiated 3 times with a dose of 3Gy (3 x 3Gy) every 24h. After irradi-
ation, and Th prior to the assay designed time point, medium was exchanged to the Seahorse XF Base Me-
dium (Agilent Technologies) with 1-mM sodium pyruvate, 2mM L-glutamine and 10mM D-(+)-glucose (all
Sigma-Aldrich, St. Louis, MO, USA), pH 7.4 and incubated at 37°C without CO,. During assays, oxygen con-
sumption rate (OCR) and extracellular acidification rate (ECAR) were measured in parallel using a Seahorse
XFe 96 analyzer (Agilent Technologies). Seahorse XF Cell Mito Stress Test kit (Agilent Technologies)
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containing injections of oligomycin, carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP), fol-
lowed by combined injection of rotenone and antimycin A was performed according to manufacturer’s pro-
tocol (see Table S1 for detailed information). In brief, after 3 measurements of basal parameters, injection
of oligomycin, FCCP and rotenone/antimycin A were performed, separated by each time point by 3 mea-
surements of OCR/ECAR parameters. For individual well normalization of cell number, DNA content fluo-
rescence was measured after cells were fixed with 4% PFA (Carl Roth, Karlsruhe, Germany) and stained with
10-pg/mL Hoechst 33342 (Sigma-Aldrich) solution after each assay. Data were analyzed using Wave 2.4
software (Agilent Technologies). For Figures 1A and 2A-2D mean values of n = 12-16 wells per cell line
from N = 2 independent experiments are indicated. All metabolic parameters were normalized to Hoechst
intensity (relative fluorescence units, RFU) in each well.

Extracellular flux assay - glycolysis stress test

Treatment with PJ34 (4uM) was performed 2h before irradiation with 3Gy. After irradiation, exactly Th
before the designated time point, cells were washed with 1x PBS and incubated in unbuffered DMEM (con-
taining additionally 1 mM L-glutamine), pH 7.4, at 37°C in a non-CO2 incubator. Subsequently, three extra-
cellular acidification rate measurements were performed using the Seahorse analyzer, and measurements
were repeated following injection of glucose (10 mM), oligomycin (1uM) and 2-deoxy-glucose (50mM)
(Agilent Technologies). Extracellular acidification rates (glycolytic flux parameters) were determined
according to the manufacture’s protocol and calculated as shown in Table S1. Normalization to the cell
number was performed as described above and was followed by data evaluation using Wave 2.4 software.

Irradiation

Cells were exposed to 3Gy of x-ray ionizing radiation using photon beams produced with a X-RAD 320
X-Ray Biological Irradiator with a MIR-324 X-ray tube, with 1.65mm beam conditioning filter (Precision
X-Ray, North Branford, CT, USA). Irradiations, with an initial energy of 320 keV and a rate of 3.75Gy/min
at a distance of 50cm from the x-ray tube window were controlled by a parallel dosimetry with a PTW
7862 parallel plate transmission chamber and PTW UNIDOS dosimeter (Precision X-Ray).

Electron microscopic study of mitochondrial morphology after irradiation

A549, NCI-H460, MDA-MB-231 and T98G cells were plated in T25 cell culture flasks in DMEM Medium sup-
plemented with 10% FBS and 1% Pen-Strep and cultivated in humified incubator at 37°C with 5% CO2 until
100% confluence. Upon irradiation with 3Gy, cells were fixated at the indicated time points (1h and 24h after
irradiation) with 2.5% glutaraldehyde in PB for 48h. Control cells without irradiation treatment were fixed
together with the cells of the 24h post irradiation time point. After cells were washed with PB, they were
detached from the flasks bottom with cell scrapers and centrifuged at 5 000 rpm for 3min. Afterwards,
cell bands were embedded in Agar-Agar (4% in PB). Cell blocks were incubated with Dalton solution for
90min and washed five times with PB for 5min. Next, the specimens were dehydrated through an ascending
ethanol series as described before (Krause et al., 2016). After incubation in propylene oxide for 20min, an
ascending series of Epon mixture in propylene oxide was applied, first 3:1 for 1h, then 1:1 for 1h, followed
by 1:3for 2h, and finally, specimen blocks were penetrated by pure Epon over night at 20°C. After replacing
fresh Epon, polymerization was performed at 60°C for 48h. 50nm sections were cut with an Ultracut E Reich-
ert-Jung (Leica Microsystems GmbH, Wetzlar, Germany) collected on Formvar-coated grids and con-
trasted with lead citrate for 5min. Samples were analyzed with a Zeiss LEO 910 transmission electron
microscope equipped with a digital CCD camera. ImageJ 1.51s (National Institutes of Health, Bethesda,
MD, USA) was used for the evaluation of single mitochondrial morphological parameter, like area, perim-
eter, and mean Ferret’'s diameter.

Mitophagy assays

Western blotting. Cells were plated 24h prior to radiation treatment. Cells were washed in ice-cold PBS
at the indicated time points and lysed in lysis buffer (Tris-HCI, pH 7.4, 50 mM; NaCl, 250 mM; Igepal 0.5%)
containing proteases (Complete Protease Inhibitor Cocktail, Roche) and phosphatase (PhosSTOP Phos-
phatase Inhibitor Cocktail, Roche) inhibitors for 10min at 4C. Lysates were cleared by centrifugation at
16,000 g for 10 minutes at 4°C, mixed with 4x Loading buffer and boiled 10min at 95°C. Proteins were
analyzed by western-blotting as in Vega-Rubin-de-Celis et al. (2010). Upon resolving in SDS-PAGE and
transfer to PVYDF membranes (Bio-Rad) samples were blocked in 5% non-fat dry milk in TBS-T (TBS contain-
ing 0.1% Tween-20) for 1h at room temperature. Membranes were incubated with primary antibodies
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diluted in 3% BSA-TBS-T overnight at 4°C. After washing three times with TBS-T, membranes were incu-
bated with HRP-conjugated secondary antibodies [Cell Signaling, HRP-linked anti-mouse (cat. number
#7076) or anti-rabbit (cat. number #7074) in 5% milk-TBS-T for 45 minutes at room temperature.

Primary antibodies were from Santa Cruz: TOMM20 (sc-17764, 1:500), PHB2 (sc-133094, 1:500), HSP60
(sc-59567, 1:500), Actin-HRP (sc-8432-HRP, 1:5000).

Immunofluorescence. Cells were seeded on 24-well imaging plates (Eppendorff, Hamburg, Germany)
and radiated 24h later. Cells were fixed at the indicated time points in 2% PFA in PBS for 10 minutes at
room temperature, followed by three 5 minutes washes with PBS. Samples were permeabilized in 0.5%
Triton-X100 in PBS for 2 min 30 seconds and rinsed in PBS. Blocking was performed in 0.5% BSA-PBS for
30 minutes. ATP5B antibody (Millipore, MAB3494) was diluted to 1:500 in 0.5% BSA-PBS and incubated
overnight at 4C. Alexa Fluor 488-conjugated secondary antibody (1:1000; Invitrogen) was incubated for
1 hour at room temperature in 0.5% BSA-PBS containing Hoechst. ATP5B dots were counted in at least
50 cells per condition for quantification under a Leica DMi8 microscope.

Detection of iron status (Iron Assay kit, Abcam)

Cells were plated, irradiated on the following day with a dose of 3Gy and lysed 1, 6 and 24h after irradiation
according to manufacturer’s protocol (Abcam Iron Assay Kit ab83366, Abcam, Cambridge, UK). In brief,
Fe?* reacts with Ferene S to produce a colored complex with absorbance at 593nm. Fe* can then be
reduced to Fe?*, thereby enabling to measure total iron (Yang et al., 2020; Zhou et al., 2020).

Detection of Fe?* by RPA using flow cytometry

Cells were plated in a 6-well plate and irradiated on the following day with a dose of 3Gy. Cell pellets were
stained with 40puM RPA (Squarix Biotechnology, Marl, Germany) for 15min and mean fluorescence intensity
(MFI) was detected by flow cytometry (BD Accuri Cé, Becton Dickinson, Heidelberg, Germany; FL-2). Fold
changes were quantified to the corresponding non-irradiated controls. In brief, RPA fluorescence is
quenched by Fe?* allowing the determination of iron reduction (Petrat et al., 2002; Santambrogio et al.,
2015).

Determination of reactive oxygen species (ROS)

To quantify cellular ROS production, cells were stained for 30 min at 37°C with 5 uM of Dihydroethidium
(DHE) (Molecular Probes/Invitrogen, Carlsbad, CA, USA). DHE-positive cells were detected by flow cytom-
etry (BD Accuri Cé, Becton Dickinson, Heidelberg, Germany; FL-2). Fractions of gated positive cells (at least
10,000 events) with higher fluorescence were evaluated. Fold changes were quantified to the correspond-
ing non-irradiated controls.

Short-term cell death, apoptosis, and cell cycle assays

The fraction of dead cells was quantified by flow cytometry (FACS Calibur, Becton Dickinson Heidelberg,
Germany; FL-2) of Pl-stained cells. Cells were incubated for 30min in the dark with PI (10ng/ml) in PBS and
measured within 1 hour. Fractions of gated positive cells (at least 10,000 events) with higher fluorescence
were evaluated. For quantification of apoptotic DNA-fragmentation (sub-G1 population) or Cell cycle of
gated positive cells (at least 10.000), cells were incubated for 30min in the dark with a staining solution
containing 50pg/ml Pl in a hypotonic citrate buffer 0.1% sodium citrate and 0.05% Triton X-100 and subse-
quently analyzed by flow cytometry (BD FACS Calibur, Becton Dickinson, Heidelberg, Germany; FL-2)
(Nicoletti et al., 1991).

Colony formation assays

Clonogenic cell survival in response to the respective treatments was determined comparing the clono-
genic survival of cells cultured under standard culturing conditions (20% O,, 5% CO,, 37°C). For treatment,
exponentially growing cells were seeded in tissue culture flasks, incubated under standard culturing con-
ditions (20% O, 5% CO,, 37°C) and irradiated 24h later (0 to 8Gy) without or with prior D-2DG (20 mM)
treatment. D-2DG treatment was performed 2 h prior to irradiation. After completion of the treatments,
cells were incubated for 24h, washed, collected (0.05% Trypsin, 0.01 EDTA), and plated to 6 well plates
at densities of 200 to 3200 cells per well (delayed plating). The cell viability was checked before plating
the cells by using CASY COUNT (Omni Life Science, Bremen, Germany) and only the number of viable cells
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were used for the calculation of necessary cell numbers for plating. Plates were subsequently incubated for
9 days under standard conditions before quantification of colony formation. For this, cells were fixed in
3.7% formaldehyde and 70% ethanol, stained with 0.05% Coomassie blue, and colonies of at least 50 cells
were counted by GelCount (Oxford Optronix, Oxfordshire, UK). The plating efficiency and surviving frac-
tion (SF) were calculated as described elsewhere (Franken et al., 2006).

Immunofluorescence staining

Cells were pretreated with D-2DG (20mM) or Rotenone (0.8uM) for 2h before irradiation with 3Gy. At a
given time after IR (30min, 2h, 6h and 24h) cells were fixed and permeabilized with 3% para-formaldehyde
and 0.2% Triton X-100 (Carl Roth) in PBS for 15min at room temperature. After washing with PBS, cells were
blocked overnight with 2% normal goat serum in PBS. Incubation with anti-y-H2A.X Alexa Fluor 647-con-
jugated antibody (AF-647, Catalog No. 56044, BD Bioscience, Franklin Lakes, NJ, USA) was performed for
Th ata 1:100 dilution in blocking buffer. Samples were washed three times with PBS followed by staining for
15min in the dark with 0.2% (w/v) Hoechst33342 in PBS. Samples were again washed three times with PBS,
mounted with the DAKO mounting medium (DAKO, Glostoup, Denmark) and stored at 4°C in the dark.

Fluorescence images acquisition

Single layer fluorescence images were taken with a Zeiss AxioCam MRm (1,3883 x 1,040 pixels) at a Zeiss
Axio Observer Z1 fluorescence microscope with Plan-Apochromat 63x/1.40 Oil M27 lens, 49 DAPI filter
(Hoechst33342 detection), 78 HE ms CFP/YFP filter (y-H2.AX AF-647 detection) and a transmission grid
VH ‘ApoTome’ (Carl Zeiss, Oberkochen, Germany). Images were taken with three fourth of the maximum
intensity without overexposure. The pictures were saved as 16-bit multi-channel Carl Zeiss Image files
with no further editing. At least 80 nuclei per cell line per experiment were analyzed by counting
YH2A X foci. N = 3 independent experiments were performed and used for the analysis.

Foci quantification and analysis

The Imaged macro Focinator version 2.2 and the R-based batch mode were applied to automatically count
yH2.AX foci as previously described (Oeck et al., 2015, 2017). The Focinator counts foci for each pre-
selected region of interest (ROI) defined as nuclei by Hoechest33342 staining automatically. Foci are
detected as a command of Image ‘Find maxima’ and discriminated from the surrounding pixels out of
16-bit grey scale image by signal peaks coming from fluorescence intensities. The same values of back-
ground correction and cut-off were applied to all analyzed pictures within all experiments. Obtained
foci counts were normalized to the respective area (Pixel?) of the ROI. The software, instructions and sup-
porting information are obtainable at http://www.focinator.oeck.de.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis

Classical statistical analyses were completed using two-way ANOVA with Tukey's multiple comparisons
post hoc test, two-way ANOVA with Sidak’s multiple comparisons post hoc test, or unpaired two-tailed
t-test. Analyses were performed using GraphPad Prism version 7 (GraphPad Software, Inc., San Diego,
CA). For each analysis p-values were either reported as numbers or represented by stars, where: * - p <
0.05, ** - p < 0.01, *** - p < 0.001, **** - p < 0.001, and ns - not significant.

Log-transformed measurements of basal respiration, ATP production, maximal respiration, glycolytic ca-
pacity, at time Oh (Figures 1B-1D and 1F) were modeled with multilevel generalized linear models
(GLMs) assuming normal distributions at all levels. We inferred an overall mean of the log-values, and
also deflections from that mean as function of factor cell line and replicate, with the latter nested into
the former. The distributions of the GLM parameters were inferred by Bayesian computation with Stan (Car-
penter et al.,, 2017) as available through the stan_Imer function of R-package rstanarm, version 2.18.2
(Goodrich et al., 2018) with weakly informative default priors. The quality of model fits was inspected by
Posterior Predictive Checks with the shinystan software (Gabry et al., 2018). Distributions of the cell line
specific intercepts of metabolic parameters were summarized graphically by 95% and 50% highest density
intervals (HDlIs) of probability, and numerically by accumulated probabilities P- (“P minus”) of negative ef-
fects. Time courses of glycolytic capacity for all cell lines (Figure 2F) were modelled as a single multilevel
GLM, analogous to Figure 1F, but with additional factor time.
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Statistical model of y-H2A.X foci dynamics

A multilevel statistical model was developed and applied to summarize the dynamics of YH2AX foci over
time (for formulas see supplemental information). For each replicate r and time point t, a binomial distri-
bution was assumed for the number of foci. The yH2.AX foci probability per unit area, p, ; (= success prob-
ability), of that binomial distribution was drawn from a beta distribution with time dependent parameters.
The size of the unit area was 0.1*Pixel?; with this unit area, the value of the probability p,  was safely lying
between 0 and 1. Above the replicate level, we had another, replicates-overarching beta distribution with
time dependent success probability p,. The variance of that latter beta distribution was modeled as coming
from a 2 distribution with k. degrees of freedom. Priors for the highest levels were all %2 distributions with
degrees of freedom parameter set to 2. For each cell line, a separate model of this type was fitted. The
model was implemented in Stan (Carpenter et al., 2017), and model parameters with credible intervals
of marginal distributions inferred by Bayesian analysis. During the development process several alternative
models were validated by posterior predictive checks (Figure S4), i.e., comparisons of models and reality.
Pairs of alternative models were compared with respect to predictive performance by approximate leave-
one-out cross-validation (Vehtari et al., 2017). The courses of y-H2.AX foci dynamics were compared be-
tween cell lines and plotted in a heatmap (Figure 3E). To this end we collected the five values of p; for times
t=0,0.5,2, 6,24 hfor each cell line i in a five-dimensional vector q;. Then we evaluated for each pair of cell
lines i, j the Euclidean distance d (q;, q)), and plotted all pairwise distances as colors in a heatmap.

Linear models

For the linear models in Figure 3 we first interpolated yH2.AX foci numbers per unit area (0.1*Pixel?) from
those at 0.5 h and 2 h to have yH2.AX foci numbers per unit area and metabolic measurements at the
same four time points Oh, 1h, 6h, and 2 4h (results in Figure S6A). For each pair of cell lines we then
took yH2.AX foci probabilities per unit area and log- metabolic parameter at these four time points
and inferred probability distributions of slope (Figure S7A) and intercept (Figure S7B) of a linear model,
relating y-H2.AX foci probabilities per unit area to log-metabolic parameters. Inference was performed
by Bayesian analysis with R package rstanarm (Goodrich et al., 2018). The linear models in Figure 3 are
represented by least square fits.
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