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ABSTRACT

Ferroptosis, an iron-dependent lipid peroxidation-driven programmed cell death, is closely related to cancer therapy. The development of druggable ferroptosis
inducers and their rational application in cancer therapy are critical. Here, we identified Tubastatin A, an HDACS6 inhibitor as a novel druggable ferroptosis inducer
through large-scale drug screening. Tubastatin A directly bonded to GPX4 and inhibited GPX4 enzymatic activity through biotin-linked Tubastatin A putdown and
LC/MS analysis, which is independent of its inhibition of HDAC6. In addition, our results showed that radiotherapy not only activated Nrf2-mediated GPX4 tran-
scription but also inhibited lysosome-mediated GPX4 degradation, subsequently inducing ferroptosis tolerance and radioresistance in cancer cells. Tubastatin A
overcame ferroptosis resistance and radioresistance of cancer cells by inhibiting GPX4 enzymatic activity. More importantly, Tubastatin A has excellent bioavail-
ability, as demonstrated by its ability to significantly promote radiotherapy-induced lipid peroxidation and tumour suppression in a mouse xenograft model. Our
findings identify a novel druggable ferroptosis inducer, Tubastatin A, which enhances radiotherapy-mediated antitumor effects. This work provides a compelling
rationale for the clinical evaluation of Tubastatin A, especially in combination with radiotherapy.

1. Introduction

Ferroptosis, a nonapoptotic form of regulated cell death, is driven by
excessive accumulation of lipid peroxidation [1-3]. Multiple pathways
affect the ferroptotic process by regulating the generation and clearance
of lipid peroxidation. Polyunsaturated fatty acid-containing phospho-
lipids, especially arachidonic acid (C20:4)- and adrenic acid
(C22:4)-containing phospholipids, undergo peroxidation in the presence
of lipoxygenase Lox, cytochrome P450 reductase POR and ferrous iron
[2,4-6]. There are four main signalling pathways that mediate lipid
peroxidative scavenging, including GPX4-GSH, FSP1-CoQH2,
GCH1-BH4 and DHODH-CoQH2. GPX4 is the only enzyme in the GPX
family that specifically removes lipid peroxidation. Its activity depends

on the level of GSH. SLC7A1l1 participates in the GPX4 signalling
pathway by promoting the transport of cystine and subsequently the
synthesis of GSH [7]. The commonly used ferroptosis inducers RSL3 and
erastin are direct inhibitors of GPX4 and SLC7Al1, respectively. FSP1
scavenges lipid peroxides by trapping lipid peroxyl radicals [8,9]. GCH1
scavenges lipid peroxidation by synthesizing the free radical scavenger
BH4 [10]. Mitochondrial DHODH inhibits ferroptosis by reducing CoQ
to CoQH2 [11]. Inactivation of these pathways by ferroptosis inducer
compounds leads to a rapid accumulation of lipid peroxides and triggers
ferroptotic cell death in many cancer cell lines and in vivo tumour
models [2,3].

Ferroptosis is associated with many pathological processes, such as
ischemia-reperfusion injury, neurodegenerative diseases, and cancer [4,
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Fig. 1. Tubastatin A is a novel ferroptosis inducer. (a) MDA-MB-231-ACSL4-WT and MDA-MB-231-ACSL4-KO cells were seeded in 96-well plates overnight.
Following treatment with different inhibitor, cell death was detected by MTT assay. A Cell death means the death rate of MDA-MB-231-ACSL4-WT cells minus the
death rate of MDA-MB-231-ACSL4-KO cells. (b) Cell death and lipid peroxidation measurement in the indicated cells treated with DMSO or Tubastatin A (Tub) for 20
h. Tub, 8 pM Tubastatin. (c-d) Cell death and lipid peroxidation measurement in the indicated cells treated with the indicated compounds for 20 h (c) or 28 h (d).
MDA-MB-231, Tub, 8 pM; DFO, the ferroptosis inhibitor Deferoxamine mesylate, 10 pM; Fer-1, the ferroptosis inhibitor Ferrostatin-1, 10 pM. MCF-7, Tub, 10 puM;
DFO, 10 pM; Fer-1, 10 uM. (e, f) Cell death and lipid peroxidation measurement in MDA-MB-231 cells treated with the indicated compounds for 20 h. Tub, 4 puM;
Erastin, 2.5 pM; RLS3, 2.5 pM; DFO, 10 pM; Fer-1, 10 pM. (g, h) Cell death and lipid peroxidation measurement in MCF-7 cells treated with the indicated compounds
for 28 h. Tub, 5 pM; Erastin, 5 pM; RLS3, 2.5 pM; DFO, 10 pM; Fer-1, 10 pM. (i, j) Cell viability measurement in MDA-MB-231 or MCF-7 cells treated with the
indicated compounds for 24 h or 32 h, respectively. For MDA-MB-231, Tub, 4 uM; Erastin, 2.5 pM; RLS3, 2.5 pM. For MCF-7, Tub, 5 uM; Erastin, 5 pM; RLS3, 2.5 pM.
b-h, Data are the mean =+ s.d.; n = 3 biologically independent experiments. Statistical analysis was performed using an unpaired two-tailed Student’s t-test.



