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Exposure of tumor cells to ionizing radiation (IR) alters the microenvironment, particularly
the fatty acid (FA) profile and activity. Moreover, abnormal FA metabolism, either
catabolism or anabolism, is essential for synthesizing biological membranes and
delivering molecular signals to induce ferroptotic cell death. The current review focuses
on the bistable regulation characteristics of FA metabolism and explains how FA
catabolism and anabolism pathway crosstalk harmonize different ionizing radiation-
regulated ferroptosis responses, resulting in pivotal cell fate decisions. In summary,
targeting key molecules involved in lipid metabolism and ferroptosis may amplify the
tumor response to IR.
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INTRODUCTION

Aggressively proliferating cancer cells have an increased demand for energy and macromolecules.
Thus, cancer cells prefer to expedite glycolysis utilization and glutamine consumption, as
well as uptake or endogenous synthesis of lipids. Exogenous sources and endogenous lipids
provide essential components to the tumor cell membrane and organelles. Fatty acids (FAs) are
indispensable substrates for lipid biosynthesis and function execution, and the de novo synthesis of
endogenous FAs is considered the major pathway for lipid recruitment by cancer cells (Menendez
and Lupu, 2007). FAs are divided into saturated and unsaturated FAs according to the number
of carbon-carbon bonds. Given that saturated membrane lipids are less sensitive to oxidative
stress, high saturation levels of membrane phospholipids can protect cancer cells from damage
induced by reactive oxygen species (ROS). Unsaturated FAs are able to subject tumor cells to
oxidative stress and toxicity, and studies have recently found that metabolic stress can promote
polyunsaturated FA (PUFA) binding membrane phospholipids (PLs) and make tumor cells more
sensitive to ferroptosis.

Ferroptosis, a programmed cell death dependent on iron, is triggered by metabolic stress and
interruption of homeostasis, especially the imbalance between the accumulation of lipid peroxide
(LPO) and inactivity of antioxidant molecules, such as glutathione-dependent peroxidase (GPX4)
and reduced glutathione (GSH) (Dixon et al,, 2012; Yang and Stockwell, 2016). In addition,
morphological, biochemical, and genetic changes in ferroptotic cells differ from those of other
cells during programmed cell death. Ferroptosis cannot be induced by apoptosis inducers, even
at high concentrations (Xie et al., 2016). Biochemically, the widely accepted views on the molecular
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mechanism of ferroptosis can be separated into three classes:
cytotoxicity of PL-PUFAs, redox-active iron, and loss of lipid
peroxide repair. Among these cytotoxic molecules, ROS and
divalent iron ions are essential in the regulation of ferroptosis.
Moreover, lipid peroxidation is considered a pivotal trigger in
the final step of ferroptosis. Recently, some studies have found
that ferroptosis that occurs after ionizing radiation may be a
novel target for decreasing radiation resistance and promoting
clinical benefits.

Tonizing radiation induces cell death by transferring energy to
the molecules of the absorbing matter. Water molecules are the
most important matter in the human body, and radiation can
interact with water molecules to induce lethal effects in cells by
generating radicals, inducing oxidative stress, or directly ionizing
deoxyribonucleic acid (DNA). With the exception of target DNA,
recent studies have found that ionizing radiation can change
the lipid profile in several cancers, including glioma, breast,
colorectal, and skin cancer (Benais-Pont et al., 2006; Bougnoux
et al., 2010; Antal et al,, 2014; Narayanan et al., 2015; Shaikh
et al., 2017), whereas the abnormal metabolism of lipids is the
central trigger for ferroptosis. Thus, increasing attention has been
focused on the crosstalk between radiation, lipid metabolism,
and ferroptosis.

Several studies have shown that the interplay between FA
metabolism and ferroptosis is linked to oncogenesis, tumor
progression, metastasis, and radiotherapy resistance. Moreover,
irradiation can regulate both ferroptosis and FA metabolism.
At the same time, ferroptosis may render tumor cells more
vulnerable to therapies that further stress their ability to regulate
redox homeostasis, thereby generating opportunities for novel
therapies. Targeting substrates of lipid metabolism and regulating
ferroptosis in radiotherapy could decrease toxicity and increase
clinical benefits. Therefore, we reviewed the interplay between
FA metabolism, ionizing radiation, and ferroptosis. We focus
our discussions on the biological mechanisms by which FA
metabolism might be altered by radiation, as well as the
contribution it makes to radiation-regulated ferroptosis and/or
the possibility of radioresistance. We also suggest directions that
could guide future clinical development and research of novel
combination approaches, particularly combining ferroptosis
agonists with radiotherapy, as well as lipid metabolism regulators,
to improve the efficacy of cancer treatment and promote
radiosensitivity.

FATTY ACID METABOLISM AND
FERROPTOSIS

Metabolic reprogramming in uncontrolled-proliferation tumor
cells requires lipids, proteins, and nucleotides to develop and
maintain cellular structure and function, and the metabolism
is significantly different from that in relative normal tissues.
The considerable development of lipidomic technologies
has broadened our understanding of the relevance of lipid
metabolism to cancer biology.

Fatty acid metabolism has been implicated in a variety
of oncogenic processes, including tumorigenesis, metastatic

colonization, treatment resistance, and cell differentiation
(Beloribi-Djefaflia et al., 2016). However, unlike normal cells, in
which exogenous FAs play a dominant role, tumor cells have
the capacity to synthesize FAs de novo (Ookhtens et al., 1984).
The primary source of carbon for FA synthesis in cancer cells
comes from glucose, which is broken down into acetyl-CoA and
then citrate in the mitochondria. The de novo synthesis of FAs
can be divided into saturated and unsaturated FAs. Unsaturated
FAs bind membrane phospholipids and subject tumor cells to
oxidative stress, while saturated FAs play a protective role in
tumor cell biology. As most studies have revealed the relationship
between unsaturated FAs and ferroptosis, the following reviews
are concentrated on unsaturated FAs. Unsaturated FAs with
carbon-carbon bonds can be divided into monounsaturated fatty
acids (MUFAs, only one double bond) and polyunsaturated fatty
acids (PUFAs, at least two double bonds).

In recent years, increasing attention has been focused on
PUFA peroxides and ferroptosis. PUFAs bind to biological
membrane phospholipids and tend to be oxidized to generate
ferroptotic cell death under oxidative or energy stress. This
form of cell death is known to be dependent on substrates
that maintain redox homeostasis. Under oxidative or energetic
stress, PUFA, particularly arachidonoyl (AA) and adrenic acid
(AdA), is catalyzed by acyl-CoA synthetase long-chain family
member 4 (ACSL4), lysophosphatidylcholine acyltransferase
(LPCAT), and 15-lipoxygenase (15-LOX/ALOXI15) to generate
PUFA-containing phospholipids and induce ferroptosis to
maintain redox homeostasis. Thus, the following section
discusses the prominent effects of abnormal FA metabolism in
triggering ferroptosis.

PUFA-PL Impinges on Tumor Cell’s

Susceptibility to Ferroptosis

With increasing levels of ROS, PUFA-PL is oxidized to generate
PUFA-PL-OOH, which is the most important substrate for
inducing ferroptosis. Among PUFA-PL, long-chain PUFAs,
particularly AA or AdA, seem to be indispensable for navigating
cells to ferroptosis. Indeed, genetic or pharmacological inhibition
of acyl-CoA synthase 4 (ACSL4) to suppress AA or AdA
esterification into PE has been shown to inhibit ferroptosis
(Kagan et al,, 2017). The ACSL4, LPCAT3, and ALOX family,
which are involved in the synthesis of PUFA-PL-OOH, can
also regulate cellular sensitivity to ferroptosis. Suppression of
ferroptosis has also been observed by targeting or knockout of
these enzymes (Doll et al.,, 2017). In breast cancer cell panels,
which have diverse expression levels of ACSL4, the level of GPX4
is inversely proportional to that of ACSL4 and cell viability, and
is correlated with the effect of ACSL4 in the esterification of
AA and AdA into phosphatidylethanolamines (PE). Moreover,
ACSL4 and ACSL3 can also catalyze AA; however, given the
lower expression of free AA in the cytoplasm, other FAs can
outcompete AA by combining with ACSL3. Thus, ACSL4 is a
privileged enzyme that promotes ferroptosis (Doll et al., 2017).
It should be noted that that regulation of ferroptosis by ACSL4 is
necessary for glutathione peroxidase 4 (GPX4) inhibition, but is
dispensable for the p53-mediated ferroptosis pathway, in which
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ALOXI12 is essential for tumor suppression. The p53-mediated
pathway downregulates the transcriptional level of SLC7A11
and contributes to the activation of ALOX12 (Chu et al,
2019). Following the generation of AA-CoA by ACSL4, LPCAT3
esterifies these derivatives into phosphatidylethanolamines (AA-
PE and AdA-PE, also known as PL-PUFAs) in the plasma or
internal membrane. PL-PUFAs are then oxidized into PL-PUFA-
OOH under the assistance of ALOX15, and ultimately trigger
ferroptotic cell death. Therefore, PL-PUFA-OOH acts as the main
executor, triggering ferroptosis. While PUFAs stimulate cells to
undergo ferroptosis, MUFA has the opposite effect.
Monounsaturated fatty acids suppresses ROS accumulation
at the plasma membrane and decreases the level of PUFA-
PL, inhibiting ferroptosis in an ACSL3-dependent manner
(Magtanong et al, 2019). Tumor cells have the capacity
to use MUFA to facilitate metastasis, and previous studies
have demonstrated that some tumor types prefer to initially
metastasize through the lymphatic system before metastasizing
systemically through the blood. Although the mechanism
underlying the phenomenon remains unclear, the Ubellacker
group revealed the possible role of oleic acid, a MUFA, which
can incorporate into the cell membrane as a “suit of armor”
and protect cancer cells in lymph from ferroptosis and facilitate
distant metastasis (Ubellacker et al., 2020). In this study, tumor
cells injected intranodally were more resistant to ferroptosis
due to high level of oleic acid and GSH. Furthermore, some
researchers found that stearyl CoA desaturase 1 (SCD1) converts
saturated FAs into MUFAs and is highly expressed in several
cancers (Wang et al., 2015; Igal, 2016). In line with this, inhibition
of SCD1 increases cell sensitivity to ferroptosis, with decreasing
levels of CoQ10 and MUFAs (Tesfay et al., 2019).
Polyunsaturated fatty acids can be obtained from acid
hydrolases from lipophage (Singh and Cuervo, 2012) and
function to regulate ferroptosis. Intracellular surplus FAs do not
exist as free FAs because high concentrations of free FAs are
cytotoxic; thus, after executing its biological function, surplus
free FAs are stored in the form of a neutral biomolecule in
lipid droplets (LD), which have been shown to be abundant
in tumor cells (Unger, 2002; Martin and Parton, 2006; Thiele
and Spandl, 2008; Qiu et al,, 2015; Klemm and Ikonen, 2020).
A phase II clinical trial evaluating bortezomib monotherapy for
advanced renal cancer revealed partial responses in only 12%
of patients with renal cell carcinoma (Kondagunta et al., 2004).
HIF-20/PLIN2/LD-dependent lipid storage and endoplasmic
reticulum stress resistance is thought to contribute to this
limited response rate. In addition, LD can combine with ras-
related protein rab-7a (RAB7A) and be degraded by lipophagy.
In a previous study on liver cancer where HepG2 cells were
treated with RSL3, the level of LD increased initially, but later
decreased, and LD degradation was found to be associated
with increasing levels of lipid peroxidation (Bai et al., 2019).
This result highlights the balance between lipid storage and
degradation, which determines the cell response to ferroptosis
stress. However, the role of lipophages remains controversial.
Apart from its tumor suppressor role, lipophagy-dependent
degradation of lipids may provide rapidly proliferating cancer
cells with energy substrates and intermediates for the synthesis

of biomolecules, which contribute to the survival of tumor cells
(Gomez and de Molina, 2016).

Of note, the uptake of omega-3 and omega-6 PUFAs is
essential for cell function, while their precursors (linoleic acid
and a-linolenic acid, respectively) are solely exogenic and cannot
be provided through the de novo pathway (Swinnen et al., 2003).
Epidemiological studies recommend that a diet rich in omega-
3 PUFA is beneficial for decreasing cancer incidence. Omega-3
PUFAs can inhibit tumor cell proliferation via different pathways,
including cyclooxygenase-2 (COX-2), nuclear factor-kappa B
(NF-kB), Akt, and PPAR signaling pathways (Dolcet et al., 2005;
Schley et al., 2005; Wu and Kral, 2005; Bai et al,, 2009). In
contrast, high intake of omega-6 PUFAs shows inverse effects
on tumorigenesis (Pozzi et al., 2010; Panigrahy et al.,, 2012).
Interestingly, FA transformation between pro-tumorigenesis and
anti-tumorigenesis FAs dramatically promotes tumor repression.
Berquin et al. (2007) used the fatl transgene, which encodes
omega-3 desaturase, to successfully convert most omega-6 PUFAs
into omega-3 PUFAs in PTEN-knockout mice. The results
suggest that pharmacological or genetic means to convert PUFAs
with diverse functions may have unexpected effects on the
treatment response.

