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The role of ferroptosis in ionizing radiation-induced cell death

and tumor suppression

Guang Lei'*?, Yilei Zhang®?, Pranavi Koppula **, Xiaoguang Liu?, Jie Zhang?, Steven H. Lin?>, Jaffer A. Ajani®, Qin Xiao'?,

Zhongxing Liao®, Hui Wang'? and Boyi Gan @&>*

Ferroptosis, a form of regulated cell death caused by lipid peroxidation, was recently identified as a natural tumor suppression
mechanism. Here, we show that ionizing radiation (IR) induces ferroptosis in cancer cells. Mechanistically, IR induces not only
reactive oxygen species (ROS) but also the expression of ACSL4, a lipid metabolism enzyme required for ferroptosis, resulting in
elevated lipid peroxidation and ferroptosis. ACSL4 ablation largely abolishes IR-induced ferroptosis and promotes radioresistance. IR
also induces the expression of ferroptosis inhibitors, including SLC7A11 and GPX4, as an adaptive response. IR- or KEAP1 deficiency-
induced SLC7A11 expression promotes radioresistance through inhibiting ferroptosis. Inactivating SLC7A11 or GPX4 with
ferroptosis inducers (FINs) sensitizes radioresistant cancer cells and xenograft tumors to IR. Furthermore, radiotherapy induces
ferroptosis in cancer patients, and increased ferroptosis correlates with better response and longer survival to radiotherapy in
cancer patients. Our study reveals a previously unrecognized link between IR and ferroptosis and indicates that further exploration
of the combination of radiotherapy and FINs in cancer treatment is warranted.
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INTRODUCTION
Regulated cell death, most notably apoptosis, serves as a natural
barrier to tumor development; resistance to cell death is a
hallmark of cancer." Apoptosis can be induced by stress stimuli
during tumor development or in the presence of cancer
therapies.' While apoptosis is clearly induced by and involved in
many cancer therapies, whether and how cancer therapies induce
other forms of regulated cell death remains less clear.
Ferroptosis, an iron-dependent form of regulated cell death
that is induced by excessive lipid peroxidation, is morphologi-
cally and mechanistically distinct from apoptosis.*™® Current
studies indicate that ferroptosis is mainly induced by peroxida-
tion of phospholipids (PLs) that contain polyunsaturated fatty
acids (PUFAs), most notably arachidonic acid; correspondingly,
ferroptosis can be significantly attenuated by inactivation of
ACSL4, a long-chain fatty-acid-coenzyme A ligase that is
required for PUFA-PL biosynthesis and preferentially utilizes
arachidonic acid as its substrate.””'® GPX4, a glutathione
peroxidase, utilizes reduced glutathione to convert lipid
hydroperoxides to lipid alcohols, thereby mitigating lipid
peroxidation and inhibiting ferroptosis.'’'® Glutathione is
synthesized from glycine, glutamate, and cysteine, among
which cysteine is the rate-limiting precursor. Most cells obtain
cysteine through the import of extracellular cystine — an
oxidized dimeric form of cysteine — via the amino acid

transporter SLC7A11 (also known as xCT).>'*'> Correspond-
ingly, inactivation of GPX4 or SLC7A11 by genetic or pharma-
cologic means induces ferroptosis.*'%'® Previous studies have
identified several classes of ferroptosis inducers (FINs) that
potently inhibit either SLC7A11 or GPX4.'® For example, class 1
FINs (such as erastin and sulfasalazine) inhibit SLC7A11-
mediated cystine transport, class 2 FINs (such as RSL3 and
ML162) act by inhibiting GPX4 activity, and class 3 FINs (such as
FIN56) induce ferroptosis by depleting both GPX4 protein and
coenzyme Q;0.*'*'® These FINs not only provide important
tools for ferroptosis studies, but also are potential therapeutic
agents for treating diseases caused by insufficient ferroptosis.”

Like other forms of regulated cell death, ferroptosis is tightly
regulated in normal cells, and its dysregulation has been
associated with multiple pathologic conditions and diseases. For
example, excessive ferroptosis has been linked to ischemia-
reperfusion injury, kidney failure, and neurodegeneration, whereas
insufficient ferroptosis can lead to cancer.” We and others recently
identified ferroptosis as a natural tumor suppression mechanism
and showed that inactivation of ferroptosis, like inactivation of
apoptosis, contributes to tumor development.'’?? These studies
also raise the intriguing questions of whether ferroptosis can be
induced by any cancer therapy currently in clinical use and
whether ferroptosis induction might enhance the therapeutic
response to cancer treatments in patients.
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Radiotherapy is a cornerstone of the treatment of many
cancers,”>?* but radioresistance remains a major factor leading
to the failure of radiotherapy. Radiotherapy uses high-energy
ionizing radiation (IR) to produce DNA double-strand breaks that
induce cell cycle arrest, senescence, and various modes of cell
death, including apoptosis, necrosis, autophagy, and mitotic
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catastrophe.®® In addition to directly damaging DNA, IR can
induce indirect cellular effects. For instance, IR causes cellular
damage through the radiolysis of cellular water and the
stimulation of oxidases to generate reactive oxygen species
(ROS), such as the hydroxyl radical and hydrogen peroxide, which
may damage nucleic acids, proteins, and lipids.?® Whether IR
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Fig. 1

lonizing radiation induces ferroptosis in cancer cells. a Lipid peroxidation assessment in H460, A549, and H1299 cell lines at 24 h after

exposure to 6 Gy of IR. Bar graph showing relative levels of lipid peroxidation by C11-BODIPY staining in the indicated cells. Error bars are means +
SD, n = 3 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test. b qRT-PCR analysis of PTGS2 expression in H460,
A549, and H1299 cell lines at 24 h after exposure to 6 Gy of IR. Error bars are means + SD, n = 3 independent repeats. P values were calculated using
two-tailed unpaired Student’s t-test. ¢ Transmission electron microscopy images of H460 cells without radiation (control) or at 24 h after exposure to
6 Gy of IR (post-IR). Nu, nucleus; red arrows, mitochondria; yellow arrows, autophagosomes; black arrows, necrosis-related vacuoles. Scale bars: left,
2 um; right, 500 nm. d Clonogenic survival assay in H460, A549, and H1299 cell lines that were pretreated with 2 uM necrostatin-1s, 5 pM Z-VAD-fmk,
5 uM ferrostatin-1, 5 mM N-acetyl-L-cysteine, or DMSO for 24 h followed by exposure to 6 Gy of IR. The survival data were normalized to those of
unirradiated control cells. Error bars are means + SD, n = 3 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test.
e Clonogenic survival curves for H460, A549, and H1299 cell lines that were pretreated with 5 uM ferrostatin-1 or DMSO for 24 h followed by
exposure to IR at doses from 0 to 6 Gy. The survival data were normalized to those of unirradiated control cells. Error bars are means +SD, n=3
independent repeats. P values were calculated using two-tailed unpaired Student’s t-test.

induces forms of cell death that are independent of DNA damage
still remains largely unknown. In this study, we characterized the
role of ferroptosis in IR-induced cell death and tumor suppression
and evaluated the therapeutic strategy of combining FINs and
radiotherapy for cancer treatment.

RESULTS

IR induces ferroptosis in cancer cells

IR is widely used to treat cancer. Given that both IR and ferroptosis
are linked to ROS, we determined whether IR could induce
ferroptosis in cancer cells. As expected, we confirmed (by DCFDA
staining, details in Methods and Materials) that IR increased total
ROS in cancer cells (Supplementary information, Fig. S1a). A
hallmark of ferroptosis is the accumulation of lipid peroxidation.®
Indeed, we observed (by C11-BODIPY staining, details in Methods
and Materials) that IR induced lipid peroxidation in the tested
cancer cells (Fig. 1a). We then extended these observations to
additional cell lines representing a variety of cancer types in which
radiotherapy is commonly used, including lung cancer, breast
cancer, fibrosarcoma, and esophageal cancer (Supplementary
information, Fig. S1b). Ferroptosis induction is associated with the
increased expression of ferroptosis marker genes such as PTGS2.”
Consistent with this, IR induced the expression of PTGS2 in all
tested cancer cell lines except MCF-7 and UMRCS, in which PTGS2
expression was undetectable (Fig. 1b; Supplementary information,
Fig. S1c). Finally, transmission electron microscopy revealed that
cancer cells after IR treatment exhibited shrunken mitochondria
with enhanced membrane density, a morphologic feature of
ferroptosis® (Fig. 1c); as expected, IR-treated cells also showed
morphologic features of autophagy and necrosis (such as
autophagosomes and necrosis-related vacuoles; Fig. 1c).