S. Liu et al.

Redox Biology 62 (2023) 102677

a ® ® b c
5 o 30 20 NS NS OMSO
8 8 NS 3 DMSO &
g. %‘ %. = 1 RSL3 =15 f 1 Tub
] 20 1 Erastin <
£ s
h-] °
MDA-MB-231 ol . - ol r"ld M m ,
W W % o
PP p S
S° 5\\,\0 &0 &0
MDA-MB-231 MDA-MB-231
d e,
1507 o NC m ¥ - 24 - NC = 1§ -« 2 507 e NG w1 a2
e L
& “ &
S 1004 100 F 1004
: £ :
@ a @
2 504 & 50 2 50
s 5 5
& & 3
Erastin (M) 0 1 2 3 4 5 RSL3(uM) 0 5 Tub (uM‘; 0 2 A s 3
MDA-MB-231 MDA-MB-231 MDA-MB-231
g h [
30 O DMSO Ns [J DMSO
& ] [ RSL3 st g 1 Tub
© © —_ NS B 3
2 2 £, [J Erastin =90
=20
Q a o = NS NS £
£ I I = o
Y =y = o o
[ w «w @ o
et =
o
ol®l el ol oL =l cal
MCF-7 © . C o o
< W o
g‘\\"“b o e\"\OP o 4
MCF-7 MCF-7
k 1
1907 o NC w1 a2 R * NC = 1# -+ 24 o U] e NC m 1r a2
H £ &
5 1004 100 3 1004
- - e
H G :
2 50 £ s 2 504
K k] =
& & &
Erastin (uM) o 5 10 15 20 25 RSLa(uM)u 2 10 Tub (uM) © 4 6 8 10
MCF-7 MCF-T MCF-7
m30 30 20 P 20
g g s Lis NS
g2 £ N5 £ NS £
3 3 10 g 10 Lt
L] g @ NS L] NS
=10 =1 2 - _NS_ = NS
° rﬁ . fIT i * AR ¥ e hAd
o |'$| o Sye den sl ITI [ |%| [
° A A W -]
O\i\c"o ('v. R * ;e‘ 9('0 \350 *\' W‘ 0" cos™ o© otl\c"o o gﬁ*“ e(ﬁg\?g\} ?5\:5 0\"50 5‘6“%55¢ o @6\9 (g
F R “‘\' CF“' 5‘6\'0 g‘#\p
MDA-MB-231 MDA-MB-231 MDA-MB-231 MDA-MB-231
a 30 30 20
S = 15
< 20 £20
® NS S NS NS
% % 10 NS
E 10 E 10

|GG

N Tla P

A
‘:“50 o> Qe‘ o QG‘\ o°
GP‘ G
MCF-7

0‘(\50 GP

<

A L0 A
AP0t e 0
prsgets

MCF-7

o0 >
va‘—"b i 9,5‘3' &
W o

MCF-7

LB AP P

] >
0@50 6“‘\'0('}"‘%\\“635‘ P @5\(

o
*\'
* werr®

Fig. 2. Tubastatin A induces ferroptosis independent of HDAC6. (a, g) An immunoblot showing the expression of HDAC6 in MDA-MB-231 (a) and MCF-7 (g) cells
subjected to the indicated treatments. Data are representative of n = 3 biologically independent experiments. (b) Cell death measurement in the indicated MDA-MB-
231 cells treated with DMSO or 6 uM Erastin or 5 pM RSL3 for 20 h. (c) Cell death measurement in the indicated MDA-MB-231 cells treated with DMSO or 8 pM Tub
for 20 h. (d-f) Cell viability measurements in MDA-MB-231-NC or HDAC6 knocked-down MDA-MB-231 cells subjected to the indicated treatments for 36 h. (h) Cell
death measurement in the indicated MCF-7 cells treated with DMSO or 25 pM Erastin or 8 pM RSL3 for 20 h. (i) Cell death measurement in the indicated MCF-7 cells
treated with DMSO or 10 pM Tub for 20 h. (j-1) Cell viability measurements in MCF-7-NC or HDAC6 knocked-down MCF-7 cells subjected to the indicated treatments
for 36 h. (m, n) Cell death measurement in MDA-MB-231 cells treated with the indicated compounds for 20 h. CAY, 8 pM CAY10603; SKLB, 8 pM SKLB-23bb. (o, p)
Cell death measurement in MDA-MB-231 cells treated with the indicated compounds for 24 h. CAY, 4 uM CAY10603; Erastin, 2.5 pM; RLS3, 2.5 pM; SKLB, 4 uM
SKLB-23bb. (q, r) Cell death measurement in MCF-7 cells treated with the indicated compounds for 28 h. CAY, 10 pM CAY10603; SKLB, 10 pM SKLB-23bb. (s, t) Cell
death measurement in MCF-7 cells treated with the indicated compounds for 32 h. CAY, 5 yM CAY10603; Erastin, 5 uM; RLS3, 2.5 pM; SKLB, 5 uM SKLB-23bb. b, c,
h, i, m-t, Data are the mean =+ s.d.; n = 3 biologically independent experiments. Statistical analysis was performed using an unpaired two-tailed Student’s t-test. d-f,
j-1, Error bars are mean =+ s.d., n = 3 independent repeats. Statistical analysis was performed using a two-way ANOVA analysis.
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Fig. 3. Tubastatin A induces ferroptosis by directly inhibiting the enzymatic activity of GPX4. (a) (left) Schematic of biotin-streptavidin pulldown method:
MDA-MB-231 cells were treated with biotin or biotin-linked Tub, and Tub-binding proteins were enriched on streptavidin beads, subjected to an on-bead trypsin
digestion and subsequent LC/LC-MS/MS analysis. (right) Enrichment of proteins based on coverage and area. GPX4 was a top target candidate. (b-i) Relative GPX4
enzyme activity measurement in the indicated test tube treated with Tub or RSL3 for the indicated concentration and time in cell free system. b, ¢, f, g, we used co-
immunoprecipitation to isolate endogenous GPX4 from MDA-MB-231 cells. d, e, h, i, we used co-immunoprecipitation to isolate endogenous GPX4 from MCF-7 cells.
b, time: 2 h ¢, concentration: 8 pM. d, time: 2 h e, concentration: 8 pM. f, time: 2 h g, concentration: 8 uM. h, time: 2 h i, concentration: 8 pM. (j—q) Relative GPX4
enzyme activity measurement in the indicated cell treated with Tub or RSL3 for the indicated concentration and time. j, time: 20 h k, concentration: 8 pM. 1, time: 20
h m, concentration: 8 pM. n, time: 20 h o, concentration: 6 pM. p, time: 20 h q, concentration: 6 pM. (r-w) Cell viability measurements in the indicated cells
subjected to the indicated treatments for 28 h (r-t) or 36 h (u-w). b-q, Data are the mean =+ s.d.; n = 3 biologically independent experiments. Statistical analysis was
performed using an unpaired two-tailed Student’s t-test. r-w, Error bars are mean =+ s.d., n = 3 independent repeats. Statistical analysis was performed using a two-
way ANOVA analysis.
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12,13]. Cellular ferroptosis has a certain cancer species selectivity, and
breast cancer is one of the sensitive species [4,14,15]. Therefore, in-
duction of ferroptosis may be one of the strategies for the treatment of
breast cancer. More importantly, ferroptosis is also involved in cancer
immunotherapy and radiotherapy [4,16-18]. Radiotherapy is an
important strategy of cancer treatment. Nevertheless, many tumours are
refractory to radiotherapy, highlighting the pressing need to develop
novel and effective combination therapy. Studies have shown that
radiotherapy induced ferroptosis by promoting the generation of ROS
and the expression of ACSL4 in cancer cells [18-20]. Inhibition of fer-
roptosis significantly impairs the efficacy of radiotherapy in vitro and in
vivo. These results implied that targeting ferroptosis might enhance the
efficacy of radiotherapy in cancer cells. However, limited druggable
ferroptosis inducers are currently available for animal experiments and
preclinical trials, which greatly restricts the application of ferroptosis
inducer in radiotherapy. Tubastatin A is a HDAC6 selective inhibitor. It
has been reported that Tubastatin A can affect the oxidative stress of
cells by inhibiting HDAC6 [21]. However, whether Tubastatin A regu-
lates ferroptosis remains unclear.