In summary, considering the role of FAs, including FFA
and PUFA, in ferroptosis, targeting PUFA-PL may inhibit
tumorigenesis and metastasis by triggering ferroptosis.

Disruption of Redox Homeostasis Is the
Final Component in Ferroptosis

Induction

Given the requirement of lipid homeostasis in normal cells, once
the interruption of redox homeostasis occurs, reduced protein
or molecules is initiated to scavenge excess lipid peroxidase.
Glutathione (GSH) and coenzyme Q10 (CoQ10) are important
antioxidants in cells.

Cysteine can act as both as a basic unit for protein translation
and as an essential substrate of the antioxidative system. Two
pathways have been shown to contribute to increased cysteine
levels. One is the glutamate-cystine antiporter system Xc-, which
can import extracellular cystine into cells and export intracellular
glutamate at a 1:1 ratio, and the other is transsulfuration, which
converts methionine into cysteine when extracellular sources of
cysteine are limited (Zhu et al., 2019). Thus, imported cystine
is reduced immediately, transformed into cysteine in cells, and
used to synthesize reduced GSH under the catalysis of glutamate-
cysteine ligase and glutathione synthetase. GPX4 then cleans
LPO and maintains cellular redox homeostasis by using two
GSH molecules as electron donors to reduce phospholipid
hydroperoxides (PL-OOH) to the corresponding alcohols and
leaving GSSG (oxidized GSH) as a byproduct (Yang et al,
2014). GSSG is reduced to GSH by glutathione reductase using
NADPH. Thus, inhibition of the Xc- system, GSH, or GPX4 can
induce intracellular accumulation of LPO and ultimately lead to
cell ferroptosis.

The NAD(P)H-ferroptosis suppressor protein 1 (FSP1)-
coenzyme Q10 (CoQ10, also named ubiquinone) pathway is
an emerging pathway associated with ferroptosis suppression.
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The suppression of ferroptosis by FSP1 is mediated by CoQ10.
The reduced form of CoQIl0 is ubiquinol, which promotes
the generation of lipid peroxyl radicals and stimulates the
accumulation of lipid peroxidation using NAD(P)H. Thus, FSP1
catalyzes ubiquinol into CoQ10 and decreases the level of lipid
peroxidation. FSP1-mediated suppression of ferroptosis is an
independent pathway parallel to the Xc/GSH/GPX4 axis.

In short, the loss of the scavenging system for eliminating
lipid hydroperoxides from PUFA-PLs is one of the
hallmarks of ferroptosis.

Peroxisomes Act as the Achilles’ Heel of

FA Metabolism During Ferroptosis
Peroxisomes perform many essential lipid metabolism
functions, including the catabolic and anabolic processes
of FAs. Peroxisomes play particularly important roles in
FAO, ether-phospholipid biosynthesis, and ROS metabolism
(Figure 1). Previous studies have shown that B-oxidation of FAs
predominantly occurs in mitochondria;, although peroxisomes
also participate in FA oxidation (Chen X. et al., 2020; Luppi et al.,
2020). Although the integral compounds and full-scale function
of peroxisomes remain unclear, it has been demonstrated that
peroxin (PEX) families are essential components that maintain
their structure and function, and peroxisome proliferator-
activated receptors (PPARs), a set of three receptor subtypes
(PPARa, vy, and 8) regulate a broad range of genes in many
metabolically active tissues.

Peroxisomes are involved not only in catabolic processes but
also in anabolic processes, such as ether phospholipids. Ether
phospholipids account for 20% of phospholipids in humans, are
characterized by an alkyl chain attached at the position of sn-
1 (Lodhi and Semenkovich, 2014; Lodhi et al., 2015), and are
the major type of ether phospholipids is plasmalogen. Given
that the alkenyl-ether group of plasmalogen represents a major
lipid-soluble antioxidant component, plasmalogen can scavenge
ROS and mitigate cellular oxidative stress. A reduction of ether
phospholipids has been observed to correlate with increasing
colorectal cancer and lymph node metastasis because the high
level of ROS consumes plasmalogen (Wang Y. et al., 2020). Ether
was recently reported to bind phospholipids characterized by an
alkyl chain attached at the sn-1 position (Lodhi and Semenkovich,
2014; Lodhi et al., 2015). Previous studies have focused on the
effects of PUFA and MUFA oxidation on ferroptosis regulation;
however, a recent study has found that ether phospholipids also
participate in ferroptosis. Peroxisomes contribute to ferroptosis
by synthesizing polyunsaturated ether phospholipids (PUFA-
ePL). The downregulation of PUFA-ePL is associated with tumor
cell resistance to ferroptosis peroxisomal biogenesis factor 3
(PEX3), peroxisomal biogenesis factor 10 (PEX10), peroxisomal
biogenesis genes, and alkylglycerone phosphate synthase (AGPS),
and fatty acyl-CoA reductase 1 (FAR1) encoding peroxisomal
enzymes is considered to contribute to these effects. Alteration
of PEX3, PEX10, AGPS, and FARI showed no connection
with ACSL4 and LPCAT3 (Zou et al., 2020). In our previous
work, PEX5 was found to be involved in radioresistance in
hepatocellular carcinoma (HCC) (Wen et al., 2020). However, the

functions of peroxisomes in regulating ferroptosis sensitivity are
dispensable given that the alkenyl-ether group is not critical to
ferroptosis sensitivity. PUFA-PL can complement the depletion of
PUFA-ePL, and, more importantly, the ether lipid precursor 1-O-
alkyl-glycerol-3-phosphate (AGP) is required for dispatch to the
endoplasmic reticulum to synthesize plasmalogens (critical ethers
for PUFA-ePL); however, it remains unknown how the ultimate
step of PUFA-ePL synthesis is executed and regulated.

As mentioned above, PPARs play an indispensable role in
peroxisome function. The expression of many genes involved in
peroxisomal FA B-oxidation and proliferation is controlled by
transcription factors of the PPAR family. Intriguingly, researchers
have found that PPAR« activity is regulated by MDM2/MDMX
and drove the resistance of glioblastoma cells to ferroptosis.
In addition, PPARa is associated with increased levels of
saturated FAs and MUFAs (Strand et al., 2019), which may
partially explain the reason for ferroptosis resistance. PPARy
also showed inhibitory effects on ferroptosis (Venkatesh et al.,
2020). These findings are consistent with other publications that
have shown that PPARy can regulate SCD1 (Shi et al., 2013).
SCD1 is a rate-limiting enzyme in MUFA biosynthesis; thus,
PPARy can facilitate MUFA synthesis and inhibit ferroptosis.
Moreover, a recent study found inhibition of ferroptosis
in tumor cells with high density due to up-regulation of
E-cadherin and epithelial mesenchymal transition (EMT) (Wu
et al.,, 2019). Pharmacological or genetic approaches to inhibit
E-cadherin could rescue ferroptosis sensitivity. Interestingly,
previous studies have suggested that PPARy may increase EMT
by upregulating E-cadherin (Yang et al., 2019; Kim et al., 2020).
PPARS is another isoform of PPARs, and evidence has shown that
activation of PPARS could increase ACSL3 mRNA and protein
in vitro and in vivo (Cao et al., 2010). As mentioned above, ACSL3
is a negative enzyme for ferroptosis as it functions to synthesize
MUFA. Moreover, in a hamster model fed with different fat
diets, PPARS was found to upregulate ACSL4 expression in liver
tissue, one of the key enzymes for synthesizing PUFA-PL-OOH to
trigger ferroptosis (Kan et al., 2015). These contradictory findings
suggest that the response of cells to ferroptosis may be affected
by different PPAR isoforms with different effects on the lipid
profile. Thus, PPARs not only act as organelles to maintain redox
homeostasis, but also function to regulate ferroptosis and lipid
metabolism, which directly affect tumorigenesis, metastasis, and
therapeutic response; thus, the specific effects under different
conditions should be considered.

IONIZING RADIATION: A VERSATILE
REGULATOR IN THE INITIATION OF
FERROPTOSIS

Radiotherapy has attracted significant attention for the treatment
of over 50% of all cancers, either alone or in combination with
other anti-cancer therapies. Despite the expansive research
on delivery techniques and dosing schedules, the outcome
of radiotherapy for many cancers remains unsatisfactory,
particularly with respect to radio-resistance, regardless of the
original and/or acquired resistance. Thus, a deep understanding
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FIGURE 1 | Overview of molecular and proteins, which are involved in ferroptosis, localized at the peroxisome membrane in mammals. Ferroptosis can be regulated
by peroxisome synthesized ether-linked phospholipid and PPARs. G3P would be imported into peroxisomal membrane, then dehydronated by G3PDH and
introduce DHAP. Then, DHAP acyltransferase (DHAPAT) uses fatty acyl CoA to acylate dihydroxyacetone phosphate (A-DHAP). Besides, fatty acyl CoA can be
reduced to fatty alcohol by a peroxisomal membrane-associated fatty acyl CoA reductase with NADPH. Subsequently, acyl-DHAP is converted to alkyl-DHAP by
peroxisomal fatty alcohol. Acyl- or alkyl-DHAP reductase (ADHAP) can reduce acyl-DHAP and alkyl-DHAP to 1-acyl-G3P and 1-O-alkyl-G3P, respectively.
1-acyl-G3P and 1-O-alkyl-G3P are imported into ER, and converted to diacylphospholipid or ether-linked phospholipids (ether-PL). Ether-PL can be oxidized to
ether-PL-OOH, which has been considered a trigger of ferroptosis. PPARs have three receptor sub-types (PPAR, y, and 3). PPARa and y could facilitate MUFA
synthesis to suppress ferroptosis. Although PPARS has been reported to up-regulate the expression of ACSL3 to promote the synthesis of MUFA, PPARS could also
up-regulate ACSL4 which is a promoter of ferroptosis. PPAR, peroxisome proliferator-activated receptors; G3P, glycerol 3-phosphate; G3PDH, glycerol 3-phosphate
dehydrogenase; DHAP, dihydroxyacetone phosphate; DHAPAT, DHAP acyltransferase; A-DHAP, acyl-DHAP; ADHAPR, acyl-/alkyl-DHAP reductase; PL,
phospholipid; MUFA, monounsaturated fatty acids; ACSL, acyl-CoA synthetase long-chain family member; GSR, glutathione-disulfide reductase.

of the interaction between radiation and aberrant tumoral
biological context is urgently required. In recent years, FAO-
generated ferroptosis has gained increasing attention, and the
understanding of the correlation between IR and ferroptosis,
as well as their crosstalk in the tumor microenvironment, is
increasing. According to previous studies, IR can influence
several processes of FA metabolism, including synthesis
(Catalina-Rodriguez et al., 2012; Martius et al., 2014; Kan et al,,
2015; Koritzinsky, 2015; Benedetti et al., 2017; Gonnissen et al.,
2017; Tan et al,, 2018; Chuang et al., 2019; Gottgens et al., 2019;
Kaur et al., 2019; Chen J. et al., 2020), transport (Zammit et al.,
1989; Martius et al., 2015), oxidation, and reduction (Meister
and Anderson, 1983; Martius et al., 2015; Ma et al.,, 2018; Ye
et al, 2020), and is involved in generating FA metabolites
(Richards et al., 2009; Zhong and Yin, 2015; Table 1). In other
words, by taking advantage of ionizing radiation affecting lipid
peroxidation, RT can further sensitize tumor cells to ferroptosis,
which could be considered as a new treatment strategy to achieve
better outcomes (shown in Figure 2).

IR Induces Ferroptotic Cell Death by

Promoting Lipid Peroxidation
In addition to DNA, membranes are also considered critical
targets of ionizing radiation. Several studies have supported the

idea that membrane damage induced by radiation is a critical
event and an initial step in triggering cell death. The plasma
membrane lipid bilayer is exposed to radiation and radiation-
induced ROS, resulting in lipid peroxidation, including PUFA
peroxidation (Figure 2A).

After radiation exposure, PUFAs can be converted to various
lipid peroxide derivatives, including malondialdehyde (MDA)
(Richards et al., 2009). Moreover, 4-hydroxy-2-non-enal (4HNE),
produced by lipid peroxidation, reacts easily with amino or
thiol groups, and modifies and cross-links proteins, including
oxidoreductases, transferases, and kinases (Poli et al., 2008).
High 4HNE levels can trigger an unfolded protein response
(UPR) through pathways involving protein kinase R (PKR)-
like endoplasmic reticulum kinase (PERK). This signaling
cascade activates the transcription factor 6 (ATF6) and inositol
requirement 1 (IRE1), accompanied by JNK and p38 signaling,
suggesting that 4HNE acts as an upstream modulator of the
radiation-induced ROS response and endoplasmic reticulum
stress (Lin et al., 2014).

As discussed above, PUFA-PL-OOH plays an important role in
triggering ferroptosis. ACSL4 catalyzes AA/AdA to generate acyl-
CoA and is known to be required for ferroptosis induction by
generating the lipid target pool for peroxidation (Doll et al., 2017;
Friedmann Angeli et al., 2019). Evidence has shown that IR can
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TABLE 1 | Proteins or enzymes influenced by ionizing radiation in fatty acids metabolism and ferroptosis.

Proteins/enzymes Expression/Level Radio- Functions References
resistance
FAs transport
FAT/CD36 A NA Transport exogenous FAS Martius et al., 2014, 2015;

FAs biogenesis

across plasma membrane

Gonnissen et al., 2017

CTP 4 Carries citrate from the Catalina-Rodriguez et al., 2012
mitochondria to the cytosol,
associates with cancer
aggressiveness
ACLY 4 Key enzyme of de novo fatty Gottgens et al., 2019
acid synthesis, cleaves
cytosolic citrate into acetyl-
CoA and oxaloacetate.
ACC 4 Converts acetyl-CoA into Koritzinsky, 2015; Gonnissen
malonyl- CoA etal.,, 2017
FASN 4 Catalyzes the final step of FAs Chuang et al., 2019; Chen J.
de novo synthesis et al., 2020
ACSL4 J Catalyzes AA/AJA to generate Ye et al., 2020
acyl-CoA
Ether synthesis
PEX5 4 Receptor for PTST, target of Wang Y. et al., 2020
phosphorylation and
ubiquitination,
PPARw/y 4 Acts as lipid sensors to regulate Benedetti et al., 2017; Kaur
peroxisomal fatty acid etal, 2019
B-oxidation and proliferation
PPAR3 NA Acts as lipid sensors to regulate Kan et al., 2015
peroxisomal fatty acid
B-oxidation and proliferation
Fatty acid oxidation
CTP1 A The rate-limiting enzyme of FAO Zammit et al., 1989; Tan et al.,
2018
Redox
SLC7A1A J Transport cystine into Richards et al., 2009
cytoplasm
GPX4 N Major antioxidant enzyme, Ye et al., 2020
reduces phospholipid
hydroperoxides, inhibits lipid
peroxidation
GSH N The major cellular thiol Meister and Anderson, 1983;
participating in cellular redox Ye et al., 2020
reactions and thioether
formation
GSSG I Meister and Anderson, 1983;
Ye et al., 2020
Derivation
4-HNE NA Unfold protein response (upr) Poli et al., 2008; Zhong and
Yin, 2015
MDA NA Modifies and cross-links Richards et al., 2009

proteins

FA, fatty acid; IR, ionizing radiation; CTR, mitochondrial citrate transporter protein; ACLY, ATP citrate lyase; ACC, Acetyl-CoA Carboxylase; FASN, fatty acid synthase;
ACSL4, acyl-CoA synthetase long-chain family member 4; PEX, peroxisomal biogenesis factor; PPAR, peroxisome proliferator-activated receptors; FAT/CD36, fatty acid
transposase; CTP1, carnitine palmitoy! transferase 1, GPX4, Phospholipid hydroperoxide glutathione peroxidase; GSH Glutathione; GSSG, glutathione disulfide; MDA,
malondialdehyde; 4HNE, 4-Hydroxy-2-non-enal.

upregulate the level of ACSL4, and, in ACSL4-knockout cells, IR expression remains unknown. A previous study found that BMP4
failed to induce ferroptosis with a decrease in lipid peroxidation.  could increase the level of ACLS4 and decrease the expression of
In turn, ACSL4-regulated ferroptosis can sensitize tumors to  p53 in epidermal growth factor receptor (EGFR)-mutant non-
radiation. However, the mechanism by which IR regulates ACSL4  small cell lung cancer in vivo and in vitro(Bach etal., 2018).
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mechanism for regulating ferroptosis. (A) IR induces ferroptosis by introducing excessive lipid peroxidases. IR could up-regulate the level of ACSL4, and then ACSL4
catalyzes AA/AdA to generate Acyl-CoA. After AA generating AA-CoA by ACSL4, LPCATS esterifies these derivatives into AA-PL or AJA-PL in plasma membrane or
internal membrane. Then, PL-AA/AdA is oxidized into PL-PUFA-OOH under the assistance of LOXs, and ultimately triggers ferroptotic cell death. In addition, IR
could also provide amounts of ROS to directly oxidize PL-PUFA via ionizing water molecular or mitochondria. (B) IR induces ferroptosis by interrupting redox
homeostasis. IR suppresses the expression of SLC7A11 and inhibits the import of extracellular cystine into cell to synthesis GSH, whereas the level of GSSG is
increased. (C) IR induces ferroptosis by activating functions of peroxisome. IR stimulates PPARs which promote the proliferation and fatty acid p-oxidation of
peroxisome. Then, peroxisome would synthesize A-DHAP which is transported to endoplasmic reticulum to synthesize plasmalogen. Plasmalogen binds PL, and
under the stress of ROS, ether-PL is oxidized to ether-PL-OOH. Once the redox homeostasis is broke, ether-PL-OOH would become an inducer of ferroptotic cell
death. IR, ionizing radiation; ACSL, acyl-CoA synthetase long-chain family member; AA, arachidonoyl; AdA, adrenic acid; LPCAT3, lyso-phosphatidylcholine
acyltransferase; PL, phospholipid; PUFA, polyunsaturated fatty acids; LOX, lipoxygenase; ROS, reactive oxygen species; GSH, glutathione; GSSG, oxidized GSH;
GPX4, glutathione-dependent peroxidase; PPAR, peroxisome proliferator-activated receptors; A-DHAP, acyl-dihydroxyacetone phosphate; FAT, FATP; FA, fatty acid;
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Moreover, IR can stimulate adipogenesis in the bone marrow
by increasing the secretion of BMP4 (Bajaj et al, 2016).
Notably, BMP4 may have diverse effects depending on the tumor
type. For instance, BMP4 has been observed to be correlated
with tumorigenesis and resistance to anti-cancer treatment by
affecting FA metabolism in lung cancer (Bach et al, 2018).
However, high levels of BMP4 have also been shown to be
associated with promising survival rates in patients with glioma,
as BMP4 promotes glioma cancer stem-like cell differentiation,
and in turn, increases the tumor response to radiotherapy and
chemotherapy (Xi et al., 2017).

Recently, in vivo and in vitro studies have provided
mechanistic insights into the observation that cancer cells
cultured at high density are resistant to ferroptosis due to
the Merlin-Hippo signaling axis, which suppresses the proto-
oncogenic transcriptional co-activator YAP to upregulate ACSL4
and the transferrin receptor (Wu et al, 2019; Yang and Chi,
2020). Nonetheless, if ferroptosis is consistently associated with
radiosensitivity, YAP may have a positive effect on tumor
cell response to IR. Indeed, several studies have demonstrated
that YAP is frequently activated during the growth and
progression of many solid tumors and may also confer resistance

to radiotherapy. For example, YAP overexpression promotes
medulloblastoma tumorigenesis, as well as the survival of
cerebellar granule neuron precursor cells upon irradiation
(Fernandez et al., 2012). Furthermore, YAP knockdown in
urothelial carcinoma cells has been shown to increase the DNA
damage response induced by y-irradiation (Ciamporcero et al,,
2016). Various biochemical and immunological methods have
revealed that IR increases the expression of glucose-regulated
protein 78kDa (GRP78) on the surface of cancer cells. GPR78
acts upstream of YAP/TAZ signaling and promotes migration
and radiation-resistance in pancreatic ductal adenocarcinoma
cells (Gopal et al, 2019). GRP78 is a member of the heat
shock protein 70 (HSP70) family and acts as a centrally located
sensor of stress, which responds and adapts to alterations in the
tumor microenvironment. Thus, we hypothesize that ferroptosis
increases the tumor response to radiation and may independently
of the YAP signaling axis. Further work is needed to clarify
how YAP and its upstream and downstream regulators confer
resistance to radiotherapy.

In addition to regulating ACSL4 expression, it is clear that
IR can directly target the tumor cell membrane PUFA-PL by
generating an abundance of ROS. As discussed above, the
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formation of lipid peroxide by PUFA-PL-OOH plays a significant
role in triggering ferroptosis, and the contribution of PUFA-PL to
ferroptosis depends on oxidation by ROS. The biological effects
of IR are executed by the radiolysis of water and the generation
of ROS ('OH, H', Oy 7, Hy, H20,). Among these free radicals,
"OH radicals are recognized as the major ROS in the ferroptosis
process because of their high activity and sufficient energy. O, ~
influences lipid peroxidation mainly through the Fenton reaction
as opposed to directly abstracting hydrogen from pure PUFA due
to the relatively low activity of O, ~ compared to 'OH radicals.

Ferroptosis requires ROS, and the most significant source of
ROS is the tricarboxylic acid cycle (TCA cycle) and the electron
transport chain (ETC). It is clear that mitochondria are one of the
most important targets of radiotherapy through the generation
of mitochondrial ROS (mROS). In cancer cells, mROS amplify
the tumorigenic phenotype and accelerate the accumulation of
additional mutations that lead to metastatic behavior. Moreover,
lipid ROS initially colocalizes with mitochondria, suggesting that
mROS is the major source of ROS during ferroptosis (Gao
et al., 2019). Of note, suggestive evidence of the involvement of
mitochondria in ferroptosis highlights that mitochondria are not
only mandatory for initiating ferroptosis by providing ROS, but
also cause morphological and functional damage to themselves
(Xie et al., 2016; Yu et al,, 2017; Gao et al,, 2019; Wang H. et al,,
2020). IR-mediated mROS is reportedly involved in the immune
response, gene expression, nuclear DNA damage, genomic
instability, activity of metabolic and antioxidant enzymes, and
radiosensitivity (Kim et al., 2006, 2017; Saenko et al., 2013;
Xu et al, 2018). Moreover, a previous study demonstrated
that targeting mitochondrial antioxidants, including manganese
superoxide dismutase (MnSOD), glutathione peroxidase 2
(Gpx2), and thioredoxin reductase 2 (TrxR2) by microRNA-17-
3p remarkably sensitized prostate cancer cells to IR. In addition,
the use of nanosensitizers targeting mitochondria to increase
mROS accumulation can promote IR-induced cell death (Chen
Y. et al.,, 2019). Taken together, these results suggest that IR
targeting of mitochondria and promotion of mROS accumulation
oxidizes PUFA-PL and makes tumor cells more vulnerable to
ferroptosis. However, the role of mitochondria in regulating
ferroptosis remains unclear. IR can damage mitochondrial DNA
(mtDNA), whereas loss of mtDNA or removal of mitochondria
does not affect ferroptosis (Dixon et al., 2012; Gaschler et al,,
2018).

IR Induces Ferroptosis by Interrupting
the Scavenging Capacity of

PUFA-PL-OOH

Under normal conditions, dysfunction of PUFA-PL-OOH
scavenging capacity is another important means to regulate
ferroptosis (Figure 2B). SLC7A11, GPX4, and GSH are essential
substrates for the scavenging of peroxides. SLC7A11 expression
is related to tumor invasion and metastasis via affecting the redox
status or exporting glutamate in the tumor microenvironment.
A previous study in prostate cancer showed that SLC7All
expression is increased in the metastatic stromal area and
is related to a low survival rate (Zhong et al, 2018).

Moreover, SLC7A11 is essential for eliciting tumor formation
and maintaining tumorigenicity by relieving oxidative stress
in some oncogenic KRAS-mutant cancers, such as pancreatic
ductal adenocarcinoma, colorectal adenocarcinoma, and lung
adenocarcinoma (Lim et al., 2019). Moreover, recent studies
have shown that KEAP1-NRF2 mutant lung cancer cells have
high expression of SLC7A11 and are prone to resist radiation.
Using ferroptosis inducers or agonists targeting SLC7A11 has
the potential to sensitize radioresistant tumor cells. Moreover,
abnormal expression of SLC7A11, regulated by IR, has been
reported recently; high expression was found to correspond
to poor survival in patients diagnosed with glioma, whereas
SLC7A11 methylation indicated increased overall survival and
disease-free survival. Interestingly, these associations only exist
in patients who received radiotherapy and not those who did not
(Ye et al., 2020). Moreover, a combination of IR and immune
checkpoint inhibitors showed synergistic effects on SLC7A11
expression, and interferon-y derived from immunotherapy-
activated CD8 + T cells and IR-activated ATM both act as core
regulators (Lang et al., 2019).

Recent studies revealed that p53 serves as an agonist of
ferroptosis by repressing SLC7A11 and activating ALOX12 (Jiang
et al,, 2015; Chu et al,, 2019). The diverse response of tissue
to IR could contribute to the tissue specificity of p53 gene
expression. A decline in radiosensitivity was accompanied by
a reduction in p53 expression (Rogel et al., 1985; Komarova
et al, 1997). Moreover, similar to the tumor suppression
function of p53, BRCAl-associated protein 1 (BAP1) also acts
as a tumor suppressor by targeting SLC7A11. Cancer genomic
analysis revealed that SLC7A11 is a key target gene of BAP1
(Li C. et al,, 2019). BAP1 decreases histone 2A ubiquitination
occupancy on the SLC7A11 promoter and represses SLC7A11
expression in a deubiquitinating-dependent manner, leading
to elevated lipid peroxidation and ferroptosis (Zhang et al,
2018). In patients with head and neck squamous cell cancer,
overexpression of BAP1 was associated with higher failure rates
after radiotherapy, possibly via deubiquitylation of H2Aub and
modulation of homologous recombination, and was associated
with poor outcomes (Liu et al., 2018). Although p53 and BAP1
have been suggested to be correlated with IR-induced SLC7A11
repression, IR-regulated ferroptosis did not affect the DNA
damage response because both pharmacological (ferrostatin-
1 treatment) and genetic (SLC7A11 or GPX4 overexpression)
approaches did not affect phosphorylated H2AX foci formation
and release of DNA damage response signals (Chk2 and p53
phosphorylation) (Lei et al., 2020).

Conversely, to gain resistance to ferroptosis, cancer cells
show a tendency to upregulate SLC7A11 expression following
IR treatment (Lei et al, 2020). Although we considered the
increase in SLC7A1ll as an adaptive response, IR-activated
molecular factors should be taken into account. Nuclear factor
E2-related factor 2 (NRF2) is considered an upstream signaling
molecule that inhibits ferroptosis by regulating SLC7A11 under
conditions of stress. NRF2 is also activated by radiation, which
operates as an antioxidant adaptive response system, while
activating transcription factor 4 (ATF4) is another SLC7A11-
related transcription factors (McDonald et al., 2010; Chen et al.,
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2017). Similarly, IR has been shown to increase ATF4 in certain
cancer cells (Kim et al., 2014). However, contrary to the pro-
tumorigenic role of ferroptosis, the IR-regulated AFT4 increase
is associated with radiotherapy sensitivity. Thus, whether IR-
mediated ferroptosis depends on the repression of SLC7A11, and
how IR regulates the level of SLC7A11 remains to be clarified.

The anti-oxidation molecules GSH and GSH/GSSG are also
significantly decreased after radiation treatment (Ye et al., 2020),
suggesting that high levels of GSH consumes ROS generated by
radiation and greatly reduces the efficacy of IR. Indeed, numerous
studies have revealed that depletion or inhibition of GSH can
increase the tumor response to radiation (Dethmers and Meister,
1981; Bump et al., 1982; Estrela et al., 1995).

Based on these findings, IR is implicated in ferroptosis not
only by forming PUFA-PL-OOH but also by inhibiting the
production of reduced molecules. Conversely, the radiosensitivity
of tumor cells is enhanced after treatment with ferroptosis
inducers. Other anticancer treatments such as immunotherapy,
show synergistic effects with IR on ferroptosis. Together,
ferroptosis may provide an emergent research direction for
promoting the clinical benefits of radiotherapy.

IR Induces Ferroptosis via Activating

Peroxisome

Despite the abovementioned functions of peroxisomes
in FA metabolism and ferroptosis, several studies have
shown the interplay between peroxisomes and ionizing
irradiation and indicated a novel mechanism of IR-regulated
ferroptosis (Figure 2C).

Peroxisome proliferator-activated receptors o has been shown
to enhance the radiosensitivity of pancreatic cancer cells via the
Wnt/B-catenin pathway, and the Wnt/B-catenin has been shown
to increase intracellular bivalent iron and result in ferroptosis
following asbestos exposure (Xue et al., 2018; Ito et al., 2020).
Furthermore, knockout of PPARa could lead to the inhibition of
radiation-induced apoptosis. The specific mechanism involved in
PPARa-regulated radiosensitivity may be associated with time-
dependent increases in NF-kB DNA-binding activity (Zhao et al.,
2007). In human endothelial cells exposed to individual dietary
FAs, linoleic acid stimulates NF-kB transcriptional activation
(Toborek et al., 2002), and previous studies have found that
NF-kB is abrogated by overexpression of GPX4 (Li L. et al,
2019; Brigelius-Flohe and Flohe, 2020). Similarly, in addition
to PPARa, PPARy agonists can also inhibit tumor growth
by enhancing radiosensitivity (Kim et al, 2020). Moreover,
activation of peroxisome function by IR may partially explain the
increased expression of ACSL4 following radiation exposure. In
line with this, a selective increase in ACSL4 was observed in the
testes and livers of high-fat diet animals through the activation
of PPAR3 (Kan et al., 2015). Consistent with these findings, RT
increases PPAR 3 in normal tissue and decreases it in tumor
tissue (Linard et al, 2008; Yang et al., 2011; Gao et al, 2012;
Mangoni et al., 2017; Kaur et al., 2019). These findings imply that
peroxisomes act as a dominant linker between FA metabolism
and IR to generate ferroptosis.

As we have demonstrated, PEX genes are essential for
peroxisomal structure and function. In mammalian cells, at least
12 PEX genes have been found to be involved in the assembly
of the peroxisomal membrane, interacting with peroxisomal
targeting sequences (PTSs), allowing proteins to be shuttled to
peroxisomes, and acting as docking receptors for peroxisomal
proteins. PEX 3 is critical for the assembly of the peroxisomal
membrane and import of peroxisomal membrane proteins
(PMPs). Moreover, based on Zou’s research, PEX3 contributes
to ether-promoting ferroptosis, and plasmalogen, synthesized by
peroxisomes, has been shown to promote ferroptosis by binding
membrane phospholipids (Zou et al., 2020). Some researchers
have explored the interaction, especially the synergistic effects,
between IR and ether lipids, and found that ether lipids showed
supra-additive cytotoxic effects with ionizing radiation and the
could be considered a sensitizer to IR in radio-resistant tumor
cells (Berkovic et al., 1997). Recently, CLR127, a clinical-grade
antitumor alkyl phospholipid ether analog, was shown to increase
the tumor response to IR in vivo and in vitro (Elsaid et al., 2018).
However, the functions of other PEX genes in ferroptosis have not
yet been revealed. For instance, our previous study revealed that
PEX5, the cargo receptor of peroxisomes, functions to transport
cargo to docking sites at the peroxisomal membrane and is
highly expressed in HepG2 cells (Wen et al., 2020). Moreover,
the upregulation of PEX5 in liver cancer cells was also found to
be associated with radioresistance; however, whether PEXS5 is a
regulator of peroxisomal ferroptosis remains unclear.

Although direct evidence supporting IR-regulated ferroptosis
by altering peroxisomes is scarce, considering the crosstalk
between peroxisome-regulated FA metabolism, IR, and
ferroptosis, it is conceivable that IR could also induce
ferroptosis with the alteration of peroxisomes. However,
the novel mechanism underlying the synergistic effect of IR
and peroxisome requires further exploration. Taken together,
research on peroxisome functions in regulating FA metabolism,
ferroptosis, and radiobiology is increasingly, and the findings not
only expand our knowledge on the mechanistic underpinnings
of tumorigenesis and metastasis, but also highlight the need for
therapeutic strategies using targeted agonists or inhibitors to be
more context-dependent and personalized.

FUTURE PERSPECTIVES

As the interplay between lipid metabolism and ferroptosis is
linked to the tumor biological context and efficiency of anticancer
treatments, our knowledge of the molecular mechanism and
regulation of the ionizing effect has greatly advanced in recent
years. However, several key questions remain to be answered.

Applying a Systematic and Precise
Approach to Dissect the Effect of
IR-Regulated Ferroptosis

Selecting a compatible dose and dose rate are important factors in
radiation treatment of tumor cells. Varying the dose rate is known
to alter the levels of lipid peroxidation in that lipid peroxidation
shows an “inverse dose rate effect, namely increasing lipid
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peroxidation at a constant absorbed dose rate, with decreasing
radiation dose rate (Stark, 1991; Kumar et al., 2003; Klepko et al.,
2014; Mao et al., 2016). Decreased lipid peroxidation at high dose
rates is probably due to greater recombination effects when the
number of positive and negative ion pairs is assembled. Thus,
irradiation-related biological damage occurs rapidly without the
combination of free radicals and PUFAs.

The “oxygen effect” is another explanation for the inverse
dose-rate effect. The oxygen effect is widely accepted as a key
element of radiosensitivity, and it is a well-established fact that IR
damages significantly more tumor cells in normoxic compared
to hypoxic conditions. This is partly due to molecular oxygen
reacting with the induced DNA radicals to produce chemically
irreparable peroxyl radicals. In addition, some studies further
explored the effect of different dose rates on the oxygen effect
and revealed that the oxygen effect was decreased at a lower dose
rate (0.3). According to these findings, ROS generated by higher
dose rate IR tends to bind DNA, while ROS introduced by lower
dose rate IR is prone to peroxidize FAs. While further studies
are required to validate these results, the characteristics of FA
metabolism are now a reasonable option to select candidates who
are unable or unsuitable for low-dose IR.

Although the “inverse dose rate effect” seems to suggest a
low dose rate in order to obtain more obvious response LPO,
low doses of low LET radiation (!3Cs y rays) delivered at a
low dose-rate upregulates antioxidant defense (e.g., an increase
in the level of glutathione together with upregulation of y-
glutamylcysteine synthetase expression) (Bravard et al., 1999;
Kojima et al., 2002; de Toledo et al., 2006). In contrast, high LET
radiation propagates oxidative stress in irradiated cells and their

neighboring bystanders (Narayanan et al., 1997, 1999; Azzam
etal., 2002).

In addition to the effects of dose and dose rate, other
unanswered questions involve the extent to which variation in
the level of expression and activity of DNA repair enzymes
(DNA double-strand break repair, a predominant phenomenon
of radiobiology) and proteins involved in downstream signaling
after IR plus enzymes and proteins involved in ferroptosis,
influence the outcome of RT. Given the highly ordered
nature of the protein, a few structural changes introduced
by single amino acid changes in individual proteins may
significantly alter the activity of the complex. Indeed, there
is increasing evidence that crosstalk among glucose, FA, and
amino acid metabolism (Li and Zhang, 2016) affects cancer
predisposition, and, by inference, may also modulate the response
to radiation treatment.

Heterogeneity Is Considered to Have a
Significant Impact on the Outcome of
IR-Regulated Ferroptosis

Cancer heterogeneity (intertumoral and intratumoral) remains a
key hurdle in cancer medicine. Thus, we propose that tumoral
heterogeneity, including special and temporal heterogeneity,
affects the tumor response to IR-regulated ferroptosis. Different
organs show different capacities and activities of FA metabolism,
which may lead to diverse responses to IR-regulated ferroptosis.
In addition, a single tumor over different timepoints may
also present different responses. For example, hypoxia can
trigger genetic mechanisms that may confer additional survival
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advantages to tumor cells. Hypoxia induces the expression of
several genes, particularly genetic programs that are under the
control of hypoxia inducible factor 1 (HIF-1). Importantly,
HIF-1 can inhibit ferroptosis via a mechanism dependent on
the GSH/GPX4 axis, and this process can provide selective
pressure for the emergence of ferroptosis-resistant subclones.
Similarly, hypoxia may select for cells with p53 mutations
(since cells expressing wild-type p53 tend to undergo ferroptosis
more readily), generating tumors with an anti- ferroptosis,
highly malignant phenotype. Moreover, cells that are initially
hypoxic may become more oxygenated during a fractionated
course of RT. Following a fraction of RT, most radiosensitive
aerobic cells in a tumor will be killed and the surviving
fraction will be predominantly hypoxic. If sufficient time is
allowed before the next fraction of radiation, some of the
tumor cells will oxygenate through the process of reoxygenation,
and, if this is efficient, the presence of hypoxic cells will
not significantly affect the tumor response. However, the
speed of reoxygenation varies widely, from a few hours in
some tumors to several days in others. As a result, the
treatment window of a combination of radiotherapy and
ferroptosis inducer/inhibitor holds great promise for ensuring
treatment efficiency.

Targeting PUFA-PL May Lead to a New
Epoch Against Malignant Disease

Developing therapeutic strategies to target lipid metabolism
and ferroptosis in cancers may be of great interest for
anticancer treatment. For example, erastin, a widely used
ferroptosis inducer that influences the ferroptotic process
by inhibiting the Xc~ Xc-system directly and decreasing
the intake of cystine, is reported to decrease the radio-
resistance of non-small cell lung cancer (Pan et al, 2019).
Furthermore, given the increased expression of ACSL4 in tumor
cells treated with IR, ACSL4 could be used as an effective
biomarker to show tumor response to IR (Figure 3; Lei et al,,
2020).

The contribution of ferroptosis inducers or inhibitors has
been reported to alter the clinical efficacy of radiotherapy.
Indeed, the erastin-promoting effects of radiosensitivity indicate
that combining radiotherapy and ferroptosis inducers might
increase tumor response (Pan et al., 2019; Shibata et al,
2019). Moreover, it has been reported that ferroptosis is
associated with radiotherapy complications. The GPX4 level
was decreased in radiated lungs, and liproxstatin-1 could
protect lung tissue from radiation-induced lung fibrosis by
activating the Nrf2 pathway and increasing GPX4 (Li X.
et al, 2019). Thus, selecting candidates that are prone to
radiation damage induced by ferroptosis, and combining
ferroptosis inhibitors and radiotherapy to avoid injury
would introduce a new therapeutic approach to enhance
treatment efficacy.

Ferroptosis is also associated with several immunological
processes, and immunotherapy combined with IR appears
to synergistically suppress SLC7A11 and promote tumor cell
ferroptosis (Lang et al., 2019). Thus, this may offer new options

for further understanding and resolving issues in immunotherapy
and radiotherapy.

Outstanding Issues for Future Research
Despite the rapid growth of research on ferroptosis-based
cancer therapy, some challenges remain to be overcome. First,
direct evidence supporting the effects of MUFA on tumor
cell proliferation is insufficient, and some evidence has shown
that converting pro-tumorigenesis FAs (e.g., omega-6 PUFA)
into anti-tumorigenic FAs (e.g., omega-3 PUFA) inhibits tumor
growth. Second, evidence has shown that the most specific signals
of ferroptosis in humans remain sparse. Numerous experiments
have measured 4-HNE and MDA, two final degradation
products of LPO, to determine the level of ferroptosis in
human tissue. In addition, Li W. et al. (2019) found that
the recruitment of neutrophils to coronary vascular endothelial
cells is initiated through ferroptosis in heart transplantation.
However, neutrophils are not unique markers for predicting
the cellular response to ferroptosis. Abnormal recruitment
of neutrophils can also be induced by inflammation, cancer,
treatment approaches, or certain physical conditions. Therefore,
considering future clinical applications, more accurate, specific,
convenient, and economic signals are required. Third, some
classic pathways, such as Wnt, P53, NF-kB, mTOR, MAPK,
and BMP, all of which are involved in tumor growth, have
been reported to be involved in ferroptosis. However, how
these signaling pathways regulate IR-regulated ferroptosis, and
how FA metabolism changes following their activation, are
questions for further work, the answers to which are necessary
to resolve the relationship between radiation and ferroptosis.
Finally, given that mitochondria are targets of radiation, whether
mitochondrial functions are complemented by peroxisomes,
another organelle involved in FA metabolism following IR,
needs to be explored.

CONCLUSION

Emerging research has progressively increased the understanding
of ferroptosis mechanisms, interpreted ionizing radiation effects
on ferroptosis, and revealed the interplay among irradiation,
ferroptosis, and lipid metabolism. In the future, more efforts
should be focused on the crosstalk between ferroptosis and
radiotherapy in terms of different metabolic states, not only
from the lipid metabolic profile, but from a broader view to
integrate the entire metabolic environment at a given dose and
given cancer type by a series of comprehensive studies. The
interactome strategy, including the novel techniques and probes
in the field of chemoproteomics, will deepen our understanding
of this subject.

AUTHOR CONTRIBUTIONS

Z-hY and TL wrote the original draft of the manuscript. Z-hY,
TL, L-xX, and J-jW wrote, reviewed, and edited the manuscript.
All authors have read and agreed to the published version
of the manuscript.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 675617


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Yuan et al.

Mechanism of Irradiation-Regulated Ferroptosis

FUNDING

This study was supported by the National Natural Science
Foundation of China (Grant Number 82073335), National
Natural Science Foundation of China (Grant Number
81972966), Beijing Natural Science Foundation (Grant
Number 7202228), National Natural Science Foundation of
China (Grant Number 82073057), and Clinical Medicine

REFERENCES

Antal, O., HacKler, L. Jr., Shen, J., Man, I, Hideghety, K., Kitajka, K., et al. (2014).
Combination of unsaturated fatty acids and ionizing radiation on human
glioma cells: cellular, biochemical and gene expression analysis. Lipids Health
Dis. 13:142.

Azzam, E. I, De Toledo, S. M., Spitz, D. R, and Little, J. B. (2002). Oxidative
metabolism modulates signal transduction and micronucleus formation
in bystander cells from alpha-particle-irradiated normal human fibroblast
cultures. Cancer Res. 62, 5436-5442.

Bach, D. H,, Luu, T. T., Kim, D., An, Y. J., Park, S., Park, H. J., et al. (2018).
BMP4 Upregulation Is Associated with Acquired Drug Resistance and Fatty
Acid Metabolism in EGFR-Mutant Non-Small-Cell Lung Cancer Cells. Mol.
Ther. Nucleic Acids 12, 817-828. doi: 10.1016/j.omtn.2018.07.016

Bai, D., Ueno, L., and Vogt, P. K. (2009). Akt-mediated regulation of NFkappaB
and the essentialness of NFkappaB for the oncogenicity of PI3K and Akt. Int. J.
Cancer 125, 2863-2870. doi: 10.1002/ijc.24748

Bai, Y., Meng, L., Han, L., Jia, Y., Zhao, Y., Gao, H., et al. (2019). Lipid storage
and lipophagy regulates ferroptosis. Biochem. Biophys. Res. Commun. 508,
997-1003. doi: 10.1016/j.bbrc.2018.12.039

Bajaj, M. S., Kulkarni, R. S., Ghode, S. S., Limaye, L. S.,, and Kale, V. P.
(2016). Irradiation-induced secretion of BMP4 by marrow cells causes marrow
adipogenesis post-myelosuppression. Stem Cell Res. 17, 646-653. doi: 10.1016/
j.scr.2016.11.015

Beloribi-Djefaflia, S., Vasseur, S., and Guillaumond, F. (2016). Lipid metabolic
reprogramming in cancer cells. Oncogenesis 5:¢189. doi: 10.1038/oncsis.2015.49

Benais-Pont, G., Dupertuis, Y. M., Kossovsky, M. P., Nouet, P., Allal, A. S,
Buchegger, F., et al. (2006). Omega-3 polyunsaturated fatty acids and ionizing
radiation: combined cytotoxicity on human colorectal adenocarcinoma cells.
Nutrition 22,931-939. doi: 10.1016/j.nut.2006.05.012

Benedetti, E., d’Angelo, M., Ammazzalorso, A., Gravina, G. L., Laezza, C,
Antonosante, A., et al. (2017). PPARalpha Antagonist AA452 Triggers
Metabolic Reprogramming and Increases Sensitivity to Radiation Therapy in
Human Glioblastoma Primary Cells. J. Cell Physiol. 232, 1458-1466. doi: 10.
1002/jcp.25648

Berkovic, D., Grundel, O., Berkovic, K., Wildfang, L., Hess, C. F., and Schmoll,
H. J. (1997). Synergistic cytotoxic effects of ether phospholipid analogues and
ionizing radiation in human carcinoma cells. Radiother. Oncol. 43, 293-301.
doi: 10.1016/s0167-8140(97)01909-9

Berquin, I. M., Min, Y., Wu, R, Wu, J., Perry, D., Cline, J. M., et al. (2007).
Modulation of prostate cancer genetic risk by omega-3 and omega-6 fatty acids.
J. Clin. Invest 117, 1866-1875.

Bougnoux, P., Hajjaji, N., Maheo, K., Couet, C., and Chevalier, S. (2010). Fatty
acids and breast cancer: sensitization to treatments and prevention of metastatic
re-growth. Prog. Lipid Res. 49, 76-86. doi: 10.1016/j.plipres.2009.08.003

Bravard, A., Luccioni, C., Moustacchi, E., and Rigaud, O. (1999). Contribution of
antioxidant enzymes to the adaptive response to ionizing radiation of human
lymphoblasts. Int. J. Radiat. Biol. 75, 639-645. doi: 10.1080/095530099140285

Brigelius-Flohe, R., and Flohe, L. (2020). Regulatory Phenomena in the Glutathione
Peroxidase Superfamily. Antioxid Redox Signal 33, 498-516. doi: 10.1089/ars.
2019.7905

Bump, E. A, Yu, N. Y., and Brown, J. M. (1982). Radiosensitization of hypoxic
tumor cells by depletion of intracellular glutathione. Science 217, 544-545.
doi: 10.1126/science.7089580

Cao, A, Li, H, Zhou, Y., Wu, M., and Liu, J. (2010). Long chain acyl-
CoA synthetase-3 is a molecular target for peroxisome proliferator-activated

plus X Project of Peking University (Grant Number

PKU2020LCXQ024).

ACKNOWLEDGMENTS

We thank all authors of the review for thoughtful comments
and discussions.

receptor delta in HepG2 hepatoma cells. J. Biol. Chem. 285, 16664-16674.
doi: 10.1074/jbc.m110.112805

Catalina-Rodriguez, O., Kolukula, V. K., Tomita, Y., Preet, A., Palmieri, F.,
Wellstein, A., et al. (2012). The mitochondrial citrate transporter, CIC, is
essential for mitochondrial homeostasis. Oncotarget 3, 1220-1235. doi: 10.
18632/oncotarget.714

Chen, D., Fan, Z., Rauh, M., Buchfelder, M., Eyupoglu, I. Y., and Savaskan,
N. (2017). ATF4 promotes angiogenesis and neuronal cell death and confers
ferroptosis in a xCT-dependent manner. Oncogene 36, 5593-5608. doi: 10.1038/
onc.2017.146

Chen, J., Zhang, F., Ren, X, Wang, Y., Huang, W., Zhang, J., et al. (2020).
Targeting fatty acid synthase sensitizes human nasopharyngeal carcinoma cells
to radiation via downregulating frizzled class receptor 10. Cancer Biol. Med. 17,
740-752. doi: 10.20892/j.issn.2095-3941.2020.0219

Chen, X,, Shang, L., Deng, S., Li, P., Chen, K., Gao, T., et al. (2020). Peroxisomal
oxidation of erucic acid suppresses mitochondrial fatty acid oxidation by
stimulating malonyl-CoA formation in the rat liver. J. Biol. Chem. 295, 10168
10179. doi: 10.1074/jbc.ra120.013583

Chen, Y., Li, N., Wang, J., Zhang, X, Pan, W., Yu, L,, et al. (2019). Enhancement
of mitochondrial ROS accumulation and radiotherapeutic efficacy using a Gd-
doped titania nanosensitizer. Theranostics 9, 167-178. doi: 10.7150/thno.28033

Chu, B, Kon, N, Chen, D., Li, T., Liu, T., Jiang, L., et al. (2019). ALOX12 is required
for p53-mediated tumour suppression through a distinct ferroptosis pathway.
Nat. Cell Biol. 21, 579-591. doi: 10.1038/s41556-019-0305-6

Chuang, H. Y., Lee, Y. P., Lin, W. C,, Lin, Y. H., and Hwang, J. J. (2019). Fatty Acid
Inhibition Sensitizes Androgen-Dependent and -Independent Prostate Cancer
to Radiotherapy via FASN/NF-kappaB Pathway. Sci. Rep. 9:13284.

Ciamporcero, E., Shen, H., Ramakrishnan, S., Ku, S., Chintala, S., Shen, L., et al.
(2016). YAP activation protects urothelial cell carcinoma from treatment-
induced DNA damage. Oncogene 35, 1541-1553. doi: 10.1038/0nc.2015.219

de Toledo, S. M., Asaad, N., Venkatachalam, P., Li, L., Howell, R. W., Spitz,
D. R, et al. (2006). Adaptive responses to low-dose/low-dose-rate gamma rays
in normal human fibroblasts: the role of growth architecture and oxidative
metabolism. Radiat Res. 166, 849-857. doi: 10.1667/rr0640.1

Dethmers, J. K., and Meister, A. (1981). Glutathione export by human lymphoid
cells: depletion of glutathione by inhibition of its synthesis decreases export and
increases sensitivity to irradiation. Proc. Natl. Acad. Sci. U S A 78, 7492-7496.
doi: 10.1073/pnas.78.12.7492

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R,, Skouta, R., Zaitsev, E. M., Gleason,
C. E,, et al. (2012). Ferroptosis: an iron-dependent form of nonapoptotic cell
death. Cell 149, 1060-1072. doi: 10.1016/j.cell.2012.03.042

Dolcet, X., Llobet, D., Pallares, J., and Matias-Guiu, X. (2005). NF-kB in
development and progression of human cancer. Virchows Arch. 446, 475-482.
doi: 10.1007/s00428-005-1264-9

Doll, S., Proneth, B., Tyurina, Y. Y., Panzilius, E., Kobayashi, S., Ingold, I.,
et al. (2017). ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid
composition. Nat. Chem. Biol. 13, 91-98. doi: 10.1038/nchembio.2239

Elsaid, M. Y., Shahi, A., Wang, A. R,, Baiu, D. C, Li, C., Werner, L. R, et al.
(2018). Enhanced Radiosensitivity in Solid Tumors using a Tumor-selective
Alkyl Phospholipid Ether Analog. Mol. Cancer Ther. 17, 2320-2328. doi: 10.
1158/1535-7163.mct-17-0897

Estrela, J. M., Obrador, E., Navarro, J., Lasso De la Vega, M. C,, and Pellicer, J. A.
(1995). Elimination of Ehrlich tumours by ATP-induced growth inhibition,
glutathione depletion and X-rays. Nat. Med. 1, 84-88. doi: 10.1038/nm0195-84

Fernandez, L. A., Squatrito, M., Northcott, P., Awan, A., Holland, E. C,
Taylor, M. D., et al. (2012). Oncogenic YAP promotes radioresistance and

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 675617


https://doi.org/10.1016/j.omtn.2018.07.016
https://doi.org/10.1002/ijc.24748
https://doi.org/10.1016/j.bbrc.2018.12.039
https://doi.org/10.1016/j.scr.2016.11.015
https://doi.org/10.1016/j.scr.2016.11.015
https://doi.org/10.1038/oncsis.2015.49
https://doi.org/10.1016/j.nut.2006.05.012
https://doi.org/10.1002/jcp.25648
https://doi.org/10.1002/jcp.25648
https://doi.org/10.1016/s0167-8140(97)01909-9
https://doi.org/10.1016/j.plipres.2009.08.003
https://doi.org/10.1080/095530099140285
https://doi.org/10.1089/ars.2019.7905
https://doi.org/10.1089/ars.2019.7905
https://doi.org/10.1126/science.7089580
https://doi.org/10.1074/jbc.m110.112805
https://doi.org/10.18632/oncotarget.714
https://doi.org/10.18632/oncotarget.714
https://doi.org/10.1038/onc.2017.146
https://doi.org/10.1038/onc.2017.146
https://doi.org/10.20892/j.issn.2095-3941.2020.0219
https://doi.org/10.1074/jbc.ra120.013583
https://doi.org/10.7150/thno.28033
https://doi.org/10.1038/s41556-019-0305-6
https://doi.org/10.1038/onc.2015.219
https://doi.org/10.1667/rr0640.1
https://doi.org/10.1073/pnas.78.12.7492
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1007/s00428-005-1264-9
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1158/1535-7163.mct-17-0897
https://doi.org/10.1158/1535-7163.mct-17-0897
https://doi.org/10.1038/nm0195-84
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Yuan et al.

Mechanism of Irradiation-Regulated Ferroptosis

genomic instability in medulloblastoma through IGF2-mediated Akt activation.
Oncogene 31,1923-1937. doi: 10.1038/0onc.2011.379

Friedmann Angeli, J. P., Krysko, D. V., and Conrad, M. (2019). Ferroptosis at the
crossroads of cancer-acquired drug resistance and immune evasion. Nat. Rev.
Cancer 19, 405-414. doi: 10.1038/s41568-019-0149- 1

Gao, M., Yi, J., Zhu, J., Minikes, A. M., Monian, P., Thompson, C. B, et al. (2019).
Role of Mitochondria in Ferroptosis. Mol. Cell 73:¢353.

Gao, S., Wu, R, and Zeng, Y. (2012). Up-regulation of peroxisome proliferator-
activated receptor gamma in radiation-induced heart injury in rats. Radiat.
Environ. Biophys. 51, 53-59. doi: 10.1007/s00411-011-0390-9

Gaschler, M. M., Hu, F., Feng, H., Linkermann, A., Min, W., and Stockwell, B. R.
(2018). Determination of the Subcellular Localization and Mechanism of Action
of Ferrostatins in Suppressing Ferroptosis. ACS Chem. Biol. 13, 1013-1020.
doi: 10.1021/acschembio.8b00199

Gomez, C. M., and de Molina, A. R. (2016). Microtargeting cancer metabolism:
opening new therapeutic windows based on lipid metabolism. J. Lipid Res. 57,
193-206. doi: 10.1194/jlr.r061812

Gonnissen, A., Isebaert, S., McKee, C. M., Muschel, R. J., and Haustermans,
K. (2017). The Effect of Metformin and GANT61 Combinations on the
Radiosensitivity of Prostate Cancer Cells. Int. J. Mol. Sci. 2017:18.

Gopal, U., Mowery, Y., Young, K., and Pizzo, S. V. (2019). Targeting cell surface
GRP78 enhances pancreatic cancer radiosensitivity through YAP/TAZ protein
signaling. J. Biol. Chem. 294, 13939-13952. doi: 10.1074/jbc.ra119.009091

Gottgens, E. L., van den Heuvel, C. N,, de Jong, M. C., Kaanders, J. H,
Leenders, W. P., Ansems, M., et al. (2019). ACLY (ATP Citrate Lyase)
Mediates Radioresistance in Head and Neck Squamous Cell Carcinomas and
is a Novel Predictive Radiotherapy Biomarker. Cancers 11:1971. doi: 10.3390/
cancers11121971

Igal, R. A. (2016). Stearoyl CoA desaturase-1: New insights into a central regulator
of cancer metabolism. Biochim. Biophys. Acta 1861, 1865-1880. doi: 10.1016/].
bbalip.2016.09.009

Ito, F., Yanatori, I, Maeda, Y., Nimura, K, Ito, S., Hirayama, T., et al
(2020). Asbestos conceives Fe(II)-dependent mutagenic stromal milieu through
ceaseless macrophage ferroptosis and beta-catenin induction in mesothelium.
Redox Biol. 36:101616. doi: 10.1016/j.redox.2020.101616

Jiang, L., Kon, N, Li, T., Wang, S. J., Su, T., Hibshoosh, H., et al. (2015). Ferroptosis
as a p53-mediated activity during tumour suppression. Nature 520, 57-62.
doi: 10.1038/nature14344

Kagan, V. E,, Mao, G., Qu, F., Angeli, J. P,, Doll, S., Croix, C. S., et al. (2017).
Oxidized arachidonic and adrenic PEs navigate cells to ferroptosis. Nat. Chem.
Biol. 13, 81-90. doi: 10.1038/nchembio.2238

Kan, C. F, Singh, A. B, Dong, B., Shende, V. R, and Liu, J. (2015). PPARdelta
activation induces hepatic long-chain acyl-CoA synthetase 4 expression in vivo
and in vitro. Biochim. Biophys. Acta 1851, 577-587. doi: 10.1016/j.bbalip.2015.
01.008

Kaur, S., Nag, A., Gangenahalli, G., and Sharma, K. (2019). Peroxisome Proliferator
Activated Receptor Gamma Sensitizes Non-small Cell Lung Carcinoma to
Gamma Irradiation Induced Apoptosis. Front. Genet. 10:554.

Kim, E. J., Lee, Y. J., Kang, S., and Lim, Y. B. (2014). Ionizing radiation activates
PERK/elF2alpha/ATF4 signaling via ER stress-independent pathway in human
vascular endothelial cells. Int. J. Radiat. Biol. 90, 306-312. doi: 10.3109/
09553002.2014.886793

Kim, G. J., Chandrasekaran, K., and Morgan, W. F. (2006). Mitochondrial
dysfunction, persistently elevated levels of reactive oxygen species and
radiation-induced genomic instability: a review. Mutagenesis 21, 361-367. doi:
10.1093/mutage/gel048

Kim, S., Choe, J. H,, Lee, G. J., Kim, Y. S, Kim, S. Y., Lee, H. M., et al. (2017).
Tonizing Radiation Induces Innate Immune Responses in Macrophages by
Generation of Mitochondrial Reactive Oxygen Species. Radiat. Res. 187, 32-41.
doi: 10.1667/rr14346.1

Kim, T. W., Hong, D. W,, Park, J. W., and Hong, S. H. (2020). CB11, a novel
purine-based PPAR ligand, overcomes radio-resistance by regulating ATM
signalling and EMT in human non-small-cell lung cancer cells. Br. J. Cancer
123,1737-1748. doi: 10.1038/s41416-020-01088-w

Klemm, R. W., and Ikonen, E. (2020). The cell biology of lipid droplets: More than
just a phase. Semin. Cell Dev. Biol. 108, 1-3. doi: 10.1016/j.semcdb.2020.06.016

Klepko, A. V., Motrina, O. A., Bulavytska, V. M., Kondratova, Y. A., Vatlitsova,
O.S., Chernyshov, A. V., et al. (2014). Analysis of the antioxidantive qualities of

sperm after total body X-irradiation of animals. Probl. Radiac. Med. Radiobiol.
19, 407-418.

Kojima, S., Ishida, H., Takahashi, M., and Yamaoka, K. (2002). Elevation of
glutathione induced by low-dose gamma rays and its involvement in increased
natural killer activity. Radiat. Res. 157, 275-280. doi: 10.1667/0033-7587(2002)
157[0275:e0gibl]2.0.co;2

Komarova, E. A., Chernov, M. V., Franks, R., Wang, K., Armin, G., Zelnick, C. R.,
et al. (1997). Transgenic mice with p53-responsive lacZ: p53 activity varies
dramatically during normal development and determines radiation and drug
sensitivity in vivo. EMBO J. 16, 1391-1400. doi: 10.1093/emboj/16.6.1391

Kondagunta, G. V., Drucker, B., Schwartz, L., Bacik, J., Marion, S., Russo, P.,
et al. (2004). Phase II trial of bortezomib for patients with advanced renal cell
carcinoma. J. Clin. Oncol. 22, 3720-3725. doi: 10.1200/jc0.2004.10.155

Koritzinsky, M. (2015). Metformin: A Novel Biological Modifier of Tumor
Response to Radiation Therapy. Int. J. Radiat. Oncol. Biol. Phys. 93, 454-464.
doi: 10.1016/j.ijrobp.2015.06.003

Kumar, M., Sharma, M. K., Saxena, P. S., and Kumar, A. (2003). Radioprotective
effect of Panax ginseng on the phosphatases and lipid peroxidation level in testes
of Swiss albino mice. Biol. Pharm. Bull. 26, 308-312. doi: 10.1248/bpb.26.308

Lang, X., Green, M. D., Wang, W., Yu, J., Choi, J. E, Jiang, L., et al. (2019).
Radiotherapy and Immunotherapy Promote Tumoral Lipid Oxidation and
Ferroptosis via Synergistic Repression of SLC7A11. Cancer Discov. 9, 1673
1685. doi: 10.1158/2159-8290.cd-19-0338

Lei, G., Zhang, Y., Koppula, P., Liu, X., Zhang, J., Lin, S. H., et al. (2020). The role
of ferroptosis in ionizing radiation-induced cell death and tumor suppression.
Cell Res. 30, 146-162. doi: 10.1038/s41422-019-0263-3

Li, C.,, Deng, X., Zhang, W., Xie, X., Conrad, M., Liu, Y., et al. (2019). Novel
Allosteric Activators for Ferroptosis Regulator Glutathione Peroxidase 4.
J. Med. Chem. 62, 266-275. doi: 10.1021/acs.jmedchem.8b00315

Li, L., Sun, S, Tan, L., Wang, Y., Wang, L., Zhang, Z., et al. (2019). Polystyrene
Nanoparticles Reduced ROS and Inhibited Ferroptosis by Triggering Lysosome
Stress and TFEB Nucleus Translocation in a Size-Dependent Manner. Nano
Lett. 19, 7781-7792. doi: 10.1021/acs.nanolett.9b02795

Li, W., Feng, G., Gauthier, ]. M., Lokshina, I., Higashikubo, R., Evans, S., et al.
(2019). Ferroptotic cell death and TLR4/Trif signaling initiate neutrophil
recruitment after heart transplantation. J. Clin. Invest. 129, 2293-2304. doi:
10.1172/jci126428

Li, X., Duan, L., Yuan, S., Zhuang, X., Qiao, T., and He, J. (2019). Ferroptosis
inhibitor alleviates Radiation-induced lung fibrosis (RILF) via down-regulation
of TGF-betal. J. Inflamm. 16:11.

Li, Z., and Zhang, H. (2016). Reprogramming of glucose, fatty acid and amino
acid metabolism for cancer progression. Cell Mol. Life Sci. 73, 377-392. doi:
10.1007/s00018-015-2070-4

Lim, J. K. M., Delaidelli, A., Minaker, S. W., Zhang, H. F., Colovic, M., Yang, H.,
etal. (2019). Cystine/glutamate antiporter xCT (SLC7A11) facilitates oncogenic
RAS transformation by preserving intracellular redox balance. Proc. Natl. Acad.
Sci. US A 116, 9433-9442. doi: 10.1073/pnas.1821323116

Lin, M. H,, Yen, J. H., Weng, C. Y., Wang, L., Ha, C. L., and Wu, M. J. (2014).
Lipid peroxidation end product 4-hydroxy-trans-2-nonenal triggers unfolded
protein response and heme oxygenase-1 expression in PC12 cells: Roles of ROS
and MAPK pathways. Toxicology 315, 24-37. doi: 10.1016/j.tox.2013.11.007

Linard, C., Gremy, O., and Benderitter, M. (2008). Reduction of peroxisome
proliferation-activated receptor gamma expression by gamma-irradiation as a
mechanism contributing to inflammatory response in rat colon: modulation
by the 5-aminosalicylic acid agonist. J. Pharmacol. Exp. Ther. 324, 911-920.
doi: 10.1124/jpet.107.129122

Liu, X., Kumar, M., Yang, L., Molkentine, D. P., Valdecanas, D., Yu, S., et al. (2018).
BAP1 Is a Novel Target in HPV-Negative Head and Neck Cancer. Clin. Cancer
Res. 24, 600-607. doi: 10.1158/1078-0432.ccr-17-1573

Lodhi, I. J., and Semenkovich, C. F. (2014). Peroxisomes: a nexus for lipid
metabolism and cellular signaling. Cell Metab. 19, 380-392. doi: 10.1016/j.cmet.
2014.01.002

Lodhi, I. J., Wei, X,, Yin, L., Feng, C., Adak, S., Abou-Ezzi, G., et al. (2015).
Peroxisomal lipid synthesis regulates inflammation by sustaining neutrophil
membrane phospholipid composition and viability. Cell Metab. 21, 51-64. doi:
10.1016/j.cmet.2014.12.002

Luppi, P., Drain, N.,, To, R, Stolz, D., Wallace, C., Watkins, S., et al. (2020).
Autocrine C-peptide protects INSI beta cells against palmitic acid-induced

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 675617


https://doi.org/10.1038/onc.2011.379
https://doi.org/10.1038/s41568-019-0149-1
https://doi.org/10.1007/s00411-011-0390-9
https://doi.org/10.1021/acschembio.8b00199
https://doi.org/10.1194/jlr.r061812
https://doi.org/10.1074/jbc.ra119.009091
https://doi.org/10.3390/cancers11121971
https://doi.org/10.3390/cancers11121971
https://doi.org/10.1016/j.bbalip.2016.09.009
https://doi.org/10.1016/j.bbalip.2016.09.009
https://doi.org/10.1016/j.redox.2020.101616
https://doi.org/10.1038/nature14344
https://doi.org/10.1038/nchembio.2238
https://doi.org/10.1016/j.bbalip.2015.01.008
https://doi.org/10.1016/j.bbalip.2015.01.008
https://doi.org/10.3109/09553002.2014.886793
https://doi.org/10.3109/09553002.2014.886793
https://doi.org/10.1093/mutage/gel048
https://doi.org/10.1093/mutage/gel048
https://doi.org/10.1667/rr14346.1
https://doi.org/10.1038/s41416-020-01088-w
https://doi.org/10.1016/j.semcdb.2020.06.016
https://doi.org/10.1667/0033-7587(2002)157[0275:eogibl]2.0.co;2
https://doi.org/10.1667/0033-7587(2002)157[0275:eogibl]2.0.co;2
https://doi.org/10.1093/emboj/16.6.1391
https://doi.org/10.1200/jco.2004.10.155
https://doi.org/10.1016/j.ijrobp.2015.06.003
https://doi.org/10.1248/bpb.26.308
https://doi.org/10.1158/2159-8290.cd-19-0338
https://doi.org/10.1038/s41422-019-0263-3
https://doi.org/10.1021/acs.jmedchem.8b00315
https://doi.org/10.1021/acs.nanolett.9b02795
https://doi.org/10.1172/jci126428
https://doi.org/10.1172/jci126428
https://doi.org/10.1007/s00018-015-2070-4
https://doi.org/10.1007/s00018-015-2070-4
https://doi.org/10.1073/pnas.1821323116
https://doi.org/10.1016/j.tox.2013.11.007
https://doi.org/10.1124/jpet.107.129122
https://doi.org/10.1158/1078-0432.ccr-17-1573
https://doi.org/10.1016/j.cmet.2014.01.002
https://doi.org/10.1016/j.cmet.2014.01.002
https://doi.org/10.1016/j.cmet.2014.12.002
https://doi.org/10.1016/j.cmet.2014.12.002
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Yuan et al.

Mechanism of Irradiation-Regulated Ferroptosis

oxidative stress in peroxisomes by inducing catalase. Endocrinol. Diabetes
Metab. 3:¢00147.

Ma, Y., Temkin, S. M., Hawkridge, A. M., Guo, C., Wang, W., Wang, X. Y, et al.
(2018). Fatty acid oxidation: An emerging facet of metabolic transformation in
cancer. Cancer Lett. 435, 92-100. doi: 10.1016/j.canlet.2018.08.006

Magtanong, L., Ko, P. J., To, M., Cao, J. Y., Forcina, G. C., Tarangelo, A.,
et al. (2019). Exogenous Monounsaturated Fatty Acids Promote a Ferroptosis-
Resistant Cell State. Cell Chem. Biol. 26, 420-432e429.

Mangoni, M., Sottili, M., Gerini, C., Desideri, 1., Bastida, C., Pallotta, S.,
et al. (2017). gamma agonist protects from radiation-induced intestinal
toxicity. U Eur. Gastroenterol. ]. 5, 218-226. doi: 10.1177/20506406166
40443

Mao, X. W., Nishiyama, N. C., Pecaut, M. ]., Campbell-Beachler, M., Gifford, P.,
Haynes, K. E., et al. (2016). Simulated Microgravity and Low-Dose/Low-Dose-
Rate Radiation Induces Oxidative Damage in the Mouse Brain. Radiat. Res. 185,
647-657. doi: 10.1667/rr14267.1

Martin, S., and Parton, R. G. (2006). Lipid droplets: a unified view of a dynamic
organelle. Nat. Rev. Mol. Cell Biol. 7, 373-378. doi: 10.1038/nrm1912

Martius, G., Alwahsh, S. M., Rave-Frank, M., Hess, C. F., Christiansen, H.,
Ramadori, G., et al. (2014). Hepatic fat accumulation and regulation of
FAT/CD36: an effect of hepatic irradiation. Int. J. Clin. Exp. Pathol. 7, 5379~
5392.

Martius, G., Cameron, S., Rave-Frank, M., Hess, C. F., Wolff, H. A, and Malik, I. A.
(2015). The anti-TNF-alpha antibody infliximab inhibits the expression of fat-
transporter-protein FAT/CD36 in a selective hepatic-radiation mouse model.
Int. J. Mol. Sci. 16, 4682-4697. doi: 10.3390/ijms16034682

McDonald, J. T., Kim, K., Norris, A. J., Vlashi, E., Phillips, T. M., Lagadec, C., et al.
(2010). Ionizing radiation activates the Nrf2 antioxidant response. Cancer Res.
70, 8886-8895. doi: 10.1158/0008-5472.can-10-0171

Meister, A., and Anderson, M. E. (1983). Glutathione. Annu Rev. Biochem. 52,
711-760.

Menendez, J. A., and Lupu, R. (2007). Fatty acid synthase and the lipogenic
phenotype in cancer pathogenesis. Nat. Rev. Cancer 7, 763-777. doi: 10.1038/
nrc2222

Narayanan, A., Baskaran, S. A., Amalaradjou, M. A, and Venkitanarayanan, K.
(2015). Anticarcinogenic properties of medium chain fatty acids on human
colorectal, skin and breast cancer cells in vitro. Int. J. Mol. Sci. 16, 5014-5027.
doi: 10.3390/ijms16035014

Narayanan, P. K., Goodwin, E. H., and Lehnert, B. E. (1997). Alpha particles initiate
biological production of superoxide anions and hydrogen peroxide in human
cells. Cancer Res. 57, 3963-3971.

Narayanan, P. K., LaRue, K. E., Goodwin, E. H., and Lehnert, B. E. (1999). Alpha
particles induce the production of interleukin-8 by human cells. Radiat Res. 152,
57-63. doi: 10.2307/3580049

Ookhtens, M., Kannan, R., Lyon, I., and Baker, N. (1984). Liver and adipose tissue
contributions to newly formed fatty acids in an ascites tumor. Am. J. Physiol.
247, R146-R153.

Pan, X, Lin, Z., Jiang, D., Yu, Y., Yang, D., Zhou, H., et al. (2019). Erastin
decreases radioresistance of NSCLC cells partially by inducing GPX4-mediated
ferroptosis. Oncol. Lett. 17, 3001-3008.

Panigrahy, D., Edin, M. L., Lee, C. R, Huang, S., Bielenberg, D. R., Butterfield, C. E.,
et al. (2012). Epoxyeicosanoids stimulate multiorgan metastasis and tumor
dormancy escape in mice. J. Clin. Invest. 122, 178-191. doi: 10.1172/jci58128

Poli, G., Schaur, R. ], Siems, W. G., and Leonarduzzi, G. (2008). 4-hydroxynonenal:
a membrane lipid oxidation product of medicinal interest. Med. Res. Rev. 28,
569-631. doi: 10.1002/med.20117

Pozzi, A., Popescu, V., Yang, S., Mei, S., Shi, M., Puolitaival, S. M., et al. (2010).
The anti-tumorigenic properties of peroxisomal proliferator-activated receptor
alpha are arachidonic acid epoxygenase-mediated. J. Biol. Chem. 285, 12840-
12850. doi: 10.1074/jbc.m109.081554

Qiu, B., Ackerman, D., Sanchez, D. J., Li, B., Ochocki, J. D., Grazioli, A., et al.
(2015). HIF2alpha-Dependent Lipid Storage Promotes Endoplasmic Reticulum
Homeostasis in Clear-Cell Renal Cell Carcinoma. Cancer Discov. 5, 652-667.
doi: 10.1158/2159-8290.cd- 14-1507

Richards, G. A., White, H., Grimmer, H., Ramoroka, C., Channa, K., Hopley,
M., et al. (2009). Increased oxidants and reduced antioxidants in irradiated
parenteral nutrition solutions may contribute to the inflammatory response.
J. Intensive Care Med. 24, 252-260. doi: 10.1177/0885066609332744

Rogel, A., Popliker, M., Webb, C. G., and Oren, M. (1985). p53 cellular tumor
antigen: analysis of mRNA levels in normal adult tissues, embryos, and tumors.
Mol. Cell Biol. 5, 2851-2855. doi: 10.1128/mcb.5.10.2851-2855.1985

Saenko, Y., Cieslar-Pobuda, A., Skonieczna, M., and Rzeszowska-Wolny, J. (2013).
Changes of reactive oxygen and nitrogen species and mitochondrial functioning
in human K562 and HL60 cells exposed to ionizing radiation. Radiat. Res. 180,
360-366. doi: 10.1667/rr3247.1

Schley, P. D, Jijon, H. B., Robinson, L. E., and Field, C. J. (2005). Mechanisms of
omega-3 fatty acid-induced growth inhibition in MDA-MB-231 human breast
cancer cells. Breast Cancer Res. Treat 92, 187-195. doi: 10.1007/s10549-005-
2415-z

Shaikh, S., Channa, N. A., Talpur, F. N., Younis, M., and Tabassum, N. (2017).
Radiotherapy improves serum fatty acids and lipid profile in breast cancer.
Lipids Health Dis. 16:92.

Shi, H. B., Luo, J., Yao, D. W., Zhu, J. J., Xu, H. F,, Shi, H. P., et al. (2013).
Peroxisome proliferator-activated receptor-gamma stimulates the synthesis of
monounsaturated fatty acids in dairy goat mammary epithelial cells via the
control of stearoyl-coenzyme A desaturase. J. Dairy Sci. 96, 7844-7853. doi:
10.3168/jds.2013-7105

Shibata, Y., Yasui, H., Higashikawa, K., Miyamoto, N., and Kuge, Y. (2019). Erastin,
a ferroptosis-inducing agent, sensitized cancer cells to X-ray irradiation via
glutathione starvation in vitro and in vivo. PLoS One 14:¢0225931. doi: 10.1371/
journal.pone.0225931

Singh, R., and Cuervo, A. M. (2012). Lipophagy: connecting autophagy and lipid
metabolism. Int. J. Cell Biol. 2012:282041.

Stark, G. (1991). The effect of ionizing radiation on lipid membranes. Biochim.
Biophys. Acta 1071, 103-122. doi: 10.1016/0304-4157(91)90020-w

Strand, E., Lysne, V., Grinna, M. L., Bohov, P., Svardal, A., Nygard, O., et al. (2019).
Short-Term Activation of Peroxisome Proliferator-Activated Receptors alpha
and gamma Induces Tissue-Specific Effects on Lipid Metabolism and Fatty Acid
Composition in Male Wistar Rats. PPAR Res. 2019:8047627.

Swinnen, J. V., Van Veldhoven, P. P., Timmermans, L., De Schrijver, E.,
Brusselmans, K., Vanderhoydonc, F., et al. (2003). Fatty acid synthase drives
the synthesis of phospholipids partitioning into detergent-resistant membrane
microdomains. Biochem. Biophys. Res. Commun. 302, 898-903. doi: 10.1016/
$0006-291x(03)00265- 1

Tan, Z., Xiao, L., Tang, M., Bai, F.,, Li, J., Li, L., et al. (2018). Targeting CPT1A-
mediated fatty acid oxidation sensitizes nasopharyngeal carcinoma to radiation
therapy. Theranostics 8, 2329-2347. doi: 10.7150/thno.21451

Tesfay, L., Paul, B. T., Konstorum, A., Deng, Z., Cox, A. O,, Lee, ., et al. (2019).
Stearoyl-CoA Desaturase 1 Protects Ovarian Cancer Cells from Ferroptotic Cell
Death. Cancer Res. 79, 5355-5366. doi: 10.1158/0008-5472.can-19-0369

Thiele, C., and Spandl, J. (2008). Cell biology of lipid droplets. Curr. Opin. Cell Biol.
20, 378-385.

Toborek, M., Lee, Y. W., Garrido, R, Kaiser, S., and Hennig, B. (2002).
Unsaturated fatty acids selectively induce an inflammatory environment in
human endothelial cells. Am. J. Clin. Nutr. 75, 119-125. doi: 10.1093/ajcn/75.1.
119

Ubellacker, J. M., Tasdogan, A., Ramesh, V., Shen, B., Mitchell, E. C., Martin-
Sandoval, M. S., et al. (2020). Lymph protects metastasizing melanoma cells
from ferroptosis. Nature 585, 113-118. doi: 10.1038/s41586-020-2623-z

Unger, R. H. (2002). Lipotoxic diseases. Annu. Rev. Med. 53,319-336. doi: 10.1146/
annurev.med.53.082901.104057

Venkatesh, D., O’Brien, N. A., Zandkarimi, F., Tong, D. R, Stokes, M. E., Dunn,
D. E, et al. (2020). MDM2 and MDMX promote ferroptosis by PPARalpha-
mediated lipid remodeling. Genes Dev. 34, 526-543. doi: 10.1101/gad.334219.
119

Wang, H,, Klein, M. G., Zou, H., Lane, W., Snell, G., Levin, L, et al. (2015). Crystal
structure of human stearoyl-coenzyme A desaturase in complex with substrate.
Nat. Struct. Mol. Biol. 22, 581-585. doi: 10.1038/nsmb.3049

Wang, H., Liu, C,, Zhao, Y., and Gao, G. (2020). Mitochondria regulation in
ferroptosis. Eur. J. Cell Biol. 99:151058. doi: 10.1016/j.ejcb.2019.151058

Wang, Y., Hinz, S., Uckermann, O., Honscheid, P., von Schonfels, W., Burmeister,
G., et al. (2020). Shotgun lipidomics-based characterization of the landscape
of lipid metabolism in colorectal cancer. Biochim. Biophys. Acta Mol. Cell Biol.
Lipids 1865:158579. doi: 10.1016/j.bbalip.2019.158579

Wen, ], Xiong, K., Aili, A, Wang, H, Zhu, Y, Yu, Z, et al. (2020).
PEX5, a novel target of microRNA-31-5p, increases radioresistance in

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 675617


https://doi.org/10.1016/j.canlet.2018.08.006
https://doi.org/10.1177/2050640616640443
https://doi.org/10.1177/2050640616640443
https://doi.org/10.1667/rr14267.1
https://doi.org/10.1038/nrm1912
https://doi.org/10.3390/ijms16034682
https://doi.org/10.1158/0008-5472.can-10-0171
https://doi.org/10.1038/nrc2222
https://doi.org/10.1038/nrc2222
https://doi.org/10.3390/ijms16035014
https://doi.org/10.2307/3580049
https://doi.org/10.1172/jci58128
https://doi.org/10.1002/med.20117
https://doi.org/10.1074/jbc.m109.081554
https://doi.org/10.1158/2159-8290.cd-14-1507
https://doi.org/10.1177/0885066609332744
https://doi.org/10.1128/mcb.5.10.2851-2855.1985
https://doi.org/10.1667/rr3247.1
https://doi.org/10.1007/s10549-005-2415-z
https://doi.org/10.1007/s10549-005-2415-z
https://doi.org/10.3168/jds.2013-7105
https://doi.org/10.3168/jds.2013-7105
https://doi.org/10.1371/journal.pone.0225931
https://doi.org/10.1371/journal.pone.0225931
https://doi.org/10.1016/0304-4157(91)90020-w
https://doi.org/10.1016/s0006-291x(03)00265-1
https://doi.org/10.1016/s0006-291x(03)00265-1
https://doi.org/10.7150/thno.21451
https://doi.org/10.1158/0008-5472.can-19-0369
https://doi.org/10.1093/ajcn/75.1.119
https://doi.org/10.1093/ajcn/75.1.119
https://doi.org/10.1038/s41586-020-2623-z
https://doi.org/10.1146/annurev.med.53.082901.104057
https://doi.org/10.1146/annurev.med.53.082901.104057
https://doi.org/10.1101/gad.334219.119
https://doi.org/10.1101/gad.334219.119
https://doi.org/10.1038/nsmb.3049
https://doi.org/10.1016/j.ejcb.2019.151058
https://doi.org/10.1016/j.bbalip.2019.158579
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Yuan et al.

Mechanism of Irradiation-Regulated Ferroptosis

hepatocellular carcinoma by activating Wnt/beta-catenin signaling and
homologous recombination. Theranostics 10, 5322-5340. doi: 10.7150/thno.
42371

Wu, J. T, and Kral, J. G. (2005). The NF-kappaB/IkappaB signaling system: a
molecular target in breast cancer therapy. J. Surg. Res. 123, 158-169. doi:
10.1016/j.js5.2004.06.006

Wu, J., Minikes, A. M., Gao, M., Bian, H., Li, Y., Stockwell, B. R., et al. (2019).
Intercellular interaction dictates cancer cell ferroptosis via NF2-YAP signalling.
Nature 572, 402-406. doi: 10.1038/s41586-019-1426-6

Xi, G., Best, B., Mania-Farnell, B., James, C. D., and Tomita, T. (2017). Therapeutic
Potential for Bone Morphogenetic Protein 4 in Human Malignant Glioma.
Neoplasia 19, 261-270. doi: 10.1016/j.ne0.2017.01.006

Xie, Y., Hou, W,, Song, X., Yu, Y., Huang, J., Sun, X,, et al. (2016). Ferroptosis:
process and function. Cell Death Differ 23, 369-379. doi: 10.1038/cdd.2
015.158

Xu, Z., Zhang, Y., Ding, J., Hu, W., Tan, C., Wang, M., et al. (2018). miR-
17-3p Downregulates Mitochondrial Antioxidant Enzymes and Enhances the
Radiosensitivity of Prostate Cancer Cells. Mol. Ther Nucleic Acids 13, 64-77.
doi: 10.1016/j.0mtn.2018.08.009

Xue, J., Zhu, W., Song, J., Jiao, Y., Luo, J., Yu, C,, et al. (2018). Activation of
PPARalpha by clofibrate sensitizes pancreatic cancer cells to radiation through
the Wnt/beta-catenin pathway. Oncogene 37, 953-962. doi: 10.1038/onc.2017.
401

Yang, L., Zhang, H., Zhou, Z. G,, Yan, H., Adell, G., and Sun, X. F. (2011).
Biological function and prognostic significance of peroxisome proliferator-
activated receptor delta in rectal cancer. Clin. Cancer Res. 17, 3760-3770. doi:
10.1158/1078-0432.ccr-10-2779

Yang, P., Chen, S., Zhong, G., Kong, W., and Wang, Y. (2019). Agonist of PPAR-
gamma Reduced Epithelial-Mesenchymal Transition in Eosinophilic Chronic
Rhinosinusitis with Nasal Polyps via Inhibition of High Mobility Group BoxI.
Int. J. Med. Sci. 16, 1631-1641. doi: 10.7150/ijms.35936

Yang, W. H., and Chi, J. T. (2020). Hippo pathway effectors YAP/TAZ as novel
determinants of ferroptosis. Mol. Cell Oncol. 7:1699375. doi: 10.1080/23723556.
2019.1699375

Yang, W. S, and Stockwell, B. R. (2016). Ferroptosis: Death by Lipid Peroxidation.
Trends Cell Biol. 26, 165-176. doi: 10.1016/j.tcb.2015.10.014

Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R.,
Viswanathan, V. S, et al. (2014). Regulation of ferroptotic cancer cell death by
GPX4. Cell 156, 317-331. doi: 10.1016/j.cell.2013.12.010

Ye, L. F.,, Chaudhary, K. R, Zandkarimi, F., Harken, A. D., Kinslow, C. ],
Upadhyayula, P. S., et al. (2020). Radiation-Induced Lipid Peroxidation

Triggers Ferroptosis and Synergizes with Ferroptosis Inducers. ACS Chem. Biol.
15, 469-484. doi: 10.1021/acschembio.9b00939

Yu, H., Guo, P., Xie, X., Wang, Y., and Chen, G. (2017). Ferroptosis, a new form of
cell death, and its relationships with tumourous diseases. J. Cell Mol. Med. 21,
648-657. doi: 10.1111/jcmm.13008

Zammit, V. A., Corstorphine, C. G., and Kolodziej, M. P. (1989). Target size
analysis by radiation inactivation of carnitine palmitoyltransferase activity
and malonyl-CoA binding in outer membranes from rat liver mitochondria.
Biochem. ]. 263, 89-95. doi: 10.1042/bj2630089

Zhang, Y., Shi, ], Liu, X., Feng, L., Gong, Z., Koppula, P., et al. (2018). BAP1 links
metabolic regulation of ferroptosis to tumour suppression. Nat. Cell Biol. 20,
1181-1192. doi: 10.1038/s41556-018-0178-0

Zhao, W., Iskandar, S., Kooshki, M., Sharpe, J. G., Payne, V., and Robbins, M. E.
(2007). Knocking out peroxisome proliferator-activated receptor (PPAR) alpha
inhibits radiation-induced apoptosis in the mouse kidney through activation
of NF-kappaB and increased expression of IAPs. Radiat. Res. 167, 581-591.
doi: 10.1667/rr0814.1

Zhong, H., and Yin, H. (2015). Role of lipid peroxidation derived 4-
hydroxynonenal (4-HNE) in cancer: focusing on mitochondria. Redox Biol. 4,
193-199. doi: 10.1016/j.redox.2014.12.011

Zhong, W., Weiss, H. L., Jayswal, R. D., Hensley, P. J., Downes, L. M., St Clair,
D. K, et al. (2018). Extracellular redox state shift: A novel approach to target
prostate cancer invasion. Free Radic Biol. Med. 117, 99-109. doi: 10.1016/j.
freeradbiomed.2018.01.023

Zhu, J., Berisa, M., Schworer, S., Qin, W., Cross, J. R., and Thompson, C. B. (2019).
Transsulfuration Activity Can Support Cell Growth upon Extracellular Cysteine
Limitation. Cell Metab. 30:e865.

Zou, Y., Henry, W. S,, Ricg, E. L., Graham, E. T., Phadnis, V. V., Maretich, P., et al.
(2020). Plasticity of ether lipids promotes ferroptosis susceptibility and evasion.
Nature 585, 603-608. doi: 10.1038/s41586-020-2732-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Yuan, Liu, Wang, Xue and Wang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

15

June 2021 | Volume 9 | Article 675617


https://doi.org/10.7150/thno.42371
https://doi.org/10.7150/thno.42371
https://doi.org/10.1016/j.jss.2004.06.006
https://doi.org/10.1016/j.jss.2004.06.006
https://doi.org/10.1038/s41586-019-1426-6
https://doi.org/10.1016/j.neo.2017.01.006
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1016/j.omtn.2018.08.009
https://doi.org/10.1038/onc.2017.401
https://doi.org/10.1038/onc.2017.401
https://doi.org/10.1158/1078-0432.ccr-10-2779
https://doi.org/10.1158/1078-0432.ccr-10-2779
https://doi.org/10.7150/ijms.35936
https://doi.org/10.1080/23723556.2019.1699375
https://doi.org/10.1080/23723556.2019.1699375
https://doi.org/10.1016/j.tcb.2015.10.014
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1021/acschembio.9b00939
https://doi.org/10.1111/jcmm.13008
https://doi.org/10.1042/bj2630089
https://doi.org/10.1038/s41556-018-0178-0
https://doi.org/10.1667/rr0814.1
https://doi.org/10.1016/j.redox.2014.12.011
https://doi.org/10.1016/j.freeradbiomed.2018.01.023
https://doi.org/10.1016/j.freeradbiomed.2018.01.023
https://doi.org/10.1038/s41586-020-2732-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Fatty Acids Metabolism: The Bridge Between Ferroptosis and Ionizing Radiation
	Introduction
	Fatty Acid Metabolism and Ferroptosis
	PUFA-PL Impinges on Tumor Cell's Susceptibility to Ferroptosis
	Disruption of Redox Homeostasis Is the Final Component in Ferroptosis Induction
	Peroxisomes Act as the Achilles' Heel of FA Metabolism During Ferroptosis

	Ionizing Radiation: a Versatile Regulator in the Initiation of Ferroptosis
	IR Induces Ferroptotic Cell Death by Promoting Lipid Peroxidation
	IR Induces Ferroptosis by Interrupting the Scavenging Capacity of PUFA-PL-OOH
	IR Induces Ferroptosis via Activating Peroxisome

	Future Perspectives
	Applying a Systematic and Precise Approach to Dissect the Effect of IR-Regulated Ferroptosis
	Heterogeneity Is Considered to Have a Significant Impact on the Outcome of IR-Regulated Ferroptosis
	Targeting PUFA-PL May Lead to a New Epoch Against Malignant Disease
	Outstanding Issues for Future Research

	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	References