Next, we studied the potential role of ferroptosis in the IR-
induced cell death response. To this end, we examined the impact
of the ferroptosis inhibitor ferrostatin-1, the apoptosis inhibitor Z-
VAD-fmk, the necroptosis inhibitor necrostatin-1s, and the ROS
scavenger N-acetyl-L-cysteine (NAC), on the clonogenic survival of
a variety of IR-treated cancer cells. We found that treatment with
ferrostatin-1 or NAC partially restored clonogenic survival that had
been reduced by exposure to IR in the tested cancer cells
(Fig. 1d, e; Supplementary information, Fig. S1d, €); importantly,
the restoration of cell survival induced by ferrostatin-1 or NAC was
comparable to or even more pronounced than that induced by
Z-VAD-fmk or necrostatin-1s (Fig. 1d, e; Supplementary informa-
tion, Fig. Sle). Further analysis revealed that combining
ferrostatin-1 with Z-VAD-fmk (or necrostatin-1s) resulted in more
restoration of clonogenic survival under IR (Supplementary
information, Fig. S1f). Taken together, our data strongly suggest
that IR induces ferroptosis in cancer cells and that ferroptosis
represents a part of the IR-induced cell death response.

IR induces ferroptosis partly through upregulating ACSL4

Next, we sought to study how IR induces ferroptosis. One such
mechanism could involve IR-induced ROS production, which
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presumably further increases lipid peroxidation to promote
ferroptosis. In support of this hypothesis, our data showed that
IR induced total ROS (Supplementary information, Fig. S1a) and
that the ROS scavenger NAC partially restored clonogenic survival
that had been reduced upon IR exposure (Fig. 1d). We reasoned
that IR-induced ferroptosis might also involve other mechanisms
that modulate the expression or activity of proteins involved in
ferroptosis pathways. To test this hypothesis, we first examined
the expression levels of several key components involved in
ferroptosis pathways in response to IR. As shown in Fig. 2a, b, IR
induced expression of both SLC7A11 and GPX4. Since both
SLC7A11 and GPX4 function to inhibit ferroptosis,*'*'? it seems
unlikely that IR-induced SLC7A11 or GPX4 expression would play a
role in IR-induced ferroptosis. Interestingly, we found that IR also
significantly induced the expression of ACSL4 (Fig. 2a, b), which
promotes ferroptosis by regulating PUFA-PL biosynthesis.”®'° Of
note, IR-induced ACSL4 expression preceded the induction of
GPX4 and SLC7A11 (Supplementary information, Fig. S2a),
suggesting that IR-induced expression of SLC7A11 and GPX4
may function as a negative feedback loop to restore cell survival
upon IR.

To study the potential role of ACSL4 in IR-induced ferroptosis,
we used CRISPR-Cas9 technology with at least 2 independent
single guide RNAs (sgRNAs) to generate ACSL4 knockout (KO)
H460 and A549 cells (Fig. 2¢). Consistent with previous reports,”"°
ACSL4 deletion significantly attenuated erastin-induced ferroptosis
in these cells (Fig. 2d). Notably, IR-induced lipid peroxidation and
PTGS2 expression were almost completely abolished in ACSL4 KO
cells (Fig. 2e—g). It should be noted that ACSL4 deletion did not
significantly affect IR-induced total ROS in these cells (Supple-
mentary information, Fig. S2b-c), which is consistent with the
current model that ACSL4 promotes lipid peroxidation and
ferroptosis through regulating the biosynthesis of PUFA-PLs but
not ROS per se.”®

We further studied whether ACSL4 modulates radiosensitization
in cancer cells through regulating ferroptosis. We showed that
ACSL4 ablation significantly restored clonogenic survival in IR-
treated cells to a level similar to that caused by ferrostatin-1
treatment; importantly, ACSL4 deletion did not further promote
radioresistance in ferrostatin-1-treated cells (Fig. 2h), suggesting
that ACSL4 promotes radiosensitization largely through promot-
ing ferroptosis. Finally, to study whether IR-induced ACSL4
expression plays a role in ferroptosis and radiosensitization, we
used shRNA to moderately knock down ACSL4 under IR conditions
to the level similar to that in control cells under basal conditions
(Supplementary information, Fig. S2d). Further analysis revealed
that ACSL4 knockdown attenuated erastin-induced ferroptosis
(Supplementary information, Fig. S2e); importantly, normalization
of ACSL4 level to that under basal conditions promoted radio-
resistance, and the effect of ACSL4 knockdown on radioresistance
was abolished under ferrostatin-1 treatment (Supplementary
information, Fig. S2f). Together, our data suggest that IR likely
induces ferroptosis through increasing both ROS production and
ACSLA4 levels (see Discussion).

Cell Research (2020) 30:146 - 162



Article

149
a A549 = A549 <« .. AS549 b
E - - oo g g *kkk E)l g *kk Q\“o\ IR (&0\ R
69 9% 3 2% 24 ® 2h 24h48h ° 2h 24h48h
23 1 @9 2 20
£5 2a 2314 G| [ - w- - ACSL4
ful~ S X 14 8 x
[T S o 0 0
%o Z o “ o —— SLC7AM
b . L ——
Control IR Control IR Control IR
H460 = H460 H460
< 54 Hokk - ek S ke — - — ) | GPX4
X e E c » £ 64
%.Q 44 Qe 2+ SN p— .
o 0 34 D o § @ a4 o T - - e Tubulin
29 92, 29
5a? Za g2, A549 H460
& o 11 % ) 0
0- @ o- © o
Control IR Control IR Control IR
I sg C
¢ ACSL4 ACSL4 . A% g 1.0 400 mm sg ACSLA2
> 10 mmsgACSLA2 > 0l M m  ==sgACsL43
sgC sg1sg2 sg3 sgC sg1 sg2 sg3 £ = sg ACSL4-3 = =
o~ - ACSL4 8 08 S 04
> 06 HEEK gt >
3 T 0.2
- - - ’.. - | \jinculin O 04 o
0.0
A549 H480 Control Erastin Control Erastin
c
o8
e sgC sgACSL4-2 sgACSL4-3 o g
200 4 Con 3 200 23
IR 200 = g
. 1509 = 1504 o 1509 -
3 1004 8 1004 3 1004 -
Q=
50 50 = 50 é 5
0 0 0 [ G 2 oa?
ey T ooy T oy T £ [ (%
10° 10t 1 0° w0t w0 0 w0t 4 g % 9205\;05\'
FLA-H 1 FLA-H FL1-H = FLA-H FLA-H = FL1-H s %" 9
£ H460
f -]
sgC sg ACSL4-2 sg ACSL4-3 ‘§ E
200 4 ]CRon 5553 200 4 é 'g
. 150 9 g 150 . 150 % g
8 1005 8 1004 3 1004 _; k=]
Q.
504 50 50 8=
0 0 0 3 °
ey Trey Trrp Ty T Ty c o
4 3 5 3 4 5 o (VLS
10 10 10 10 10 10 10 10 10 gz SV
FL1-H = FL1-H FL1-H & FL1-H FL1-H = FL1-H =8 pO7po
) 69 eQ
g A549 H460
5 . sg C £ 5 = sg C
23 = sg ACSL4-2 24 = sg ACSL4-2
g8 2 == sg ACSL4-3 28, == sg ACSL4-3
53 53
=2 ek Kok ke — 2
& % 1 & g 1 dedeke ke KX KK
O] [O]
£ o go
Control IR Control IR
h A549 ™= sg C H460 wm sg C
5 == sg ACSL4-2 c 120 - el b
sgACSL4-2
oS 901- 1 == sg ACSL4-3 -2 1Rl == sgACSL4-3
oo 60 © o 60
N © ns NGO
=E 40 ns == 25 ifs D%
© = L. [ —
E g a0 E g 20 Fxkk
o= S5 15
< 2 5 10
(] [
10 5
Control IR IR+Ferr-1 Control IR IR+Ferr-1

SLC7A11 and GPX4 promote radioresistance largely through
inhibiting ferroptosis

In response to cancer therapy, various cell survival pathways are
often activated as an adaptive response, resulting in therapy
resistance.?’” As noted above (Fig. 2a, b), we observed that IR
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induced the expression of SLC7A11 and GPX4, both inhibiting
ferroptosis.*>'*'® We reasoned that IR-induced SLC7A11 or
GPX4 expression likely represents an adaptive response wherein
cancer cells attempt to restore cell survival in response to IR,
which might contribute to radioresistance. Similarly, we
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Fig. 2

lonizing radiation induces ferroptosis partly through upregulating ACSL4. a qRT-PCR analysis of GPX4, SLC7A11, and ACSL4

expression in A549 and H460 cell lines at 24 h after exposure to 6 Gy of IR. Error bars are means + SD, n =3 independent repeats. P values
were calculated using two-tailed unpaired Student’s t-test. b Western blotting analysis of ACSL4, SLC7A11, and GPX4 expression in A549 and
H460 cell lines at 2 h, 24 h, and 48 h after exposure to 6 Gy of IR or no radiation. ¢ Western blotting analysis of ACSL4 expression in sg Control
(sg ©), sg ACSL4-1, sg ACSL4-2, and sg ACSL4-3 A549 and H460 cell lines. d Cell viability measurements in sg C, sg ACSL4-2, and sg ACSL4-3
A549 and H460 cell lines treated with or without 10 uM erastin for 24 h. Error bars are means + SD, n =3 independent repeats. P values
were calculated using two-tailed unpaired Student’s t-test. e, f Lipid peroxidation assessment in sg C, sg ACSL4-2, and sg ACSL4-3 A549 (e) and
H460 (f) cell lines at 24 h after exposure to 6 Gy of IR. Bar graph showing IR-induced relative fold changes of lipid peroxidation by C11-BODIPY
staining in the indicated cells. Error bars are means +SD, n =3 independent repeats. P values were calculated using two-tailed unpaired
Student’s t-test. g qRT-PCR analysis of PTGS2 expression in sg C, sg ACSL4-2, and sg ACSL4-3 A549 and H460 cell lines at 24 h after exposure to
6 Gy of IR. Error bars are means+SD, n=3 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test.
h Clonogenic survival assay in sg C, sg ACSL4-2, and sg ACSL4-3 A549 and H460 cell lines that were pretreated with 5puM ferrostatin-1 or
DMSO for 24 h followed by exposure to 6 Gy of IR. The survival data were normalized to those of unirradiated control cells. Error bars are
means * SD, n = 3 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test.

previously showed that erastin treatment or cystine deprivation,
while inducing ferroptosis, also potently induces SLC7A11
expression as an adaptive response.'® We therefore examined
whether inhibiting ferroptosis by enforced expression of
SLC7A11 or GPX4 would promote radioresistance in cancer
cells. We found that overexpression of SLC7A11 in SLC7A11-low
cancer cell lines H1299 and H23 cells significantly mitigated IR-
induced lipid peroxidation and PTGS2 expression (Fig. 3a—-c) and
promoted radioresistance (Fig. 3d-f). Consistent with our data
shown in Fig. 1, ferrostatin-1 treatment also promoted radio-
resistance; importantly, the effect of SLC7A11 overexpression
on radioresistance was abrogated under ferrostatin-1 treatment
(Fig. 3d-f), suggesting that SLC7A11 promotes radioresistance
largely through inhibiting ferroptosis. Similarly, we found that
GPX4 overexpression also mitigated IR-induced lipid peroxida-
tion and PTGS2 expression and promoted radioresistance in a
ferroptosis-dependent manner (Supplementary information,
Fig. S3a-c).

Many cancer cells also exhibit de novo resistance to cancer
therapies due to mutations or genetic alterations in oncogenic
pathways.”” Thus, we further studied whether SLC7A11
promotes radioresistance through ferroptosis in a specific
cancer context with aberrant SLC7A11 expression: KEAP1-
mutant lung cancer. The tumor suppressor KEAP1 is frequently
mutated in lung cancers,?®?° and it is known that KEAP71-mutant
lung cancers are resistant to radiotherapy.>® KEAP1 normally
targets NRF2, a master transcription factor of antioxidant
response, for ubiquitination and proteasomal degradation.
KEAP1 mutation or deficiency in lung cancer cells leads to
constitutive activation of NRF2 and aberrant expression of NRF2
transcriptional targets, including SLC7A11.3"32 Consistent with
this, analysis of data from The Cancer Genome Atlas revealed
that KEAP1-mutant lung tumors exhibit significantly higher
expression of SLC7A11 than do KEAP1-wild-type (WT) lung
tumors (Supplementary information, Fig. S3d). We showed that
KEAP1 deletion by CRISPR/Cas9 technology in H1299 cells (a
KEAPT-WT lung cancer cell line) substantially increased SLC7A11
expression (Fig. 3g; Supplementary information, Fig. S3e),
dampened IR-induced lipid peroxidation and PTGS2 expression
(Fig. 3h-j; Supplementary information, Fig. S3f-g), and pro-
moted radioresistance (Fig. 3k; Supplementary information, Fig.
S3h). We made similar observations in H23 cells with KEAP1
deletion (Supplementary information, Fig. S3i-l). Importantly,
SLC7AT11 deletion in KEAP1-KO H1299 cells restored IR-induced
lipid peroxidation and PTGS2 expression and resensitized cells
to IR (Fig. 3g-k), and the effect of KEAPT or SLC7A11 deficiency
on clonogenic survival upon IR was abolished with ferrostatin-1
treatment (Fig. 3k; Supplementary information, Fig. S3h, I).
These data together suggest that KEAP1 deficiency in lung
cancer cells promotes radioresistance at least partly through
SLC7A11-mediated ferroptosis inhibition. Collectively, our data
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suggest that aberrant expression of SLC7A11 or GPX4, either
induced by IR as an adaptive response or caused by KEAP1
deficiency, promotes radioresistance largely through inhibiting
ferroptosis.

Ferroptosis perturbation does not affect IR-induced DNA damage
and repair

Our aforementioned data from both pharmacologic (ferrostatin-1
treatment) and genetic (SLC7A11 or GPX4 overexpression)
approaches revealed that ferroptosis inhibition promotes radio-
resistance in cancer cells. Since DNA damage and repair represent
a major IR-induced cellular effect, we next examined whether the
radioresistance mediated by ferroptosis inhibition involves the
DNA damage response and subsequent DNA repair. Figure 4a
shows that, as expected, IR potently induced H2AX phosphoryla-
tion, a marker of DNA damage; however, ferrostatin-1 treatment
did not affect either basal or IR-induced H2AX phosphorylation in
these cancer cells. Time-course analyses revealed that ferrostatin-
1 did not affect phosphorylated H2AX foci formation at 30 min or
24 h after IR (Fig. 4b, c), which correspond to IR-induced DNA
double-strand breaks and subsequent DNA repair, respectively. In
addition, ferrostatin-1 treatment did not obviously affect IR-
induced DNA damage response signaling, such as Chk2 or p53
phosphorylation (Fig. 4d). As a control, we confirmed that
ferrostatin-1 treatment mitigated IR-induced lipid peroxidation
in these cancer cell lines (Fig. 4e, f). Consistent with this, we
showed that SLC7A11 or GPX4 overexpression or KEAP1 deletion,
while inhibiting IR-induced ferroptosis and promoting radio-
resistance (Fig. 3; Supplementary information, Fig. S3), did not
obviously affect the IR-induced phosphorylated H2AX foci
formation or their subsequent disapperance (Fig. 4g, h; Supple-
mentary information, Fig. S4). Collectively, our data revealed that
ferroptosis inhibition does not affect IR-induced DNA damage or
repair, indicating that neither the DNA damage response nor DNA
repair is involved in ferroptosis inhibition-mediated radioresis-
tance in cancer cells.

FINs sensitize cancer cells to IR

Ferroptosis can be induced by either class 1 FINs that inhibit
SLC7A11 or class 2 or 3 FINs that inhibit or deplete GPX4.'® Our
aforementioned data prompted us to examine whether inactivat-
ing SLC7A11 or GPX4 with the corresponding FINs would
potentiate IR-induced lipid peroxidation and ferroptosis, thus
sensitizing cancer cells to IR. In these experiments, we pretreated
cancer cells with FINs, exposed them to IR, and then cultured them
without FINs. We found that IR or treatment with erastin, a class 1
FIN, induced lipid peroxidation (Fig. 5a) and PTGS2 expression
(Fig. 5b) in H460 and A549 cells. Importantly, combined treatment
with IR and erastin resulted in synergistic increases of lipid
peroxidation and PTGS2 expression in the tested cancer cells
(Fig. 5a, b). Further analyses revealed that erastin significantly

Cell Research (2020) 30:146 - 162
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sensitized these cancer cells to IR (with DER; > 1.2 or combination with IR, had synergistic effects on inducing lipid peroxidation and
index < 1; Fig. 5¢ and Supplementary information, Fig. S5a). PTGS2 expression (Fig. 5d, e) and significantly radiosensitized A549

Similarly, treatment with sulfasalazine (another class 1 FIN), RSL3 cells (Fig. 5f; Supplementary information, Fig. S5a). It should be
or ML162 (class 2 FINs), or FIN56 (a class 3 FIN), when combined noted that the effects of IR on lipid peroxidation and PTGS2
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Fig. 3 SLC7A11 overexpression or KEAP1 deficiency promotes radioresistance largely through inhibiting ferroptosis. a Western blotting
analysis showing SLC7A11 levels in H1299 and H23 cell lines with stable expression of empty vector (EV) and SLC7AT11. b Lipid peroxidation
assessment in EV- and SLC7A11-expressing H1299 or H23 cells at 24 h after exposure to 6 Gy or 2 Gy of IR, respectively. Bar graph showing the
relative levels of lipid peroxidation by C11-BODIPY staining in the indicated cells. Error bars are means + SD, n =3 independent repeats.
P values were calculated using two-tailed unpaired Student’s t-test. ¢ qRT-PCR analysis of PTGS2 expression in EV- and SLC7A11-expressing
H1299 or H23 cells at 24 h after exposure to 6 Gy or 2 Gy of IR, respectively. Error bars are means+SD, n=3 independent repeats. P
values were calculated using two-tailed unpaired Student’s t-test. d Representative images of clonogenic survival assays in EV- and SLC7A11-
expressing H1299 or H23 cells that were pretreated with 5 puM ferrostatin-1 or DMSO for 24 h followed by exposure to 6 Gy or 2 Gy of IR,
respectively. e The quantified clonogenic survival assay in EV- and SLC7A11-expressing H1299 or H23 cells that were pretreated with 5 uM
ferrostatin-1 or DMSO for 24 h followed by exposure to IR at a dose of 6 Gy or 2 Gy, respectively. Error bars are means + SD, n = 3 independent
repeats. P values were calculated using two-tailed unpaired Student’s t-test. f The quantified clonogenic survival curve in EV- and SLC7A11-
expressing H1299 cells that were pretreated with 5 uM ferrostatin-1 or DMSO for 24 h followed by exposure to IR at the indicated doses. Error
bars are means + SD, n = 3 independent repeats. P values were calculated using multiple t-test. g Western blotting analysis of KEAP1, SLC7A11
and ACSL4 expression in sg Control (sg C), sg KEAP1-2, and sg KEAP1-2-sg SLC7A11 (sg SLC) H1299 cell lines. h, i Lipid peroxidation
assessment in sg C, sg KEAP1-2, and sg KEAP1-2-sg SLC H1299 cells at 24 h after exposure to 6 Gy of IR h. Bar graph showing IR-induced
relative fold changes of lipid peroxidation by C11-BODIPY staining in the indicated cells (i). Error bars are means + SD, n = 3 independent
repeats. P values were calculated using two-tailed unpaired Student’s t-test. j qRT-PCR analysis of PTGS2 expression in sg C, sg KEAP1-2, and sg
KEAP1-2-sg SLC H1299 cells at 24 h after exposure to 6 Gy of IR. Error bars are means + SD, n = 3 independent repeats. P values were calculated
using two-tailed unpaired Student’s t-test. k Clonogenic survival assays in sg C, sg KEAP1-2, and sg KEAP1-2-sg SLC H1299 cells that were
pretreated with 5 uM ferrostatin-1 or DMSO for 24 h followed by exposure to 6 Gy of IR. Error bars are means + SD, n = 3 independent repeats.

4P values were calculated using two-tailed unpaired Student’s t-test.

induction were even more dramatic than those of most FINs in the
cell lines we studied (Fig. 5a, b, d, e), further strengthening the
evidence that IR is a potent ferroptosis inducer. We made similar
observations in H460 cells (Supplementary information, Fig. S5b-
e). Together, our data strongly suggest that FINs sensitize cancer
cells to IR and that combining FINs and IR synergistically induces
lipid peroxidation and ferroptosis.

Ferroptosis is involved in IR-induced tumor suppression in vivo
Next, we sought to determine the relevance of ferroptosis in IR-
induced tumor suppression in vivo. To this end, we first studied
the impact of ferroptosis inhibition, by either ACSL4 deletion or
treatment with the ferroptosis inhibitor liproxstatin-1, on the
growth of xenograft tumors derived from the radiosensitive cell
line H460 with or without IR (Supplementary information, Fig.
S6a). Although ferrostatin-1 is commonly used as the ferroptosis
inhibitor in cell line studies, it is not suitable for long-term
treatment in animal studies. The ferroptosis inhibitor liprox-
statin-1, unlike ferrostatin-1, is stable in plasma and exhibits
excellent in vivo efficacy in animal studies, including tumor
treatment studies.'>'® As expected, IR potently suppressed
H460 xenograft tumor growth; while neither ACSL4 deletion nor
liproxstatin-1 treatment alone affected tumor growth,
both ACSL4 deletion and liproxstatin-1 treatment partially
restored tumor growth after IR (Fig. 6a, b). As expected, IR
decreased Ki67 staining (a marker of cell proliferation) and
increased phospho-H2AX or cleaved caspase-3 (a apoptosis
marker) staining in tumor tissues (Supplementary information,
Fig. S6c-f). IR also significantly increased the staining of 4-
hydroxy-2-noneal (4-HNE), a lipid peroxidation marker,?>*? in
tumor samples (Supplementary information, Fig. Séc, Q);
Importantly, ACSL4 deletion or liproxstatin-1 treatment signifi-
cantly decreased 4-HNE staining without affecting Ki67,
phospho-H2AX, or cleaved caspase-3 staining under IR treat-
ment (Supplementary information, Fig. S6¢c-g). Thus, mirroring
our in vitro data (Figs. 1e, 2h), our in vivo data further suggest
that ferroptosis is at least partly responsible for IR-induced
tumor suppression in vivo.

We then examined whether inducing ferroptosis with FINs can
sensitize tumors to IR in vivo (Supplementary information,
Fig. S6a). Figure 5 shows the results of experiments using a
series of FINs that inhibit either SLC7A11 or GPX4. It should be
noted that GPX4 is an essential gene; germline or postnatal Gpx4
deletion in mice leads to embryonic or adult lethality."" In
contrast, Slc7all KO mice are viable with no obvious
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phenotype.®* Therefore, SLC7A11 likely represents a better
therapeutic target for cancer treatment than GPX4 because
inhibiting SLC7A11 would presumably cause less toxicity in
patients than inhibiting GPX4. Considering this, we have
primarily focused on class 1 FINs (which inhibit SLC7A11) in
our in vivo studies. Although erastin is the most widely used
class 1 FIN in cell line studies, erastin is not suitable for in vivo
treatment because of its low solubility and poor metabolic
stability; on the other hand, sulfasalazine, another class 1 FIN,
has been used for in vivo treatment.®>3® For these reasons, we
used sulfasalazine in the following animal studies.

We found that, while sulfasalazine treatment alone did not
significantly affect tumor growth of A549 xenografts, it did
dramatically sensitize tumors to IR, and the combination of
sulfasalazine and IR potently suppressed tumor growth (Fig. 6c, d;
Supplementary information, Fig. S6b). Sulfasalazine treatment
exhibited a similar radiosensitizing effect in lung cancer patient-
derived xenografts (PDXs) with KEAPT mutation (Fig. 6e, f). Further
analyses of both A549 xenograft and PDX tumor samples revealed
that sulfasalazine treatment did not obviously affect Ki67,
phospho-H2AX, or cleaved caspase-3 staining under either control
or IR treatment condition (Fig. 6g—p). Importantly, IR significantly
increased 4-HNE staining and sulfasalazine treatment combined
with IR further increased 4-HNE staining in tumor samples (Fig. 6g,
k, I, p). Of note, sulfasalazine treatment alone also moderately
increased 4-HNE staining, although the increase was not
statistically significant (Fig. 6k, p). This is consistent with the
notion that sulfasalazine is considered a weak FIN'® (e.g.,, compare
the effects of sulfasalazine and other FINs on inducing PTGS2
expression and lipid peroxidation in cell line studies shown in
Fig. 5). Together, our data suggest that while sulfasalazine is less
effective in inducing lipid peroxidation and suppressing tumor
growth when used alone, it significantly sensitizes tumors to IR
likely by synergizing with IR-induced lipid peroxidation and
ferroptosis.

Ferroptosis induction correlates with cancer patient response to
radiotherapy

To further study the clinical relevance of ferroptosis to radio-
therapy in cancer patients, we enrolled 30 esophageal cancer
patients who had undergone surgical resection after radio-
therapy into our study, and obtained 30 post-radiotherapy and 8
matched pre-radiotherapy esophageal tumor samples from
these cancer patients (of note, we confirmed that IR induced
ferroptosis in esophageal cancer cell line FLO-1 cells;
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Supplementary information, Fig. S1b-d). Analyses of 8 pairs of
pre- and post-radiotherapy tumor samples revealed very weak
4-HNE staining in all pre-radiotherapy tumor samples; notably,
radiotherapy moderately or strongly induced 4-HNE levels in all
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tumor samples (Fig. 7a-c), indicating that radiotherapy induces
lipid peroxidation and therefore likely ferroptosis in cancer
patients. We then correlated 4-HNE levels in post-radiotherapy
tumor samples with patient outcomes. Our analyses showed
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Fig. 4 Ferroptosis is not involved in IR-induced DNA damage and repair. a Western blotting analysis of phospho-H2AX levels in H460,
H1299, and H23 cell lines pretreated with DMSO (control) or 5 uM ferrostatin-1 for 24 h followed by exposure to IR at a dose of 6 Gy (for H460
and H1299 cells) or 2 Gy (for H23 cells). b The numbers of phospho-H2AX foci per nucleus were counted on the basis of phospho-H2AX
immunofluorescence at 30 min or 24 h after exposure to 6 Gy of IR in cells that had been pretreated with DMSO or 5 pM ferrostatin-1 for 24 h.
Error bars are means + SD, n = 20 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test. ¢ Representative
immunofluorescence images showing staining of phospho-H2AX foci (red) and nuclei counterstained with DAPI (blue) in the indicated cells.
d Western blotting analysis of phospho-Chk2 and phospho-p53 levels in H460 cells pretreated with DMSO or 5 pM ferrostatin-1 for 24 h
followed by exposure to 6 Gy of IR. e, f Lipid peroxidation assessment in H460 (e) and H1299 cells (f) pretreated with DMSO or 5 pM ferrostatin-
1 for 24 h followed by exposure to 6 Gy of IR. Bar graph showing relative levels of lipid peroxidation by C11-BODIPY staining in the indicated
cells. Error bars are means+SD, n=3 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test.
g Representative immunofluorescence images showing staining of phospho-H2AX foci (red) and nuclei counterstained with DAPI (blue) in the
indicated cells with or without exposure to IR. h The numbers of phospho-H2AX foci per nucleus were counted on the basis of
immunofluorescence at 30 min or 24 h after exposure to 6 Gy of IR in H1299 cells with stable expression of empty vector (EV) or SLC7A11
(SLC). Error bars are means = SD, n = 50 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test.

that, while 4-HNE levels did not correlate with patient baseline
characteristics, such as age, sex, or tumor stage (Supplementary
information, Table S1), strongly positive 4-HNE staining sig-
nificantly correlated with better clinical outcomes in cancer
patients (with partial response or non-recurrence) (Fig. 7d-e).
Disease free survival analysis also revealed that patients with
strongly-positive 4-HNE staining survived significantly longer
than those with mild/moderate 4-HNE staining (Fig. 7f).
Together, our data suggest that ferroptosis likely contributes
to radiotherapy response in cancer patients.

DISCUSSION

Previously, we and others have shown that like apoptosis,
ferroptosis serves as a natural barrier to tumor development.'”~
22 |n this study, we show that ferroptosis can also be induced by
radiotherapy, one of the most widely used cancer therapies.
Mechanistically, we propose that IR induces lipid peroxidation, a
hallmark of ferroptosis, through at least 2 parallel pathways
(Fig. 7g). First, IR-induced ROS promote lipid peroxidation.
Presumably, IR-induced ROS can remove electrons from PUFAs
to form fatty-acid radicals (PUFA.). These unstable carbon-
centered radicals then react rapidly with molecular oxygen to
generate lipid peroxyl radicals (PUFA-OO-), which can abstract
H: by Fenton reactions from other molecules to ultimately form
lipid hydroperoxides (PUFA-OOH).2®3° In addition, we showed
that IR induces ACSL4 expression, which is critical for mediating
the biosynthesis of PUFA-PLs, the type of lipids that are
particularly susceptible to peroxidation.””® Consistent with this,
ACSL4 deletion blocked IR-induced lipid peroxidation (but not
total ROS) and inhibited ferroptosis (Fig. 2). Presumably, IR-
induced ACSL4 expression increases the biosynthesis of PUFA-
PL, which, together with IR-induced ROS, drives PUFA-PL
peroxidation (PUFA-PL-OOH) and ferroptosis (Fig. 7g). How IR
induces ACSL4 expression remains unclear and potentially
involves transcriptional factors or chromatin modifying
enzymes that regulate both radiation response and ferroptosis,
such as p53 and BAP1.""'8 It will be interesting to study this in
future explorations.

It is important to emphasize that our study identifies IR as a
potent ferroptosis inducer, equivelant to or even more potent
than most of the FINs we have tested (see Fig. 5). We speculate
that the 2 parallel responses induced by IR (i.e., IR-induced ROS
and ACSL4 expression) ensure robust ferroptosis induction by IR.
It is possible that additional mechanisms are also involved in IR-
induced ferroptosis; clearly, dissecting such mechanisms will
remain an important area of future investigation.

We propose that IR also induces an adaptive response involving
SLC7A11 or GPX4 induction that dampens IR-induced ferroptosis
and promotes cancer cell survival during radiotherapy, leading to
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radioresistance (Fig. 7h). This radioresistance mechanism is
analogous to the pathway reactivation mechanism that leads to
cancer cell resistance to targeted therapies?” in that both
resistance mechanisms restore the original downstream signaling
output. Alternatively, certain genetic alterations in tumor cells
(such as mutations in KEAP1-NRF2 signaling in lung or esophageal
cancer) lead to aberrant expression of SLC7A11 (or presumably
GPX4 in other contexts), resulting in de novo radioresistance
(Fig. 7h), much like de novo drug resistance to targeted therapies.
In support of this, our clinical analyses showed that the levels of
ferroptosis marker 4-HNE correlate with patient outcomes to
radiotherapy (Fig. 7c-f). We further propose that treatment with
FINs that inhibit either SLC7A11 or GPX4 promotes lipid
peroxidation and resensitizes radioresistant cancer cells to IR-
induced ferroptosis, resulting in radiosensitization (Fig. 7i). We
have provided several lines of evidence to support this model.
First, IR induces not only ACSL4, but also SLC7A11 and GPX4,
which function to protect cells from ferroptosis by converting
PUFA-PL-OOH to PUFA-PL-OH. In addition, aberrant expression of
SLC7A11 or GPX4 by either enforced overexpression or KEAP1
deficiency suppressed IR-induced lipid peroxidation and ferropto-
sis and promoted radioresistance in a ferroptosis-dependent
manner. Finally, combined treatment of IR and FINs synergistically
increased lipid peroxidation and PTGS2 expression, and FINs
exerted significant radiosensitizing effects both in vitro and
in vivo.

In this study, we tested various FINs for their radiosensitiza-
tion effects, including the class 1 FINs erastin and sulfasalazine,
the class 2 FINs RSL3 and ML162, and the class 3 FIN FIN56. Our
data showed that all these FINs exhibited significant radio-
sensitizing effects in vitro. Our analysis further revealed that
sulfasalazine sensitizes cell line xenograft and PDX tumors to IR
in vivo. Sulfasalazine is a Food and Drug Administration-
approved drug commonly used for the treatment of rheumatoid
arthritis; it has been previously identified as an inhibitor of
SLC7A11 transporter activity.*® Thus, our study may motivate
further testing of the combination of sulfasalazine and radio-
therapy in clinical trials. Given that sulfasalazine is considered a
relatively weak FIN and that other FINs either are not suitable for
in vivo treatment (such as erastin) or raise toxicity concerns
(such as FINs that inactivate GPX4), our findings also support the
development of more potent and specific FINs suitable for
in vivo use and testing of their use as radiosensitizers in cancer
treatment. Finally, we envision that a detailed understanding of
the exact genetic or tumor contexts that maximize treatment
efficacy will also likely govern the therapeutic utility of FINs in
radiotherapy.

Together, our data reveal that IR can potently induce lipid
peroxidation and ferroptosis in cell lines, xenograft tumors, and
cancer patients, indicate that ferroptosis is at least as important
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as other forms of cell death in IR-induced cell death and tumor
suppression, and suggest the use of FINs as radiosensitizers
alongside radiotherapy. Our findings are consistent with
another report which was published during our manuscript
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submission.”’ These results together provide definitive evi-
dence linking IR with lipid peroxidation and ferroptosis as well
as a broad framework for further understanding and targeting
ferroptosis in cancer therapy.
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Fig. 5 FINs sensitize cancer cells to IR. a Lipid peroxidation assessment in H460 and A549 cells pretreated with DMSO or 10 pM erastin for 24
h followed by exposure to 4 Gy of IR. Bar graph showing relative levels of lipid peroxidation by C11-BODIPY staining in the indicated cells.
Error bars are means + SD, n = 3 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test. b qRT-PCR analysis
of PTGS2 expression in H460 and A549 cells pretreated with DMSO or 10 uM erastin for 24 h followed by exposure to 4 Gy of IR. Error bars are
means + SD, n = 3 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test. ¢ Clonogenic survival curves in
H460 and A549 cells pretreated with DMSO or 10 uM erastin for 24 h followed by exposure to 4 Gy of IR. The survival data were normalized to
those of unirradiated control cells. Error bars are means + SD, n = 3 independent repeats. P values were calculated using two-tailed unpaired
Student’s t-test. d Lipid peroxidation assessment in A549 cells pretreated with DMSO, 500 mM sulfasalazine, 10 pM RSL3, 10 pM ML162, or 10
1M FIN56 for 24 h followed by exposure to 4 Gy of IR. Bar graphs showing relative levels of lipid peroxidation by C11-BODIPY staining in the
indicated cells. Error bars are means + SD, n =3 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test.
e gRT-PCR analysis of PTGS2 expression in A549 cells pretreated with DMSO, 500 mM sulfasalazine, 10 uM RSL3, 10 pM ML162, or 10 uM FIN56
for 24 h followed by exposure to 4 Gy of IR. Error bars are means + SD, n = 3 independent repeats. P values were calculated using two-tailed
unpaired Student’s t-test. f Clonogenic survival curves for A549 cells pretreated with DMSO, 500 mM sulfasalazine, 10 pM RSL3, 10 pM ML162,
or 10 pM FIN56 for 24 h followed by exposure to 4 Gy of IR. The survival data were normalized to those of unirradiated control cells. Error bars

4are means + SD, n = 3 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test.

MATERIALS AND METHODS

Cell line-derived xenograft model

Xenograft mouse model experiments were conducted in
accordance with a protocol reviewed and approved by the
Institutional Animal Care and Use Committee of The University of
Texas MD Anderson Cancer Center. The study adhered to all
relevant ethical regulations regarding animal research. Female 4-
to 6-week-old athymic nude mice (Foxnlnu/Foxnlnu) were
purchased from the Experimental Radiation Oncology Breeding
Core Facility at MD Anderson Cancer Center and housed in the
Animal Care Facility at the Department of Veterinary Medicine
and Surgery at MD Anderson. Cancer cell lines were suspended
and counted in cold phosphate-buffered saline (PBS), and 3 x 10°
H460 or 5x 10° A549 cells were injected into mice subcuta-
neously. When the tumor reached 50-100mm?3, the mice
were assigned randomly into different treatment groups. Tumors
were irradiated with a JL Shepherd Mark I-68A irradiator with a
137Cs source at a dose of 10 Gy. Sulfasalazine was dissolved in
dimethyl sulfoxide (DMSO) and diluted in PBS, then intraper-
itoneally injected into mice at a dose of 250 mg/kg once a day.
Liproxstatin-1 diluted in PBS was intraperitoneally injected
daily at a dose of 10 mg/kg. Sulfasalazine or liproxstatin-1 was
injected three times before irridation followed by continued
daily injection until the endpoint as indicated in the correspond-
ing figures. The tumor volume was measured 2 or 3 times per
week until the endpoint and calculated according to the
equation volume = length x width? x 1/2. Details for the reagents
and resources in this experiment and others below are listed in
Table 1.

Patient-derived xenograft (PDX) model

For PDX experiments, all the NOD scid gamma (NSG) mice were
purchased from the Experimental Radiation Oncology Breeding
Core Facility at MD Anderson Cancer Center and housed in the
Animal Care Facility at the Department of Veterinary Medicine and
Surgery at MD Anderson Cancer Center. PDX model used in this
study was originally obtained from lung cancer PDX platform at
MD Anderson Cancer Center. PDX experiments were performed,
as previously described.*? Briefly, PDX tumors in cold DMEM
media were minced into fragments 1-2mm?® in volume. Then
each PDX tumor fragment was subcutaneously inoculated into the
dorsal flank of NSG mice. When the tumors reached 50-100 mm?
in volume, the mice were randomized into four groups and
treated with PBS, sulfasalazine, ionizing radiation or sulfasalazine
plus ionizing radiation, respectly. lonizing radiation (X-ray) was
applied locally to the tumor in the flank of mice at 8Gy.
Sulfasalazine was dissolved in dimethyl sulfoxide (DMSO) and
diluted in PBS, then intraperitoneally injected into mice three
times before irridation at a dose of 250 mg/kg followed by
continued injection once every two days until the endpoint as
indicated in the corresponding figures. The tumor volume was
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measured 3 times per week until the endpoint and calculated
according to the equation volume = length x width? x 1/2.

Cancer cell lines

All cells were cultured in a 37 °C incubator in an atmosphere of 5%
CO,. The human non-small cell lung cancer cell line A549, human
breast adenocarcinoma cell line MCF-7, human fibrosarcoma cell
line HT-1080, human esophageal adenocarcinoma cell line FLO-1,
human renal carcinoma cell line UMRC6, and human embryonic
kidney 293 (HEK293T) cells were cultured in Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum and
10,000 U/mL of penicillin-streptomycin. The human non-small cell
lung cancer cell lines H460, H1299, and H23 were cultured in
RPMI-1640 medium supplemented with 10% fetal bovine serum
and 10,000 U/mL of penicillin-streptomycin.

Irradiation and clonogenic survival assay

For all clonogenic survival assays, irradiations were conducted
with an X-RAD 320 cabinet irradiator (Precision X-Ray) at doses
from 0 to 6 Gy and a dose rate of 250 MU/min. To determine the
effects of cell death inhibitors on IR-induced cell death, 200-1000
cells per well were incubated in triplicate in 6-well plates
overnight. The cells were then pretreated with different cell death
inhibitors at appropriate doses or with DMSO for 24 h. The cells
were then irradiated. Fresh medium containing different inhibitors
was added to the plates every 2 days. To determine the synergistic
effects of ferroptosis inducers with IR, cells were pretreated with
erastin, sulfasalazine, RSL3, FIN56, or ML162 for 24h, then
irradiated and cultured in normal medium. After incubation for
1-2 weeks, cells were stained with 0.5% crystal violet (Sigma,
#C0775) dissolved in 20% methanol. The colonies in each well
were counted visually. The surviving fraction was calculated using
GraphPad Prism 6 and normalized to that of unirradiated control
cells. The dose survival curve was plotted using the linear
quadratic model (Y = exp(—(a X x + b X (x2)))). The dose enhance-
ment ratio (DER;q) for 10% survival was calculated as follows:
DER;o = (Radiation dose correlated with 10% survival fraction in
DMSO-treated cells)/(Radiation dose correlated with 10% survival
fraction in drug treated cells). DER;, > 1 indicates that the drug
radiosensitizes cancer cells.

Cell viability assay and treatment combination analysis

For cell viability assays, 5000 cells per well were seeded in replicates
of 4 in 96-well plates and incubated for 24 h. Cells were treated with
or without 10 uM erastin for 24 h, and then the medium was
replaced with 100 pL fresh medium containing 10 yL Cell Counting
Kit-8 (CCK8) reagent (Dojindo Molecular Technologies, CK04). After
incubation for 1h in a humidified incubator (at 37°C, 5% CO,),
absorbance was measured at 450nm using a FLUOstar Omega
microplate reader (BMG Labtech). Cell viability of samples was
calculated according to the manufacturer’s instructions.
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For treatment combination analysis, a series of doses and effects
(FA -fraction affected) were entered into the CompuSyn software
tool. For each treatment alone and their combinations (nonconstant-
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combination index (Cl) values at different FA levels based on the
Cl algorithm. The resulting Cl theorem of Chou-Talalay offers
quantitative definition for additive effects (Cl = 1), synergism (Cl < 1),
and antagonism (Cl > 1) of drug combinations.
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Fig. 6 Ferroptosis is involved in IR-induced tumor suppression in vivo. a Volumes of H460 xenograft tumors with the indicated genotypes
and treatments at different time points (days) after exposure to 10 Gy of IR. Error bars are means+SD, n=8 independent repeats. P
values were determined using 2-way ANOVA. b Individual value plot showing the weights of H460 tumor xenografts in the indicated
genotype and treatment groups. Error bars are means + SD, n = 8 independent repeats. P values were calculated using two-tailed unpaired
Student’s t-test. ¢ Volumes of A549 xenograft tumors with the indicated treatments at different time points (days) after exposure to 10 Gy of IR.
Error bars are means + SD, n = 8 independent repeats. P values determined using 2-way ANOVA. d Individual value plot showing the weights
of A549 tumor xenografts from the indicted treatments. Error bars are means + SD, n = 8 independent repeats. P values were calculated using
two-tailed unpaired Student’s t-test. e Volumes of lung cancer patient-derived xenograft tumors with the indicated treatments at different
time points (days) after exposure to 8 Gy of IR. Error bars are means * SD, n = 4-5 independent repeats. P values were determined using 2-way
ANOVA. f Individual value plot showing the weights of lung cancer patient-derived xenograft tumor xenografts from the indicted treatments.
Error bars are means + SD, n = 4-5 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test. g Representative
images of hematoxylin and eosin and immunohistochemical staining (Ki67, phospho-H2AX, cleaved caspase-3 and 4-HNE) of A549 xenograft
tumors with the indicated treatments. Scale bars, 50 um/20 um (inset). h—-k Immunochemistry scoring of Ki67, phospho-H2AX, cleaved
caspase-3 and 4-HNE staining. Error bars are means + SD, n = 6 randomly selected magnification fields. P values were calculated using two-
tailed unpaired Student’s t-test. | Representative images of hematoxylin and eosin and immunohistochemical staining (Ki67, phospho-H2AX,
cleaved caspase-3 and 4-HNE) of lung cancer patient-derived xenograft tumors with the indicated treatments. Scale bars, 50 um/20 uym (inset).
m-p Immunochemistry scoring of Ki67, phospho-H2AX, cleaved caspase-3 and 4-HNE staining. Error bars are means +SD, n =6 randomly
4selected magnification fields. P values were calculated using two-tailed unpaired Student’s t-test.

ROS and lipid peroxidation assay

ROS and lipid peroxidation levels were measured, as previously
described.'®*® Cells were seeded in triplicate in 12-well plates 24 h
prior to treatment, pretreated with or without drugs for 24 h, and
then irradiated. After the cells had incubated for 24 or 48 h, fresh
medium containing 4 uM CM-H2DCFDA (ThermoFisher, C6827) for
ROS measurements or 5 pM BODIPY 581/591 C11 dye (Invitrogen,
D3861) for lipid peroxidation measurements was added to each
well. After incubation for 30 min in a humidified incubator (at 37 °
C, 5% CO,), the cells were washed with PBS and trypsinized to
obtain a cell suspension. ROS and lipid peroxidation levels were
analyzed by flow cytometry using an Accuri 6 cytometer (BD
Bioscience).

Transmission electron microscopy

Transmission electron microscopy analyses were conducted, as
previously described.® Briefly, cells cultured in a 6-well plate were
fixed with a solution containing 3% glutaraldehyde and 2%
paraformaldehyde in 0.1 M cacodylate buffer (pH 7.3). After being
washed in 0.1 M sodium cacodylate buffer, cells were treated with
0.1% Millipore-filtered cacodylate-buffered tannic acid, postfixed
with 1% buffered osmium, and stained with 1% Millipore-filtered
uranyl acetate. After dehydration and embedding, samples were
incubated in a 60°C oven for ~3 days. Ultrathin sections were
prepared and examined with a JEM 1010 transmission electron
microscope (JEOL). Digital images were obtained using an AMT
Imaging System (Advanced Microscopy Techniques Corp.) at the
High Resolution Electron Microscopy Facility at MD Anderson
Cancer Center.

gRT-PCR

gRT-PCR was performed, as previously described.**** Total RNA was
extracted using TRIzol reagent (Invitrogen), and cDNA was
synthesized with SuperScript Il Reverse Transcriptase (Invitrogen,
#18064014). Quantitative real-time PCR was performed using SYBR
GreenER gPCR SuperMix Universal (Invitrogen, # 11762500), and
triplicate samples were run on a Stratagene MX3000P gPCR system
according to the manufacturer’s protocol. The threshold cycle (Ct)
values for each gene were normalized to those of 3-actin, and the 2
—AACt method was used for quantitative analysis. The primers used
are listed in Supplementary information, Table S2.

Western blot analysis

Western blotting was performed according to the standard
protocol, as previously described.***” Cell lysates were prepared
in NP-40 buffer (150 mM sodium chloride, 1.0% NP-40, 50 mM Tris,
pH 8.0) supplemented with complete mini protease inhibitors
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(Roche, 11836170001) and a phosphatase inhibitor cocktail
(Calbiochem, 524625). Protein expression was analyzed by
western blot using primary antibodies against the following target
proteins: Vinculin (Sigma Aldrich, V4505, 1:10,000 dilution),
SLC7A11/xCT (D2M7A) (Cell Signaling Technology, 12619, 1:5000
dilution), phospho-p53 (Ser15) (Cell Signaling Technology, 9284,
1:1,000 dilution), ACSL4 (Santa Cruz, sc-271800, 1:2000 dilution),
KEAP1 (Santa Cruz, sc-365626, 1:1000 dilution), GPX4 (R&D
Systems, MAB5457, 1:1000 dilution), tubulin (Cell Signaling
Technology, 2144, 1:5000 dilution), phospho-Chk2 (Thr68) (Cell
Signaling Technology, 2197, 1:1000 dilution), and phospho-
histone H2A.X (Ser139) (EMD Millipore, 05-636, 1:1000 dilution).
Following incubation with horseradish peroxidase-conjugated
secondary antibodies for 2 h at room temperature, proteins were
visualized with chemiluminescence using Pierce ECL 2 Western
Blotting Substrate (ThermoFisher Scientific, 80196).

Immunofluorescence

Immunofluorescence analyses were performed as previously
described.*®*° Cells seeded on coverslips were fixed in 3.7%
formaldehyde in PBS for 15 min at different time points (30 min
and 24 h after 6-Gy irradiation). Then cells were washed with PBS
and permeabilized for 10 min in 0.1% TritonX-100/PBS. After
permeabilization, blocking buffer (5% bovine serum albumin in
0.1% Triton/PBS) was added for 1 h, followed by incubation with a
phospho-histone H2A.X (Ser139) mouse monoclonal antibody
(EMD Millipore, 05-636, 1:500 dilution) overnight at 4°C. After
being washed with PBS, cells were incubated with Alexa 594 anti-
mouse fluorescent secondary antibodies (Life Technologies, 1:200
dilution) in the dark for 2 h at room temperature. The nuclei were
counterstained with 4/,6-diamidino-2-phenylindole (DAPI, Thermo-
Fisher Scientific). Fluorescence was monitored using a Leica
confocal microscope, and foci of phospho-H2AX were quantified
using ImageJ software (NIH).

Constructs and generation of overexpression, knockdown, or
knockout cell lines

CRISPR-mediated knockout plasmids containing guide RNAs
targeting ACSL4, KEAP1, and SLC7A11 were generated in
LentiCRISPR-V2 (Addgene, #52961) according to the standard
protocol. The sequences of ACSL4 sh RNA and guide RNAs are
listed in Supplementary information, Table S2. The expression
vectors containing SLC7A11 cDNA are described in our previous
publication.”® The pcDNA3.1-flag-GPX4 construct was a kind gift
from Dr. Aikseng Ooi from The University of Arizona Health
Sciences. Stable cell lines were generated as described
previously.'®
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Histology and immunohistochemistry

Xenograft tumor samples were collected and immediately fixed in
10% neutral-buffered formalin (ThermoFisher Scientific) overnight.
After being washed once with PBS, samples were transferred into
70% ethanol and subjected to embedding, sectioning, and
haematoxylin and eosin staining. For immunohistochemical
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staining, tissue sections were processed according to methods
described in our previous publications.’ ™3 The primary antibody
used for immunohistochemistry was anti-4-HNE (1:400, Abcam,
ab46545), anti-phospho-histone H2AX (1:500, EMD Millipore,
Cat#05-636), anti-Ki-67 (D2H10) (1:500, Cell Signaling Technology,
9027 S), anti-cleaved caspase-3 (1:500, Cell Signaling Technology,
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Fig. 7 Ferroptosis induction correlates with cancer patient response to radiotherapy. a Representative images of 4-HNE
immunohistochemical staining of matched esophageal tumor samples from the same patients before and after radiotherapy. Scale bars,
50 pm/20 pm (inset). b Immunochemistry scoring of 4-HNE staining of matched esophageal tumor samples before and after radiotherapy
from 8 cancer patients. Error bars are means + SD, n = 6 randomly selected magnification fields. P values calculated using two-tailed unpaired
Student’s t-test. ¢ Immunochemistry scoring of 4-HNE staining of post-radiotherapy esophageal tumor samples from 30 esophageal cancer
patients. Error bars are means + SD, n = 6 randomly selected magnification fields. P values were calculated using two-tailed unpaired Student'’s
t-test. d Correlations between radiotherapy response (or recurrence) and 4-HNE staining scores in post-radiotherapy esophageal tumor
samples from 30 esophageal cancer patients. SD: stable disease; PR: partial response; P values were calculated using x” test. e Representative
images of 4-HNE immunohistochemical staining of post-radiotherapy esophageal tumor samples in 4-HNE mild/moderate group or 4-HNE
strongly positive group with the indicated status of patient response and recurrence. Scale bars, 20 um (inset). f Disease-free survival
Kaplan-Meier curves of esophageal cancer patients treated with radiotherapy from 4-HNE mild/moderate group and 4 -HNE strongly positive
group. P values were calculated using log-rank test. g-i The working model depicting the roles and mechanisms of ferroptosis in IR response

4and radioresistance. See Discussion for detailed description.

Table 1. Reagents and resources.

ACSL4

KEAP1

GPX4

Tubulin

phospho-Chk2 (Thr68)
phospho-histone H2A.X (Ser139)
Anti-4 Hydroxynonenal (4-HNE)
Ki-67 (D2H10)

Cleaved Caspase-3 (Asp175)
Chemicals

Erastin

Ferrostatin-1

Liproxstatin-1
N-acetyl-L-cysteine
Sulfasalazine

Z-VAD-fmk

Necrostatin-1s

RSL3

FIN56

ML162

CM-H2DCFDA

BODIPY 581/591 C11

Critical Commercial Assays

Cell Counting Kit-8 (CCK8) reagent
Experimental Models: Cell Lines

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Vinculin Sigma-Aldrich Cat#V4505
SLC7A11/xCT (D2M7A) Cell Signaling Technology Cat#12619
phospho-p53 (Ser15) Cell Signaling Technology Cat#9284

Santa Cruz

Santa Cruz

R&D Systems

Cell Signaling Technology
Cell Signaling Technology
EMD Millipore

Abcam

Cell Signaling Technology
Cell Signaling Technology

Sigma

Sigma

Sigma

Sigma

Sigma

R&D Systems
BioVision
Selleckchem
Cayman Chemical
Cayman Chemical
ThermoFisher

Invitrogen

Dojindo Molecular Technologies

Cat#sc-271800
Cat#sc-365626
Cat#MAB5457
Cat#2144
Cat#2197
Cat#05-636
Cat#ab46545
90275

9661s

Cat#E7781
Cat#SML0583
Cat#SML1414
Cat#A9165
Cat#50883
Cat#FMK001
Cat#2263
Cat#58155
Cat#25180
Cat#20455
Cat#C6827
Cat#D3861

Cat#CK04

A549 ATCC Cat#CCL-185
H460 ATCC Cat#HTB-177
H1299 ATCC Cat#CRL-5803
H23 ATCC Cat#CRL-5800
MCF7 ATCC Cat#HTB-22
HT-1080 ATCC Cat#CCL-121
FLO-1 Dr. Steven H. Lin at MD Anderson Cancer Center

UMRC6 Dr. William G. Kaelin at Dana-Farber Cancer Institute

HEK293T ATCC Cat#CRL-11268

Experimental Models: Organisms/Strains
Mouse: athymic nude: Foxn1nu/nu
NOD scid gamma (NSG) mice
Sequence-Based Reagents

The facility in the Department of Experimental Radiation Oncology at MD Anderson Cancer Center

The facility in the Department of Experimental Radiation Oncology at MD Anderson Cancer Center

For primer and guide RNA sequences, please see Supplementary information, Table S2.
Software and Algorithms

GraphPad Prism 6 GraphPad Software, Inc.
FlowJo_V10 FlowJo, LLC

CompuSyn CompusSyn, Inc.

Image) NIH

SPSS 25.0 SPSS Inc.
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9661 s). Images were obtained at 400x magnification using an
Olympus BX43 microscope. Immunohistochemical staining was
semiquantitatively analyzed using the immunoreactive score (IRS)
system. The percentage of positive cells was scored as follows: no
stained cells: 0; 1-10% staining: 1; 10-50% staining: 2; 51-80%
staining: 3; and 81-100% staining: 4. The staining intensity was
scored as follows: no color reaction: 0; mild reaction: 1; moderate
reaction: 2; and intense reaction: 3. Final IRS scores of
immunohistochemistry = (scores of staining intensity) x (scores
of percentage of positive cells).

Patient samples

Tumor samples of esophageal cancer patients were collected from
the Department of Radiation Oncology, Hunan Cancer Hospital
and The Affiliated Cancer Hospital of Xiangya School Of Medicine,
Central South University at Changsha, China (25 of 30 patients)
and the Department of Radiation Oncology, Devision of Radiation
Oncology, The University of Texas MD Anderson Cencer Center at
Houston, USA (5 of 30 patients). Patients who underwent surgical
resection after 30-60 Gy radiotherapy from 2014 to 2018 were
enrolled in the study. Post-radiotherapy tumor samples from all 30
patients and pre-radiotherapy samples from 8 of them were
obtained. The procedures of human sample collection were
approved by the Ethic Committee of Hunan Cancer Hospital & The
Affiliated Cancer Hospital of Xiangya School Of Medicine, Central
South University, and The University of Texas MD Anderson
Cencer Center, respectively. Informed consent was obtained from
all subjects. All available patient samples were evaluated by
experienced pathologists for confirmation of histological type.
Tumor response was assessed every 8 weeks according to the
Response Evaluation Criteria in Solid Tumor (RECIST, version 1.1).

Qantification and statistical analyses

Results of cell culture experiments were collected from at least 2
or 3 independent replicates. Tumor volumes or weights from at
least 6 individual mice in each group were plotted. Data are
presented as means + standard deviation (SD). Statistical signifi-
cance (P values) was calculated using unpaired Student's t-tests, x*
test or log-rank test by GraphPad Prism 7.0 (GraphPad Software,
Inc.) or SPSS 25.0 (SPSS Inc.). *P<0.05; **P < 0.01; ***P < 0.001;
¥**¥P < 0.0001; n.s., non-significant.
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