Here, we have identified Tubastatin A (Tub) as a novel GPX4 in-
hibitor that induced ferroptosis through large-scale drug screening. We
showed that IR-mediated GPX4 expression restrained ferroptosis to
drive radioresistance in breast cancer. Notably, Tub overcame ferrop-
tosis resistance and radioresistance of cancer cells by inhibiting GPX4
enzymatic activity in vitro and in vivo.

2. Results
2.1. Identification of Tubastatin A as a novel ferroptosis inducer

To identify novel small molecule compounds that can induce fer-
roptosis in cancer cells, we constructed ferroptosis-resistant cell line
which ferroptosis driving gene ACSL4 was knocked out in MDA-MB-231
and named MDA-MB-231-ACSL4-KO, and MDA-MB-231-ACSL4-WT was
used as a ferroptosis-sensitive cell line. We screened an epigenetic small
molecule drug library of 181 compounds for activity in an assay based
on cell death in MDA-MB-231-ACSL4-WT and MDA-MB-231-ACSL4-KO
cells. Our results showed that Tubastatin A significantly induced cell
death in ferroptosis-sensitive cell lines without affecting cell viability of
ferroptosis-resistant cell line (Fig. 1a and b). We further used two breast
cancer cell lines, MDA-MB-231 and MCF-7, to confirm the results. We
found that Tubastatin A could induce ferroptosis and lipid peroxidation
in MDA-MB-231 and MCF-7 cells, and Tubastatin A -induced cell death
and lipid peroxidation could be fully rescued by the ferroptosis inhibitor
Fer-1 (Lipid peroxidation scavenger) or DFO (iron chelator) but not by
the apoptosis inhibitor Z-VAD-FMK or the necroptosis inhibitor
necrostatin-1s (Fig. 1c and d; Extended Data Fig. 1a—d). Next, we further
explored whether Tubastatin A enhanced erastin- or RSL3-induced fer-
roptosis and lipid peroxidation in cancer cells. Our results showed that
treatment with these compounds at low concentrations alone did not
effectively induce cell death in MDA-MB-231 and MCF-7 cells. The
combination of Tubastatin A and erastin or RSL3 significantly induced
cell death and lipid peroxidation in cancer cells (Fig. 1e-j), whereas the
increased cell death and lipid peroxidation were substantially restored
by treatment with the ferroptosis inhibitor Fer-1 or DFO, rather than the
apoptosis inhibitor Z-VAD-FMK or the necroptosis inhibitor necrostatin-
1s (Extended Data Fig. 1e-h). These results showed that Tubastatin A
and erastin or RSL3 synergistically promoted ferroptosis in cancer cells.
Taken together, these results suggest that Tubastatin A is a direct fer-
roptosis inducer that induces ferroptosis in cancer cells.

2.2. Tubastatin A induces ferroptosis independent of HDAC6
We next sought to study the underlying mechanism by which

Tubastatin A induced ferroptosis in cancer cells. Tubastatin A is a spe-
cific HDAC6 inhibitor. Therefore, we speculated that Tubastatin A might

Redox Biology 62 (2023) 102677

induce ferroptosis by inhibiting HDAC6. To assess this possibility,
HDAC6 was knocked down in MDA-MB-231 or MCF-7 cells. We found
that HDAC6 knockdown had no effect on erastin- or RSL3-induced fer-
roptosis (Fig. 2a, b, d, e, g, h, j, k), suggesting that HDAC6 inhibition
could not induce ferroptosis in cancer cells. Our data also showed that
knockdown of HDACG6 did not affect Tubastatin A -induced ferroptosis in
cancer cells (Fig. 2¢, f, i, 1). In addition, we treated cancer cells with two
other HDAC6 inhibitors (CAY10603 and SKLB-23bb) that differ from the
chemical structure of Tubastatin A, and the results showed that
CAY10603 or SKLB-23bb neither induced ferroptosis nor promoted
erastin- or RSL3-induced ferroptosis in cancer cells (Fig. 2m-t). These
data indicate that Tubastatin A induces ferroptosis independent of
HDACS6.

2.3. Tubastatin A induces ferroptosis by directly inhibiting the enzymatic
activity of GPX4

To further explore the molecular mechanism of Tubastatin A-
induced ferroptosis in cancer cells, a biotin-streptavidin pulldown was
performed with Tubastatin A. Briefly, MDA-MB-231 cells were treated
with control or biotin-linked Tubastatin A, and Tubastatin A-binding
proteins were enriched on streptavidin beads and subjected to an on-
bead trypsin digestion and subsequent LC/LC-MS/MS analysis
(Fig. 3a, left). Protein identities were determined by database searches
using the SEQUEST algorithm. Surprisingly, GPX4 was identified as a
target of Tubastatin A (Fig. 3a, right). GPX4 is an important enzyme that
removes lipid peroxidation and subsequently inhibits ferroptosis.
Therefore, we further explored whether Tubastatin A regulated ferrop-
tosis by affecting the activity of GPX4. First, we determined whether
Tubastatin A was an immediate inhibitor of GPX4 in vitro. We used co-
immunoprecipitation to isolate endogenous GPX4 from MDA-MB-231 or
MCF-7 cells (Extended Data Fig. 2a). Then, Tubastatin A was added to
the test tube containing GPX4, and GPX4 enzyme activity was detected
using the glutathione peroxidase assay kit. The results showed that,
similar to RSL3, Tubastatin A inhibited GPX4 enzyme activity in a
concentration- and time-dependent manner in vitro, even in the nano-
molar range (Fig. 3b-i). To further confirm the results, we treated MDA-
MB-231 and MCF-7 cells with Tubastatin A or the GPX4 inhibitor RSL3
at the indicated concentrations and times. The cells were collected and
co-immunoprecipitation assays were used to isolate endogenous GPX4
from the cells (Extended Data Fig. 2b-e). Then, the GPX4 enzymatic
activity of each group was analysed with a glutathione peroxidase assay
kit. Our results show that, similar to RSL3, Tubastatin A inhibited GPX4
enzyme activity in a concentration- and time-dependent manner in
MDA-MB-231 and MCF-7 cells (Fig. 3j-q). In addition, Tubastatin A did
not affect the mRNA and protein levels of GPX4 (Extended Data
Fig. 2f-k), and we also found that CAY10603 and SKLB-23bb did not
affect the enzymatic activity of GPX4 (Extended Data Fig. 21-0). To
further verify the above results, we successfully constructed MDA-MB-
231 cell lines that are resistant to the GPX4 inhibitor RSL3 or ML-162
and named them MDA-MB-231-RSL3-resistant or MDA-MB-231-ML-
162-resistant, respectively. During the construction of RSL3 or ML162-
resistant cancer cell lines, cancer cells gradually adapt to the inhibited
state of GPX4 and survive. These cells may not rely on GPX4 to inhibit
ferroptosis, so other drugs that inhibit GPX4 enzyme activity or lower
GPX4 may not kill these cancer cells. As expected, MDA-MB-231-RSL3-
resistant or MDA-MB-231-ML-162-resistant cell lines also showed
obvious resistance to Tubastatin A-mediated ferroptosis (Fig. 3r-w).
These results indicated that Tubastatin A induced ferroptosis by tar-
geting GPX4. Taken together, these results suggest that Tubastatin A
induces ferroptosis by directly inhibiting GPX4 enzymatic activity.

2.4. Cancer cells acquire radioresistance by increasing transcription and
protein stability of GPX4
radiation (IR) is an

Ionizing important ferroptosis-related
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Fig. 4. IR enhances GPX4 expression by increasing the transcription of GPX4. (a-b) The relative GPX4 mRNA measurement in MDA-MB-231 cells (a) or MCF-7
(b) treated with IR at the indicated intensities and times. Data are the mean + s.d.; n = 3 biologically independent experiments. Statistical analysis was performed
using an unpaired two-tailed Student’s t-test. (c-d) An immunoblot showing the expression of GPX4 in MDA-MB-231 cells (c) or MCF-7 (d) treated with IR at the
indicated intensities and times. Data are representative of n = 3 biologically independent experiments. (e, h) An immunoblot showing the expression of GPX4 in
MDA-MB-231 (e) and MCF-7 (h) cells subjected to the indicated treatments. Data are representative of n = 3 biologically independent experiments. (f, g) Cell clone
measurement (f) or lipid peroxidation measurement (g) in control or GPX4 knocked-down MDA-MB-231 cells subjected to the indicated treatments. For cell clone, 2
Gy IR; for lipid peroxidation measurement, 6 Gy IR. Data are the mean + s.d.; n = 3 biologically independent experiments. Statistical analysis was performed using an
unpaired two-tailed Student’s t-test. (f, g) Cell clone measurement (f) or lipid peroxidation measurement (g) in control or GPX4 knocked-down MDA-MB-231 cells
subjected to the indicated treatments. For cell clone, 2 Gy IR; for lipid peroxidation measurement, 6 Gy IR. Data are the mean = s.d.; n = 3 biologically independent
experiments. Statistical analysis was performed using an unpaired two-tailed Student’s t-test. (i, j) Cell clone measurement (i) or lipid peroxidation measurement (j)
in control or GPX4 knocked-down MCF-7 cells subjected to the indicated treatments. For cell clone, 2 Gy IR; for lipid peroxidation measurement, 6 Gy IR. Data are the
mean =+ s.d.; n = 3 biologically independent experiments. Statistical analysis was performed using an unpaired two-tailed Student’s t-test. (k, 1) An immunoblot
showing the expression of NRF2 in MDA-MB-231 cells (k) or MCF-7 (1) treated with IR at the indicated intensities and times. Data are representative of n = 3
biologically independent experiments. (m, n) MDA-MB-231 cells treated with IR at the indicated intensities and times, then confocal microscopy of the cells was
performed after staining with Nrf2 (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

pathological process. IR can induce ferroptosis in cancer cells, and
blocking ferroptosis reduce the effect of IR, suggesting that ferroptosis
contributes to IR-mediated antitumor activity. However, here we found
that IR increased the mRNA and protein levels of GPX4 in an intensity-
and time-dependent manner in MDA-MB-231 and MCF-7 cells
(Fig. 4a—d). As one of the most important ferroptosis inhibitory factors,
the elevated protein levels of GPX4 might promote IR tolerance by
inhibiting ferroptosis. To assess this possibility, we knocked down GPX4
and detected the cell viability of cancer cells treated with IR. Our data
indicated that GPX4 knockdown significantly enhanced the sensitivity of
cancer cells to radiotherapy, as shown by reduced cell clones and
increased ferroptosis-associated lipid peroxidation (Fig. 4e—j). These
results indicated that IR-mediated GPX4 expression promotes ferroptosis
resistance and radioresistance in cancer cells. Next, we explored the
molecular mechanism of the high expression of GPX4 during IR. Our
results showed that IR increased the protein level and nuclear localiza-
tion of Nrf2 in an intensity- and time-dependent manner in MDA-MB-
231 and MCF-7 cells (Fig. 4k-n; Extended Data Fig. 3a and b). Nrf2 is
a key transcription factor that can regulate oxidative stress. We hy-
pothesized that IR-mediated Nrf2 activation promoted the expression of
GPX4, and subsequently induced radioresistance. To evaluate whether
Nrf2 regulated the expression of GPX4, we knocked down Nrf2 and
detected the expression of GPX4 in cancer cells treated with or without
IR. Nrf2 knockdown significantly inhibited basal and IR-mediated GPX4
mRNA and protein levels in MDA-MB-231 or MCF-7 cells (Fig. 5a—c). In
addition, Nrf2 knockdown significantly enhanced erastin- or RSL3-or IR-
induced ferroptosis and lipid peroxidation in cancer cells (Fig. 5d-h).
Next, we restored GPX4 in cancer cells in which Nrf2 was knocked down
(Extended Data Fig. 3c and d). The results showed that GPX4 restoration
could reverse the effect of Nrf2 knockdown on IR-induced ferroptosis in
cancer cells, as shown by decreased lipid peroxidation and increased
colony formation in cancer cells (Fig. 5i-1). Taken together, these results
indicated that Nrf2 contributes to enhanced GPX4 expression and sub-
sequent ferroptosis resistance and radioresistance in cancer cells.

As shown in Fig. 4a—d, the degree of IR-mediated increase in GPX4
mRNA levels does not exactly match the extent of IR-mediated elevation
in GPX4 protein levels, and we speculated that IR might also enhance
GPX4 expression by promoting GPX4 stability. To determine whether IR
enhanced the protein stability of GPX4, we performed GPX4 degradation
experiments under treatment with cycloheximide (CHX), a protein
synthesis inhibitor. The results show that IR could significantly inhibit
the degradation of GPX4 (Fig. 6a). Wu Z et al. found that GPX4 was
degraded by chaperone-mediated autophagy. We knocked down HSC70
in MDA-MB-231 and MCF-7 cells, and found that HSC70 knockdown
increased the levels of GPX4 protein (Fig. 6b). More importantly, our
data showed that IR attenuated the autophagic degradation of GPX4, as
shown by decreased binding of GPX4 and HSC70 (Fig. 6¢ and d). Next, to
identify kinases that regulate GPX4 degradation, we screened a kinase
inhibitor library for activity in an assay based on the levels of GPX4

protein. Our data showed that the AKT inhibitor MK2206 significantly
inhibited GPX4 protein levels in the treatment of cancer cells with IR
(Fig. 6e). Moreover, MK2206 enhanced the binding of GPX4 to HSC70 in
cancer cells treated with control or IR (Fig. 6f and g). These results
suggest that AKT might inhibit the autophagic degradation of GPX4 and
then promote the stability of GPX4. To assess this possibility, the cancer
cells were treated with IR plus an AKT inhibitor, and MK2206 signifi-
cantly enhanced the degradation of GPX4 (Fig. 6h and i). Next, we
explored the molecular mechanism by which AKT regulates the auto-
phagic degradation of GPX4. We found that IR significantly activated the
AKT-mTOR-TFEB signalling pathway and subsequently strongly
inhibited the nuclear localization of TFEB (Extended Data Fig. 4a, b, c,
e). TFEB is an important transcription factor that mediates lysosomal
biosynthesis. These results suggest that IR-mediated AKT activation
might inhibit the autophagic degradation of GPX4 by inhibiting lyso-
somal biosynthesis. Immunofluorescence revealed that the number of
lysosomes was significantly reduced in IR-treated cancer cells compared
with control cancer cells, whereas the reduced lysosomes were sub-
stantially restored by treatment with the AKT inhibitor MK2206
(Extended Data Fig. 4d, f). These results suggest that activation of the
AKT-mTOR-TFEB pathway leads to a reduction in lysosomal function,
which coincides with reduced binding of HSC70 and GPX4 and subse-
quently inhibits the autophagic degradation of GPX4.

In addition, MK2206 significantly enhanced IR-induced ferroptosis
and lipid peroxidation in cancer cells (Fig. 6j and k). Next, we restored
GPX4 in cancer cells treated with MK2206. The results show that GPX4
restoration can reverse the effect of MK2206 on IR-induced ferroptosis
in cancer cells, as shown by decreased lipid peroxidation and increased
colony formation in cancer cells (Fig. 6j and k). Taken together, these
results indicate that AKT-mediated inhibition of GPX4 degradation
contributes to enhanced GPX4 expression and subsequent ferroptosis
resistance and radioresistance in cancer cells.

2.5. Tubastatin A overcomes radioresistance of cancer cells in vitro and in
vivo by inhibiting GPX4 and boosting ferroptosis

To assess the clinical significance of IR-mediated GPX4 expression,
we explored the relationship between GPX4 expression and radio-
therapy response in cancer patients. Our results show that patients with
high expression of GPX4 had a shorter survival period after radio-
therapy, which indicates that high expression of GPX4 might mediate
radioresistance and weaken the efficacy of radiotherapy in clinical
practice (Extended Data Fig. 5a). In addition, Kaplan-Meier survival
analysis showed that breast cancer, liver cancer and gastric cancer pa-
tients with high GPX4 expression had worse overall survival, suggesting
that GPX4 should be a potential tumour prognostic indicator (Extended
Data Fig. 5b—d). Taken together, these results suggest that cancer cells
acquire radioresistance by increasing the expression of GPX4, and GPX4
could be used for clinical application as a predictor of the response to
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Fig. 5. Nrf2 contributed to enhanced GPX4 expression and subsequently ferroptosis resistance and radioresistance in cancer cells. (a-b) The relative Nrf2
and GPX4 mRNA measurement in MDA-MB-231 cells (a) or MCF-7 cells (b) stable transfected with negative control (NC) or Nrf2 shRNA. (¢) An immunoblot showing
the expression of GPX4 and Nrf2 in MDA-MB-231 cells (left) or MCF-7 (right) stable transfected with negative control (NC) or Nrf2 shRNA. Data are representative of
n = 3 biologically independent experiments. (d—e) Cell death and lipid peroxidation measurement in the indicated MDA-MB-231 cells (d) or MCF-7 cells (e) treated
with the indicated compounds for 16 h (d) or 24 h (e). (d) Erastin, 8 pM; RLS3, 5 uM. (e) Erastin, 10 pM; RLS3, 7.5 pM. (f, g) Cell clone measurement in the indicated
MDA-MB-231 cells (f) or MCF-7 cells (g) treated with the 2 Gy IR. (h) Lipid peroxidation measurement in the indicated MDA-MB-231 cells (left) or MCF-7 cells
(right) treated with the 6 Gy IR. (i, k) Cell clone measurement in the indicated MDA-MB-231 cells (i) or MCF-7 cells (k) treated with the 2 Gy IR. (j, 1) Lipid
peroxidation measurement in the indicated MDA-MB-231 cells (j) or MCF-7 cells (1) treated with the 6 Gy IR. a-b, d-1, Data are the mean =+ s.d.; n = 3 biologically
independent experiments. Statistical analysis was performed using an unpaired two-tailed Student’s t-test.
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Fig. 6. IR enhances GPX4 expression by increasing the protein stability of GPX4. (a) An immunoblot showing the expression of GPX4 in MDA-MB-231 cells
treatment with control or IR with or without CHX. Data are representative of n = 3 biologically independent experiments. (b) An immunoblot showing the expression
of GPX4 and Hsc70 in MDA-MB-231 cells (left) or MCF-7 (right) transfected with negative control (NC) or Hsc70 siRNA. Data are representative of n = 3 biologically
independent experiments. (¢) Endogenous GPX4 (left) or Hsc70 (right) was immunoprecipitated from MDA-MB-231 cells subjected to the indicated treatments for
16 h, followed by immunoblotting using an antibody to GPX4 and Hsc70. IR, 4 Gy. Data are representative of n = 3 biologically independent experiments. (d)
Endogenous GPX4 (left) or Hsc70 (right) was immunoprecipitated from MCF-7 cells subjected to the indicated treatments for 16 h, followed by immunoblotting
using an antibody to GPX4 and Hsc70. IR, 6 Gy. Data are representative of n = 3 biologically independent experiments. (e¢) An immunoblot showing the expression of
GPX4 in IR-treated MDA-MB-231 cells (top) or MCF-7 cells (bottom) treatment with MK2206 at the indicated concentration and time. Data are representative of n =
3 biologically independent experiments. (f, g) Endogenous Hsc70 was immunoprecipitated from MDA-MB-231 cells (f) or MCF-7 cells (g) subjected to the indicated
treatments for 12 h, followed by immunoblotting using an antibody to GPX4 and Hsc70. (f) IR, 4 Gy; MK2206 2.5 pM. (g) IR, 6 Gy; MK2206 2.5 pM. Data are
representative of n = 3 biologically independent experiments. (h, i) An immunoblot showing the expression of GPX4 in MDA-MB-231 cells (h) or MCF-7 cells (i)
treatment with DMSO or MK2206 with or without CHX. Data are representative of n = 3 biologically independent experiments. (j) Cell clone measurement in the
indicated MDA-MB-231 cells treated with the 2 Gy IR with or without 2.5 pM MK2206. (k) Lipid peroxidation measurement in the indicated MDA-MB-231 cells
treated with the 6 Gy IR with or without 2.5 pM MK2206. j, k, Data are the mean + s.d.; n = 3 biologically independent experiments. Statistical analysis was
Eerformed using an unpaired two-tailed Student’s t-test.

cancer radiotherapy. 19,29-33], which breaks the long-standing model that apoptosis is the

Our above results showed that Tubastatin A inhibited GPX4 enzy- theme of cancer therapy, suggesting that ferroptosis may be the next
matic activity by directly targeting GPX4. Thus, we speculated that breakthrough in cancer therapy. Here, we performed drug screening in
Tubastatin A might overcome the radioresistance of cancer cells by ferroptosis-resistant cancer cell lines, and we identified Tubastatin A as a

inhibiting GPX4. To assess this possibility, MDA-MB-231 and MCF-7 novel ferroptosis inducer through small molecule drug library screening.
cells were treated with IR with DMSO or Tubastatin A or Lipro-1. The Tubastatin A induced ferroptosis by directly interacting with and

results showed that Tubastatin A and IR synergistically reduced the inhibiting the enzymatic activity of GPX4 in cancer cells, which is in-
colonies and increased lipid peroxidation in MDA-MB-231 and MCF-7 dependent of HDAC6 inhibition. We found that knockdown of HDAC6
cells, whereas the reduced cell colonies and increased lipid peroxidation had no effect on ferroptosis induced by the ferroptosis inducers erastin
were substantially restored by treatment with the ferroptosis inhibitor or RSL3 or Tubastatin A in cancer cells. However, one study indicated
Lipro-1 (Fig. 7a-f). In addition, we found that Tubastatin A combined that knockdown of HDAC6 could weakly inhibit ferroptosis induced by
with docetaxel or doxorubicin could not enhance the tumour suppres- extracellular histone H3 in RAW264.7 macrophages [34]. This different
sive effect of docetaxel or doxorubicin in MDA-MB-231 and MCF-7 cells conclusion may be due to different cell models and methods of inducing
(Extended Data Fig. 5e-h). These results suggest that Tubastatin A can ferroptosis. We also found that IR activates not only Nrf2-mediated
specifically sensitize radiotherapy by enhancing ferroptosis. