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Abstract

Although radiation is widely used to treat cancers, resistance mechanisms often develop and 

involve activation of DNA repair and inhibition of apoptosis. Therefore, compounds that sensitize 

cancer cells to radiation via alternative cell death pathways are valuable. We report here that 

ferroptosis, a form of non-apoptotic cell death driven by lipid peroxidation, is partly responsible 

for radiation-induced cancer cell death. Moreover, we found that small molecules activating 

ferroptosis through system xc
− inhibition or GPX4 inhibition synergize with radiation to induce 

ferroptosis in several cancer types by enhancing cytoplasmic lipid peroxidation, but not increasing 

DNA damage or caspase activation. Ferroptosis inducers synergized with cytoplasmic irradiation, 

but not nuclear irradiation. Finally, administration of ferroptosis inducers enhanced the anti-tumor 
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effect of radiation in a murine xenograft model and in human patient-derived models of lung 

adenocarcinoma and glioma. These results suggest that ferroptosis inducers may be effective 

radiosensitizers that can expand the efficacy and range of indications for radiation therapy.

INTRODUCTION

Radiation therapy is one of the most important therapeutic modalities in the treatment of 

cancer, which provides both curative and palliative strategies for disease management1. 

DNA damage is thought to be the principal target of radiation, and its extent and repair are 

the most crucial factors determining intrinsic tumor cell death from radiation2. While 

radiation provides targeted local control of malignant lesions, the addition of systemic 

treatments is often required to provide radiosensitizing effects to tumors, as well as to 

manage undetected distant disease. To this effect, the combination of chemotherapy and 

radiation has become more common over the past 30 years3. However, tumor control still 

remains poor with combination chemoradiation therapy in many locally advanced cancers, 

such as sarcomas, gliomas and non-small cell lung cancers, which are historically 

considered radioresistant4, 5.

Radiation resistance mechanisms often involve activation of DNA repair pathways and 

inhibition of apoptosis6–8. At the same time, alternative radiation-induced cell death 

pathways, such as necroptosis and autophagy, have been suggested9, 10. If activated, these 

mechanisms might offer strategies for treating otherwise radioresistant tumors.

In addition to DNA damage, radiation also generates reactive oxygen species, which can 

result in oxidation of biomolecules, such as lipid oxidation11. While this effect has largely 

remained unexplored, a phospholipid-peroxidation-driven form of regulated cell death, 

ferroptosis, has recently been identified, and increasing evidence has been found to support 

its importance in a variety of biological and diseases processes12. Ferroptosis is induced 

when phospholipid-PUFA peroxidation overwhelms cellular defense systems, such as the 

capacity of the glutathione phospholipid peroxidase GPX4 and the CoQ10-regenerating 

enzyme FSP113. Ferroptosis inducers include system xc
− inhibitors, which prevent cystine 

uptake into the cell, a building block of glutathione. By decreasing the biosynthesis of 

glutathione, system xc
− inhibitors indirectly inhibit the lipid repair function of GPX4, which 

uses glutathione as a coenzyme. Direct inhibitors of GPX4 can also induce ferroptosis 

through this mechanism14. Numerous cancer cell lines, such as sarcomas, renal cell 

carcinoma, and diffuse large B-cell lymphomas, have been found to be particularly sensitive 

to ferroptosis14, 15; some of these cell lines are also sensitive in the context of xenograft 

tumor models15, 16. These data suggest the hypothesis that radiation’s anti-tumor efficacy 

may in some contexts be driven by triggering ferroptosis, and that ferroptosis inducers may 

be effective radiosensitizers.
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RESULTS AND DISCUSSION

IKE and RSL3 synergize with radiation to promote clonogenic ferroptotic cell death in cell 
lines of multiple tumor types

We sought to determine first whether small molecule inducers of ferroptosis could synergize 

with radiation to promote cancer cell killing. Towards this end, we treated ferroptosis-

sensitive HT-1080 fibrosarcoma cells with different doses of Cs-137 gamma radiation and 

either imidazole ketone erastin (IKE), a system xc
− inhibitor, or Ras Synthetic Lethal 3 

(RSL3), a GPX4 inhibitor, which are both small-molecule inducers of ferroptosis. We tested 

their ability to prevent clonogenic growth, along with DMSO-treated controls. The colony-

forming ability of cells was measured, and the dose-responses to radiation of DMSO-treated, 

IKE-treated, and RSL3-treated groups were compared (Figure 1A). Both IKE and RSL3 

significantly enhanced the effects of radiation in decreasing clonogenic survival. Given that 

radiation also induces apoptosis, necroptosis, and autophagy in different contexts, we also 

tested whether inducers of alternative cell death pathways could synergize with radiation 

under similar conditions. We found that the apoptosis inducers staurosporine and 

doxorubicin, the autophagy inducer rapamycin, and induction of necroptosis using a 

combination of TNFα, Z-VAD-FMK and birinapant17 were capable of only slightly 

enhancing radiation-induced cell death (Figure S1A), to a lesser degree than the 

enhancement observed using IKE and RSL3.

The coefficient of drug interaction (CDI), used to compute interaction between two drugs, 

was used to quantify synergy between cell death inducers and radiation according to the 

formula CDI = AB / (A × B), where AB is the surviving fraction of the combination 

treatment, and A and B are the surviving fractions of the individual treatments. CDI < 1 

indicates synergy, CDI = 1 indicates additivity, and CDI > 1 indicates antagonism18 (Table 

S1). The results indicate that ferroptosis inducers synergize with radiation to a greater degree 

than other compounds in HT-1080 cells, and suggest that, although a variety of mechanisms 

may participate in radiation-induced cell death in this model system, ferroptosis is the most 

pronounced.

We then tested whether cell death enhancement of radiation with ferroptosis inducers 

occurred across diverse tumor cell types. Using the same assay, we evaluated several cancer 

cell lines for synergistic cell killing with radiation and either IKE or RSL3 (Figure S1B–

S1E). In addition to the initial ferroptosis-sensitive HT-1080 sarcoma cell line, glioma and 

lung cancer cells were evaluated, due to the clinical relevance of radiation therapy for its 

treatment. Enhanced cell killing was observed in all cell lines, SK-LMS-1 (uterine sarcoma), 

U87 (primary glioblastoma), and A549 and PC9 (lung carcinomas) when combining 

radiation with a ferroptosis inducer. The CDI values for each cell line were recorded at 

various doses of radiation and ferroptosis inducers, and the maximal CDI for each cell line 

was compared (Figure 1B and Table S2). The interactions between radiation and both 

ferroptosis inducers were synergistic for all the cell lines, ranging from CDI = 0.70 for IKE 

with radiation in PC9 cells to CDI = 0.09 for RSL3 with radiation in HT-1080 cells. Taken 

together, the results suggest that the cancer cell lines derived from radiation-sensitive tumors 

are synergistically killed by IKE and RSL3 and irradiation.
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Radiation-induced cancer cell death is suppressed by ferroptosis inhibitors

It has been reported that radiation causes lipid peroxidation in cells11, in addition to its 

widely known ability to induce DNA damage. Thus, we hypothesized that cell death caused 

by radiation alone may partially be due to ferroptosis, particularly in contexts in which DNA 

damage does not induce apoptosis. To test this, we measured the effect of ferroptosis 

inhibitors ferrostatin-1 and deferoxamine, as well as the apoptosis inhibitor Z-VAD-FMK, 

on the colony-forming ability of HT-1080 cells treated with 1, 2 or 4 Gy radiation alone. In 

this experiment, the lipophilic radical-trapping agent and ferroptosis inhibitor ferrostatin-1 

significantly rescued colony formation, whereas the apoptosis inhibitor Z-VAD-FMK did not 

(Figure 1C). Deferoxamine (DFO), a ferroptosis inhibitor and iron chelator, prevented cell 

proliferation and colony formation independent of radiation treatment, likely due to the 

requirement for iron for cell proliferation (data not shown). We then seeded cells more 

densely, and measured short term cell viability with an ATP-based luciferase assay to bypass 

this effect of DFO; cells treated with 4 Gy radiation for 24 h were rescued from death by co-

treatment with either DFO or ferrostatin-1, but not by co-treatment with Z-VAD-FMK or 

with the necroptosis inhibitor necrostatin-1S (Figure 1D). The autophagy inhibitor 3-

methyladenine also rescued cells in this format, suggesting that autophagy may also 

contribute to radiation-induced cell death in this model. Given that several autophagy-related 

genes are positive regulators of ferroptosis, one speculative explanation is that inhibiting 

autophagy also limits NCOA4-dependent ferritinophagy, therefore limiting intracellular 

redox-active iron availability and downregulating ferroptosis19.

We then evaluated whether the observed synergy in cell killing between radiation and 

ferroptosis inducers was due to enhanced ferroptosis. In this set of colony formation assays, 

we treated HT-1080 cells with the same doses of radiation and ferroptosis inducers, in the 

presence or absence of ferroptosis inhibitors ferrostatin-1 or trolox (Figure 1E–1H). Both of 

these lipophilic radical-trapping agents (which protect lipid membranes from oxidation) 

acted to suppress the synergy observed between either IKE or RSL3 and radiation. 

Consistent with the previous experiments, both inhibitors also partially rescued cell death 

induced by radiation alone, in the absence of ferroptosis inducers. These results suggest that 

ferroptosis and lipid peroxidation contribute to radiation-induced cell death in HT-1080 

cells, and that this ferroptotic cell death can be enhanced by the addition of otherwise 

sublethal concentrations of IKE or RSL3.

Genetic and biochemical hallmarks of ferroptosis are observed in radiation-treated cancer 
cells

Based on the above results, we sought to evaluate further whether ferroptosis is a mechanism 

for radiation-induced cell death and IKE/RSL3-amplified death in these cells. To this end, 

we measured the mRNA expression level of prostaglandin-endoperoxide synthase 2 

(PTGS2), a pharmacodynamic biomarker of ferroptosis15, using RT-qPCR in HT-1080 cells 

that were (1) radiated alone, (2) treated with 100 nM RSL3, (3) radiated and co-treated with 

RSL3, or (4) radiated and co-treated with 10 μM ferrostatin-1. We found that after 24 hours, 

PTGS2 mRNA was significantly induced in cells that were treated with 6 Gy radiation when 

compared to untreated cells (Figure 2A). Treating cells with ferrostatin-1 in combination 
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with radiation reversed this induction of PTGS2. When radiation was combined with RSL3, 

the upregulation in PTGS2 mRNA was even further enhanced.

Next, we sought to test the effects of radiation on cell membrane lipid peroxidation in a 

ferroptosis-sensitive cell context. We quantified levels of malondialdehyde (MDA), a 

biomarker for lipid peroxidation and ferroptosis, using an assay that measures thiobarbituric 

acid reactive substances (TBARS)20. In this assay, thiobarbituric acid (TBA) was added to 

cell lysates and heated under acidic conditions to form the MDA-TBA adduct, which was 

measured colorimetrically. MDA levels were found to be significantly elevated in cells 

treated for 24 h with 1 μM IKE, 6 Gy radiation, or a combination of the two, when compared 

to untreated cells (Figure 2B). Cells treated with 10 μM ferrostatin-1, either in the presence 

or absence of radiation, showed significantly lower levels of MDA compared to control 

cells.

To confirm that radiation causes lipid peroxidation in these cells, lipid peroxidation was also 

measured with C-11 BODIPY (581/591), a membrane-targeted lipid sensor dye. Flow 

cytometry analysis of HT-1080 cells treated with radiation, ferroptosis inducers, or a 

combination of both for 24 h and stained with C11-BODIPY showed that the combination 

treatment of either 1 μM IKE or 50 nM RSL3 with 6 Gy radiation significantly increased 

C-11 BODIPY fluorescence when compared to either radiation or ferroptosis inducer alone 

(Figure 2C, 2D). The resulting enhancement was reversed in both cases by also co-treating 

the cells with ferrostatin-1.

Ferroptosis inducers have been shown to alter the availability and consumption of 

intracellular glutathione (GSH). Class I ferroptosis inducers, such as IKE, inhibit system xc
−, 

the cystine/glutamate antiporter on the plasma membrane that exchanges intracellular 

glutamate and extracellular cystine12, 14, 21. Cystine taken up by system xc
− is reduced to 

cysteine, a building block in the biosynthesis of glutathione. The glutathione-depleting effect 

of IKE is thought to be its main mechanism of action that drives ferroptosis. Using a 

fluorometric GSH probe, we observed that treatment with 2 or 6 Gy radiation for 24 h 

depleted GSH in a dose-dependent manner in HT-1080 cells (Figure 2E). In addition, levels 

of glutathione further decreased when irradiated cells were co-treated with 2 μM IKE, 

suggesting that the two processes work in a cooperative fashion to deplete GSH. Indeed, the 

decrease in colony formation of HT-1080 cells following 2 or 4 Gy radiation was rescued by 

either glutathione methyl ester, or N-acetylcysteine, which is a biological precursor to 

glutathione (Figure S2). This finding provides a potential mechanism by which radiation and 

IKE act together to cause increased cell death.

IKE and RSL3 do not enhance radiation-induced DNA-damage signaling

Mechanisms of the cellular lethality from radiation are thought to be mainly derived from 

the downstream caspase-dependent apoptosis induced by DNA damage, including complex 

double-strand DNA breaks2, 22. Therefore, we wanted to determine if ferroptosis inducers 

and radiation induce DNA damage or affect DNA repair. We evaluated the extent of these 

effects of radiation by measuring DNA breaks and caspase activation in HT-1080 cells co-

treated with radiation and ferroptosis inducers. Immunofluorescence staining of γH2AX, a 

marker for double-strand DNA (dsDNA) damage and repair, was performed in cells treated 
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with 10 μM IKE, 1 μM RSL3, or 10 μM ferrostatin-1 along with DMSO control (Figures 

3A, 3B). The cells were either treated with radiation (6 Gy) or not irradiated (0 Gy) as a 

control. After 30 minutes, numerous γH2AX foci were present in irradiated cells, but absent 

in control cells, suggesting that, as expected, radiation at this dose caused significant DNA 

damage.

However, pharmacological modulators of ferroptosis did not affect the number of observed 

γH2AX foci in any of the treatment groups, indicating that ferroptosis inducers alone do not 

cause double-strand DNA breaks, and that this type of DNA damage does not correlate with 

the radiation-sensitizing effects of IKE and RSL3, nor with the rescuing effect of 

ferrostatin-1, towards radiation-induced cell death. An experiment was then performed at 6 h 

post-treatment, at which point the majority of the γH2AX foci in cells treated with radiation 

alone disappeared, presumably due to DNA repair. Similarly, no differences were observed 

between the irradiated groups treated with the vehicle DMSO and those treated with IKE, 

RSL3, or ferrostatin-1, which suggested that DNA repair was not delayed by the co-

treatment with ferroptosis inducers, nor enhanced by the co-treatment with ferrostatin-1. 

Treatment with IKE or RSL3 alone for 6 h did not result in γH2AX foci formation, with 

results similar to the 30-minute treatment. These results demonstrate that double-stranded 

DNA breaks do not correlate with the effects of ferroptosis inducers on cell viability in 

HT-1080 cells.

To test for other forms of DNA damage that cannot be detected by the γH2AX assay, we 

performed a comet assay, which detects single strand DNA damage in addition to double 

strand breaks, in HT-1080 cells treated under the same conditions. After 30 minutes, we 

observed a significant difference in percent of tail DNA between irradiated and unirradiated 

groups, demonstrating that DNA breaks had occurred following radiation treatment. We did 

not detect a significant increase in DNA single strand damage in cells treated with IKE or 

RSL3 alone, and no significant enhancement of DNA damage when IKE or RSL3 was 

combined with radiation, even when a proportion of cells had started to die at the 4-hour 

timepoint (Figure 3C). We also did not observe a significant protective effect of ferrostatin-1 

towards radiation-induced DNA single strand damage. These results again reinforce the 

conclusion that although DNA damage occurs in HT-1080 cells exposed to radiation, it is 

not related to the synergistic cell death observed during co-treatment with ferroptosis 

inducers.

DNA damage is a potent inducer of apoptosis. Therefore, we also tested for the presence of 

radiation-induced apoptosis by measuring levels of cleaved caspase-3 in HT-1080 cells 

treated with 6 Gy radiation, or with IKE or RSL3, or with a combination of radiation plus 

ferroptosis inducer, for 24 h (Figure 3D). Levels of cleaved caspase-3 were minimally 

elevated in cells treated with radiation compared with those of non-irradiated cells, and the 

addition of ferroptosis inducers did not further increase the amount of cleaved caspase-3. 

Treatment with ferroptosis inducers alone did not induce detectable cleavage of caspase-3, 

as previously reported23. In contrast, the pro-apoptosis inducer staurosporine, used as a 

positive control at 500 nM for 6 h, induced cell death along with levels of caspase-3 

cleavage, shown by bands at 17 and 19-kDa. When these cells were co-treated with 

staurosporine and 100 μM Z-VAD-FMK, a pan caspase inhibitor, the cells were rescued 
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from staurosporine-induced cell death. Despite this, some quantity of 17-kDa cleaved 

caspase-3 was still detectable in the Z-VAD-FMK-treated sample. To further check for 

potential radiation-induced apoptosis in this model at a later time point, we attempted to 

rescue the effects of radiation using 100 μM Z-VAD-FMK after 48, 72, and 96 h (Figure S3). 

However, no significant rescue of cell viability was observed at any of these time points.

These findings suggest that ferroptosis driven by lipid peroxidation, not DNA damage or 

apoptosis, is the predominant radiosensitizing mechanism of ferroptosis inducers in 

HT-1080 cells.

Untargeted lipidomics reveals molecular features of ferroptosis in cells co-treated with IKE 
and radiation

To further probe the effects of radiation on cellular lipid composition and metabolism in 

cells that are ferroptosis-sensitive, we performed an ultra-performance liquid 

chromatography coupled to quadrupole- time-of-flight-mass-spectrometry-(UPLC-q-ToF 

MS)-based untargeted lipidomics analysis of HT-1080 cells treated with 0 or 6 Gy radiation 

for 24 h, and co-treated with either DMSO vehicle or 5 μM IKE for 12 h. Untargeted UPLC-

MS analyses of the samples resulted in the detection of 1,304 and 561 features in the 

positive and negative electrospray ionization (ESI) modes, respectively. Unsupervised 

principal component analysis of the detected lipid features in both ESI modes showed clear 

clustering and separation among the groups (Figure 4A). Using two-way ANOVA (FDR 

corrected p value < 0.05 for both IKE-treated and IR-treated samples when compared to 

control samples), we found 18 lipid ions in the positive and 10 lipid ions the negative ESI 

modes whose abundances changed significantly among the groups (Table S3). By integrating 

the annotated lipid ions in both modes, we found 17 unique lipid species, including one free 

fatty acid (FA 16:1), 10 lysophospholipids (LysoPLs) and 6 diacylglycerols (DAGs), that 

increased significantly in cells treated with IKE or radiation, with even larger increases when 

IKE and radiation were combined (Figure 4B). Lysophospholipids, molecules generated 

following PUFA-containing phospholipid peroxidation by enzymatic cleavage of the 

oxidized PUFA tail, have been implicated in oxidative stress and accumulate during 

treatment with ferroptosis inducers16, 24, 25. Among these, lysophosphatidylinositol (LysoPI) 

18:1 (interaction p value=0.01) and lysophosphatidylethanolamine (LysoPE) 18:1 (p=0.03) 

in particular had significantly interacting synergistic effects between IKE and radiation. 

Furthermore, the significantly elevated levels of diacylglycerols may have resulted from 

hydrolysis of triacylglycerols, which are enriched in ferroptosis-sensitive cell states of clear-

cell carcinoma and have been shown to be accumulated by IKE in cell culture models of 

diffuse large B-cell lymphoma16, 26. Of these, DAG 16:0_16:1 also displayed significant 

interaction between IKE and radiation (p<0.05).

These results suggest that radiation-driven lipid peroxidation in ferroptosis-sensitive cells 

produces a downstream lipid signature similar to that produced by IKE alone, and consistent 

with the previous studies of cell lipidome changes during ferroptosis. In combination 

therapy, the oxidation of PUFA-phospholipids by radiation enhances the same effect driven 

by IKE, presumably potentiating ferroptosis through the accumulation of oxidized PUFAs, 

and producing lysophospholipids as a by-product that are as a ferroptosis biomarker (Figure 

Ye et al. Page 7

ACS Chem Biol. Author manuscript; available in PMC 2021 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4C). However, the exact role of lysophospholipids in ferroptosis remains unexplored. We 

next utilized a precision charged particle microbeam to elucidate the consequence of lipid 

peroxidation with irradiation of sub-cellular compartments.

Targeted cytoplasmic, but not nuclear, microbeam radiation selectively synergizes with 
IKE and RSL3 to enhance clonogenic cell death

To further probe the mechanism by which radiation synergizes with IKE and RSL3 to cause 

cell death, we used a 5-MeV proton microbeam to deliver targeted radiation to either the 

nucleus or the cytoplasm of HT-1080 cells27. The microbeam consists of a single beam of 

proton radiation with a spot size of 4 micrometers that allows radiation damage to be 

precisely deposited at specific locations in a cell. This translates to delivery of a precise 

number of protons to either the cell nucleus or to the cytoplasm outside of the nucleus28, 29. 

The targetable nature of the microbeam allows us to distinguish the cytoplasmic effects of 

radiation from its nuclear effects, and test if the former is the predominant component that 

drives radiation-induced ferroptosis. To target the microbeam, cells were labeled with 

Hoechst stain and imaged. Nuclear radiation was delivered to the center of gravity of the cell 

nucleus, whereas cytoplasmic radiation was delivered to two sites 7 microns away from the 

nuclear edge along the nuclear long axis (Figure 5A). Using this method, we first established 

dose responses of these cells to nuclear and cytoplasmic radiation. The ED50 for clonogenic 

cell death was observed to be around 100 protons for nuclear radiation, and between 1,000 

and 1,500 protons per site for cytoplasmic radiation (Figure S4). Compared to conventional 

photon radiation, these doses approximately correspond to 1 Gy to the nucleus and between 

1–5 Gy to the cytoplasm, a therapeutically relevant dose range that is consistent with our 

previous experiments. Similar to previous reports, these results suggest that nuclear proton 

radiation was more lethal to cells than cytoplasmic proton radiation, presumably through 

direct radiation-induced damage to DNA and genome integrity30. This supports the view that 

the genotoxic effects of radiation are attributed mainly to direct damage to the nucleus.

However, when microbeam radiation was combined with inducers of ferroptosis, we 

observed that nuclear radiation had no synergy with IKE and RSL3, whereas cytoplasmic 

radiation synergized strongly with both compounds (Figure 5B, 5C). Notably, although no 

significant cell death was observed with 500 or 1,000 protons alone delivered per site to the 

cytoplasm, there was a large decrease in cell survival when irradiated cells were 

concurrently treated with sub-lethal doses of either of the two ferroptosis inducers, leading 

to synergistic CDI values between 0.2 and 0.4. By comparison, no such effect was observed 

when the cells were treated with nuclear irradiation. These results suggest that ferroptosis 

inducers sensitize cells to the effects of radiation primarily in the cytoplasm.

To further highlight the differences between nuclear and cytoplasmic microbeam radiation, 

and to examine if they represent two distinct forms of radiation-induced cell death, we 

sought to measure levels of DNA damage and lipid peroxidation in cells treated under the 

two conditions. To measure DNA damage, cells were treated either with 100 protons to the 

nucleus or 2,000 protons to each site in the cytoplasm. γH2AX immunofluorescence 

staining for dsDNA breaks was performed 30 minutes post-irradiation (Figure 5D). γH2AX 

foci were indeed present in cells treated with nuclear radiation, but absent from cells treated 
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with cytoplasmic radiation. To examine the microbeam’s effects on lipid peroxidation, we 

performed immunofluorescence staining of 4-hydroxynonenal (4-HNE), a marker of lipid 

peroxidation, in cells with the same treatment conditions at 2 hours post-irradiation (Figure 

5E). The 4-HNE signal was significantly increased in samples treated with cytoplasmic 

radiation relative to untreated cells, but not in those treated with nuclear radiation.

Taken together, these findings indicate that, although damage to the nucleus remains an 

important mechanism of radiation therapy in some contexts, inducers of ferroptosis serve to 

activate a distinct cell death mechanism based in the cytoplasm, which may become relevant 

in cancer cells that have acquired resistance to the traditional cell death and DNA damage 

pathways. Although it is not possible to differentially deliver cytoplasmic vs. nuclear 

radiation in clinical contexts, the microbeam is nevertheless a useful tool to separate the 

effects of radiation-induced lipid peroxidation and DNA damage and to examine how 

ferroptosis synergizes with the former but not the latter in different cells and tumors. Further 

mechanistic studies may reveal the targets contained within the cytoplasm required for this 

synergy, which could in principle be pharmacologically modulated for downstream clinical 

applications.

IKE and sorafenib enhance effects of radiation to inhibit tumor growth in a xenograft 
mouse model of sarcoma

We sought to evaluate the efficacy of the combined treatment regimen of radiation and 

ferroptosis inducer in an in vivo tumor model. Of the two ferroptosis inducers tested in cell 

culture, IKE was selected for in vivo studies due to its previously established stability and 

activity in xenograft mouse models of cancer16. Athymic nude mice were implanted with 

subcutaneous HT-1080 fibrosarcoma cells to form xenograft tumors. When the tumors 

reached an average volume of approximately 100 cubic millimeters, intraperitoneal (i.p.) 

injections of 40 mg/kg IKE or vehicle were delivered daily for 14 days, starting on day 0 and 

ending on day 13. On days two and four of IKE treatment, 0 or 6 Gy radiation was delivered 

to the tumor site using the Small Animal Radiation Research Platform (SARRP) system31. 

After two weeks, tumor volume was compared between mice treated with vehicle, IKE 

alone, radiation alone, or a combination of both (Figure 6A). Using two-sample t-tests, we 

observed a significant difference between the vehicle-treated control group and the groups 

treated with radiation alone; IKE alone was not strongly effective at this dose level in this 

model. We observed a significant further reduction in tumor volume between the single 

treatment groups when compared to the group treated with combination therapy, showing 

that IKE enhanced the effects of radiation in reducing tumor growth. Upon analysis of all 

groups with the two-way ANOVA test, we found statistical significance for treatment with 

IKE alone (p=0.03) and radiation alone (p=0.004). The two factors interacted positively with 

each other, although the interaction P value did not reach significance (p=0.34).

Using weight loss as a measure of mice health, we did not observe any significant 

differences between any of the groups for the duration of the experiment (Figure S5A). This 

suggests that IKE and radiation and the combination were well tolerated at these dose levels 

for this length of exposure.
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Next, we measured malondialdehyde (MDA) levels, as a biomarker for ferroptosis, in tumor 

tissue using immunohistochemistry on fixed and paraffin-embedded tumor samples resected 

at day 14 post-treatment (Figure 6B). We observed significantly elevated MDA signal in 

tumors treated with both IKE and radiation compared to that of tumors treated with vehicle, 

suggesting enhanced lipid peroxidation and ferroptosis in the co-treated tumors. No 

significant differences were observed between tumors treated with vehicle, IKE only, or 

radiation only. This again suggests synergistic pharmacodynamic effect of radiation and IKE 

in this tumor model.

We then sought to test the radiosensitizing effect of sorafenib, an FDA-approved 

chemotherapeutic drug, which also acts as an inhibitor of system xc
− 21. First, the colony-

forming ability of HT-1080 cells when treated with sorafenib, radiation or a combination 

was compared to that of untreated cells. We found that treatment with 5 μM sorafenib is 

synergistic with radiation at both 2 Gy (CDI=0.65) and 4 Gy (CDI=0.47), and that this effect 

is partially suppressible by co-treatment with ferrostatin-1 (Figure S6A). To confirm that the 

observed synergistic effect between sorafenib and radiation in HT-1080 cells is due to 

system xc
− inhibition, we then measured levels of GSH in these cells treated with DMSO or 

sorafenib, and co-treated with 0 or 6 Gy radiation for 24 hours. Indeed, significant depletion 

of GSH was observed in the dual treated sample, when compared to samples treated with 

DMSO, sorafenib alone, or radiation alone (Figure S6B).

To test the radiosensitizing effects of sorafenib in vivo, we treated athymic nude mice 

implanted with HT-1080 xenograft tumors, as described above, with 40 mg/kg sorafenib 

tosylate or vehicle delivered i.p. daily for 14 days, with or without 6 Gy radiation delivered 

per mouse using SARRP on days 1 and 3. Using two-sample t-tests, we observed significant 

differences between the control, radiation-treated, and combination-treated groups (Figure 

6C). No difference was observed between the control group and the group treated with 

sorafenib alone. Two-way ANOVA revealed statistical significance for treatment with 

sorafenib alone (p=0.03) and radiation alone (p=0.006). Similar to the experiment with IKE, 

the two factors interacted positively with each other but did not reach significance (p=0.18). 

No significant differences in weight were observed between any of the groups over the 

course of the experiment (Figure S5B).

We then sought to confirm that sorafenib inhibits system xc
− in vivo, leading to a depletion 

of downstream intracellular glutathione. We measured GSH in tumor tissue taken from three 

randomly selected mice in each group and found significantly lower GSH in tumors treated 

with either radiation or sorafenib compared to those treated with vehicle. A further 

significant GSH depletion was observed in dual-treated tumors (Figure 6D).

Analysis of TCGA data suggests a role for SLC7A11 in radioresistance of gliomas

To determine if system xc
− can potentially be an additional therapeutic target in tumors 

undergoing radiation therapy, we examined the association between SLC7A11 expression 

and methylation and clinical outcomes for all patients diagnosed with glioma in the Cancer 

Genome Atlas (TCGA) dataset32, 33. Comparing patient groups with low (quartile 1) or high 

(quartile 4) levels of SLC7A11 RNA expression, we found that high expression of SLC7A11 
RNA was associated with decreased overall survival (OS) and disease-free survival (DFS, p 
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< 0.001). Conversely, SLC7A11 DNA methylation was associated with improved OS and 

DFS (p < 0.001) (Figure 7A, S7). Given that our data suggests that inhibition of system xc
− 

sensitizes glioma cells to radiation-induced ferroptosis, we would also expect that RNA 

expression and DNA methylation of SLC7A11 is preferentially important for patients treated 

with radiation over those who are not. In order to further determine whether survival 

outcomes were specific to radiation therapy, we conducted a subgroup analysis in the 

dataset, in which survival based on gene expression and methylation was stratified by receipt 

of radiation therapy. For patients who were not treated with radiotherapy, there was no 

association between survival and levels of SLC7A11 RNA expression or DNA methylation. 

However, in patients treated with radiation therapy, high SLC7A11 RNA expression was 

associated with decreased DFS (p < 0.001), while high DNA methylation was associated 

with improved DFS (p < 0.001). (Figure 7B). Taken together, this data supports a role for 

SLC7A11 in treatment resistance of gliomas towards radiation, and suggests a potential 

benefit for system xc
− inhibition with IKE or sorafenib during radiation treatment.

IKE combines with radiation to enhance lipid peroxidation in ex vivo slice cultures of 
mouse and human gliomas

To further study the potential of combining small-molecule ferroptosis inducers and 

radiation for human therapeutic use, we used ex vivo samples of human glioma, which have 

been immediately cut from freshly resected tumors and grown as organotypic slice cultures, 

as previously described34. De-identified patient information for these tumor samples are 

recorded in Table S4. The slices were then treated with 10 μM IKE, 2 Gy radiation, or a 

combination of both for 24 hours. Then, cells were dissociated and stained with H2DCFDA 

dye to measure formation of intracellular ROS using flow cytometry. A total of five human 

samples were tested. Of these, two glioblastomas did not demonstrate an increase in ROS 

generation following treatment with radiation, whereas three did respond to radiotherapy, 

including one high-grade oligodendroglioma and two astrocytomas. In the three responsive 

slice cultures, we also observed a significant enhancement of ROS generation with 

combination treatment when compared to control (Figure 7C,7D). The ROS accumulation 

was also partially suppressible by co-treating with 10 μM ferrostatin-1, indicating that part 

of the generated ROS originates from lipid membranes. Tumor cell viability within slices 

were not assessed, as the number of tumor cells embedded in each slice cannot be 

normalized between slices. Taken together, these experiments show that certain human 

gliomas may be susceptible to a combination therapy of a ferroptosis inducer and radiation. 

However, a mixed response to radiation among all tumors tested suggest that more 

experiments are needed to better understand which types of glioma might be most sensitive 

to the proposed treatment regimen.

IKE and sorafenib enhance effects of radiation to inhibit tumor growth in a patient-derived 
xenograft of lung adenocarcinoma

Finally, we tested the effect of ferroptosis-inducing system xc
− inhibitors, in combination 

with radiation, on a patient-derived xenograft (PDX) model of lung adenocarcinoma, a type 

of cancer commonly treated with radiation therapy. NSG mice engrafted with a human lung 

adenocarcinoma tumor (TM00219) were evaluated. Intraperitoneal (i.p.) injections of 40 

mg/kg IKE, 40 mg/kg sorafenib, or vehicle were delivered daily for 14 days, as described 
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above in the HT-1080 xenograft study. On day one of treatment, 0 or 6 Gy radiation was 

delivered to the tumor site using the SARRP. At the conclusion of the study, we observed 

significant tumor growth inhibition in the combination-treated group compared to all other 

groups (Figure 7E, 7F). In addition, treatment with radiation alone, IKE alone, or sorafenib 

alone also showed significant tumor control compared to the group treated with vehicle only. 

This experiment demonstrates the potential applicability of this therapeutic strategy to 

patients whose cancers currently already receive radiation therapy as standard of care.

Traditionally, mechanisms of cellular lethality from radiation have focused on the role of 

clustered DNA damage, in particular double-strand DNA breaks, in the nucleus. This 

genotoxicity leads to downstream effects such as apoptosis and mitotic catastrophe, which 

are thought to be the predominant mechanisms of cancer cell death following irradiation35. 

Nevertheless, some prior reports have highlighted the capacity for radiation to produce 

hydroxyl radicals and even lipid peroxidation in cell membranes11, 36. With the framework 

of ferroptosis, a lipid-peroxidation-based form of regulated cell death that can be modulated 

by a wide arsenal of pharmacological agents and metabolic interventions, it may now be 

possible to enhance the radiation-induced lipid damage response to kill tumors. This 

alternative mechanism may be especially effective in tumors with either intrinsic or acquired 

resistance to the genotoxic effects of radiation, such as those with increased capacity for 

DNA repair or a defective apoptosis pathway.

Intriguingly, the ferroptosis-inducing molecules erastin and sulfasalazine have been shown 

previously to potentiate radiation in models of glioma, melanoma, and breast cancer37–39. 

Both of these molecules belong to class I ferroptosis inducers, which inhibit system xc
− and 

decreases glutathione synthesis. While these studies noted lowered levels of glutathione to 

be the cause of the compounds’ radiosensitizing effect, the proposed mechanisms of synergy 

were proposed to be enhanced DNA damage and downstream apoptotic pathways. Our study 

is the first to link radiation to glutathione depletion resulting in lipid peroxidation and 

subsequent ferroptotic cell death. These studies together also suggest that altered glutathione 

metabolism may have the ability to activate distinct cell death mechanisms.

While its ability to deplete glutathione is one likely mechanism by which radiation 

synergizes with ferroptosis inducers, other possibilities may be considered. Gamma rays and 

X-rays, the most clinically relevant types of radiation therapy, do not damage biological 

molecules directly, but rather through hydroxyl radical intermediates. Polyunsaturated fatty 

acids (PUFAs), which are oxidized in ferroptosis, are particularly sensitive to this type of 

damage given their ability to stabilize a free radical in the bis-allylic position through 

conjugation, and are the most sensitive lipid species to destruction when exposed to high 

dose radiation40. Evidence to support this hypothesis includes reports from two groups that 

treatment of several cancer cell lines, including astrocytomas and colorectal cancers, with 

PUFAs resulting in enhanced cell killing by radiation41, 42. In addition, in a report 

identifying the role of ATM in iron metabolism and ferroptosis, the authors speculate that 

radiation-induced increase of intracellular iron may be induced through ATM expression, 

and that this increase may provide a further mechanism by which radiation can potentiate 

ferroptosis43. Furthermore, it was recently reported that radiotherapy-activated ATM 

suppresses SLC7A11, triggering ferroptosis through decreased cysteine uptake and lipid 
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peroxidation44. Therefore, it is plausible that one of the ways in which glutathione depletion 

occurs in our models is due to ATM activation, although the authors agree with our view that 

many other mechanisms may be involved in this process. Additional studies are required to 

determine which of these mechanisms are the most relevant in diverse contexts.

While the upstream mechanism by which radiation oxidizes these lipids remains to be 

elucidated, our lipidomics data suggest that the effects of radiation on lipid species of treated 

cells as a whole overlap with those produced by a ferroptosis inducer such as IKE. In 

particular, the profound increase in lysophospholipids, a by-product of PUFA-phospholipid 

oxidation, has the potential to serve as a biomarker for ferroptosis induced by both radiation 

and IKE. For example, the levels of both LysoPI 18:1 and LysoPE 18:1 increased in both 

groups and showed strong interactions in the combination group, potentially acting as 

signatures of the synergistic effects between IKE and radiation.

The microbeam results we observed indicate that the interactions between radiation and the 

ferroptotic pathway occur primarily in the cytoplasm. At the same time, the lower threshold 

for cell killing by nuclear radiation compared to cytoplasmic radiation suggests that DNA 

damage is a major cell death modality of radiation. This is potentially because the charged 

particle radiation used for the microbeam experiments are known to have a higher Linear 

Energy Transfer (LET), causing more direct DNA damage when compared to gamma 

radiation used in cell culture experiments. Thus, the type of radiation may strongly impact 

the type of cell death activated, in addition to the tumor context. As ferroptosis inducers are 

optimized and developed as chemotherapeutic agents, these results suggest that they may be 

combined with radiation therapy in a variety of contexts, such as when cancers have evolved 

specific resistance mechanisms to DNA damage and downstream cell death modalities, such 

as enhanced DNA repair or deficient apoptotic machinery. In particular, the use of this 

combination therapy in cancers that have undergone EMT is potentially promising, as they 

have been identified as a resistant state susceptible to GPX4 inhibition and ferroptotic cell 

death45. In these cases, the synergistic effects of this therapeutic strategy may allow lower 

doses of radiation to be delivered, therefore reducing adverse effects of radiation in healthy 

tissues.

Finally, using a combination of radiation and IKE or sorafenib, we showed that synergistic 

tumor cell killing through ferroptosis can be extended to patient-derived models of glioma 

and lung cancer. Given that these two types of cancer are routinely treated with radiation 

therapy, our findings potentially pave the way for the first clinical trial focused on ferroptosis 

as an alternative cell death pathway for tumor control in a therapeutically relevant cancer 

type.

In summary, we report here that ferroptosis is a mechanism of radiation-induced cancer cell 

death, and that ferroptosis inducers act as radiosensitizers by potentiating the effects of 

radiation on cytoplasmic lipid peroxidation leading to cell death, in cell culture, xenograft 

mouse studies, and patient-derived xenografts and tumor slice cultures. These findings may 

open up new avenues of treatment for tumors that become resistant to conventional DNA 

damage and cell death pathways.
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Figure 1. IKE and RSL3 increase radiation sensitivity in cancer cell lines through lipid 
peroxidation.
A) Dose response of HT-1080 cells treated with DMSO, IKE, or RSL3 to radiation 

measured by clonogenic assays. **p<0.01.

B) Coefficients of interaction between IKE (top) or RSL3 (bottom) and radiation observed 

for 5 tested cancer cell lines measured by clonogenic assays.

C) Dose response of HT-1080 cells treated with DMSO, ferrostatin-1, or Z-VAD-FMK to 

radiation measured by clonogenic assays. *p<0.05, n.s.: p>0.05.

D) Cell viability of HT-1080 cells treated with DMSO, ferrostatin-1, deferoxamine, Z-VAD-

FMK, necrostatin-1S, or 3-methyladenine and co-treated with 0 or 4 Gy radiation for 24 

hours. Data normalized to 0 Gy unirradiated controls for each treatment group. **p<0.01, 

*p<0.05, n.s.: p>0.05.
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E) Dose response of HT-1080 cells treated with DMSO, IKE, ferrostatin-1, or IKE and 

ferrostatin-1 measured by clonogenic assays. **p<0.01. Significance is calculated between 

the group treated with ferroptosis inducer and the group co-treated with ferroptosis inducer 

and ferroptosis inhibitor in E), F), G) and H).

F) Dose response of HT-1080 cells treated with DMSO, RSL3, ferrostatin-1, or RSL3 and 

ferrostatin-1 measured by clonogenic assays. ***p<0.001.

G) Dose response of HT-1080 cells treated with DMSO, IKE, Trolox, or IKE and Trolox 

measured by clonogenic assays. **p<0.01.

H) Dose response of HT-1080 cells treated with DMSO, RSL3, Trolox, or RSL3 and Trolox 

measured by clonogenic assays. ***p<0.001.

Data are plotted as mean ± SEM; n = 3 side-by-side experiments for A), C), D), E), F), G), 

H). Three biologically independent experiments were performed with similar results.
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Figure 2. Markers of ferroptosis are elevated in HT-1080 cells treated with radiation.
A) PTGS2 mRNA fold change measured by RT-qPCR in HT-1080 cells treated with DMSO, 

RSL3, or ferrostatin-1 and co-treated with 0 or 6 Gy radiation for 24 hours. ****p<0.0001.

B) MDA levels measured using the TBARS assay in HT-1080 cells treated with DMSO, 

IKE, or ferrostatin-1 and co-treated with 0 or 6 Gy radiation for 24 hours. ***p<0.001, 

**p<0.01, *p<0.05.

C) Representative histograms of HT-1080 cells treated with DMSO, IKE, or IKE + 

ferrostatin-1 and co-treated with 0 or 6 Gy radiation for 24 hours and stained with C-11 

Ye et al. Page 20

ACS Chem Biol. Author manuscript; available in PMC 2021 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BODIPY measured by flow cytometry. Horizontal bars indicate C-11 BODIPY-positive cell 

populations.

D) C11-BODIPY staining of HT-1080 cells treated with ferroptosis modulators and co-

treated with 0 or 6 Gy radiation measured by flow cytometry. **p<0.01.

E) Glutathione (GSH) level is detected in HT-1080 cells treated with DMSO or IKE and co-

treated with radiation for 24 hours using a fluorometric assay. ****p<0.0001, **p<0.01, 

*p<0.05, n.s.: p>0.05.

Data are plotted as mean ± SEM; n = 3 technical replicates for A), B), D) and E). Three 

biologically independent experiments were performed with similar results.
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Figure 3. IKE and RSL3 enhance radiation-induced cell death in HT-1080 cells through 
mechanisms independent of DNA damage or apoptosis.
A) Representative images of γH2AX immunofluorescence staining in HT-1080 cells treated 

with DMSO, IKE, RSL3, or ferrostatin-1 and co-treated with 0 or 6 Gy radiation for 30 

minutes or 6 hours. Blue: DAPI; Yellow: γH2AX-FITC. Scale bar, 10 μm.

B) Quantification of γH2AX immunofluorescence staining in HT-1080 cells treated with 

DMSO, IKE, RSL3, or ferrostatin-1 and co-treated with 0 or 6 Gy radiation for 30 minutes 

or 6 hours. ****p<0.0001, n.s.: p>0.05.

C) Quantification of percent tail DNA in HT-1080 cells using the comet assay. Cells were 

treated with DMSO, IKE, RSL3 or ferrostatin-1 and co-treated with 0 or 6 Gy radiation for 

30 minutes or 4 hours. ***p<0.001, **p<0.01, *p<0.05, n.s.: p>0.05.
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D) Western blot of cleaved caspase-3 in HT-1080 cells treated with DMSO, 1 μM IKE, 50 

nM RSL3 and co-treated with 0 or 6 Gy radiation for 24 hours. Cells treated with 500 nM 

staurosporine and 500 nM staurosporine + 100 μM Z-VAD-FMK were included as positive 

and negative controls.

Data are plotted as mean ± SEM. Three biologically independent experiments were 

performed with similar results for B), C) and D).
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Figure 4. Untargeted lipidomic study reveals enhanced ferroptosis lipid signatures in cells co-
treated with IKE and radiation in HT-1080 cells.
A) Principal component analysis of the extracted lipid features in samples treated with 

DMSO or 5 μM IKE for 12 hours, with or without 6 Gy radiation for 24 hours, in both 

positive and negative electrospray ionization modes.

B) Fold change heatmap of significantly changed lipid features from both IKE treatment and 

radiation treatment determined by two-way ANOVA (FDR corrected p value < 0.05) 

combined from both positive and negative ionization modes. Blue indicates decreased 

abundance compared to DMSO-treated controls (fold changes between 0.3 and 0.8); white 

indicates no change (fold changes between 0.8 and 1.2); red indicates increased abundance 

(fold changes between 1.2 and 10). n = 3 biologically independent samples. Abbreviations: 

FA, fatty acid; LysoPC, lysophosphatidylcholine; LysoPE, lysophosphatidylethanolamine; 

LysoPI, lysophosphatidylinositol; DAG, diacylglycerol.
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C) Proposed model of how oxidation of membrane polyunsaturated fatty acids by IKE and 

radiation cause elevated lysophospholipids and cell death. Abbreviations: PUFA, 

polyunsaturated fatty acid; PLA2, phospholipase A2; Lyso-PL, lysophospholipid.
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Figure 5. Ferroptosis inducers synergize with cytoplasmic irradiation but not nuclear irradiation 
in HT-1080 cells.
A) Diagram of microbeam setup showing locations of beam spots targeting either the 

nucleus or cytoplasm.

B) Clonogenic cell survival of HT-1080 cells treated with nuclear radiation and IKE or 

RSL3. CDI values are indicated.

C) Clonogenic cell survival of HT-1080 cells treated with cytoplasmic radiation and IKE or 

RSL3. CDI values are indicated.

D) Immunofluorescence staining of γH2AX in untreated cells, and cells treated with 100 

protons to the nucleus or 2000 protons to the cytoplasm for 30 minutes. Blue: DAPI; Yellow: 

γH2AX-FITC. ****p<0.0001, n.s.: p>0.05. Scale bar, 10 μm.

Ye et al. Page 26

ACS Chem Biol. Author manuscript; available in PMC 2021 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



E) Immunofluorescence staining of 4-HNE in untreated cells, and cells treated with 100 

protons to the nucleus or 2000 protons to the cytoplasm for 2 hours. Blue: DAPI; Red: 4-

HNE-Rhodamine Red. ****p<0.0001, n.s.: p>0.05. Scale bar, 10 μm.

Data are plotted as mean ± SEM; n = 3 side-by-side experiments. Three biologically 

independent experiments were performed with similar results.
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Figure 6. IKE and sorafenib, combined with stereotactic radiation therapy, suppress tumor 
growth in a mouse xenograft model of sarcoma and a patient-derived xenograft model of lung 
adenocarcinoma.
A) Tumor volume ratio change in HT-1080 xenograft tumors treated with vehicle or IKE for 

14 days and co-treated with 0 or 6 Gy radiation on days 2 and 4. n = 7 or 8 mice per group. 

**p<0.01, *p<0.05, n.s.: p>0.05.

B) Immunofluorescence staining and quantification of MDA on paraffin-embedded tumor 

tissue sections measured by confocal microscopy. Blue: DAPI; Green: MDA-FITC. Scale 
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bar, 50 μm. ***p<0.01, n.s.: p>0.05. n = 20 images with sections cut from four randomly 

chosen mice from each group, and five images captured from each section.

C) Tumor volume ratio change in HT-1080 xenograft tumors treated with vehicle or 

sorafenib for 14 days and co-treated with 0 or 6 Gy radiation on days 1 and 3. n = 4 or 5 

mice per group. **p<0.01, *p<0.05, n.s.: p>0.05.

D) Glutathione (GSH) level is detected in HT-1080 xenograft tumors treated with vehicle or 

sorafenib for 14 days and co-treated with 0 or 6 Gy radiation on days 1 and 3, using a 

fluorometric assay. ****p<0.0001, **p<0.01, *p<0.05. n = 3 tumor samples from different 

animals per group.
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Figure 7. SLC7A11 is a target for radiosensitization in human models of glioma and lung 
adenocarcinoma.
A) Kaplan-Meier survival analysis of overall survival of TCGA glioma patients in quartile 1 

(low) and quartile 4 (high) of SLC7A11 RNA expression (left) or DNA methylation (right).

B) Hazard ratios for disease-free survival between patients in quartile 1 (low) and quartile 4 

(high) of SLC7A11 RNA expression or DNA methylation either in the case of radiation 

treatment, no radiation treatment, or all cases.

C) Representative histograms of a human diffuse astrocytoma slice culture sample treated 

with DMSO, 10 μM IKE, or 10 μM IKE + 10 μM ferrostatin-1, co-treated with 0 or 2 Gy 
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radiation for 24 hours, dissociated, stained with H2DCFDA, and measured by flow 

cytometry. Horizontal bars indicate H2DCFDA-positive cell populations.

D) H2DCFDA staining of three human glioma slice culture samples treated with DMSO, 10 

μM IKE, or 10 μM IKE + 10 μM ferrostatin-1, co-treated with 0 or 2 Gy radiation for 24 

hours, dissociated, stained with H2DCFDA, and measured by flow cytometry. *p<0.05. n = 

3 samples from different human glioma patients.

E) Tumor volume ratio change in TM00219 patient-derived xenograft tumors treated with 

vehicle or IKE for 14 days and co-treated with 0 or 6 Gy radiation on day 1. n = 5 or 6 mice 

per group. ****p<0.0001, **p<0.01.

F) Tumor volume ratio change in TM00219 patient-derived xenograft tumors treated with 

vehicle or sorafenib for 14 days and co-treated with 0 or 6 Gy radiation on day 1. n = 5 or 6 

mice per group. ***p<0.001, **p<0.01.

Data are plotted as mean ± SEM.
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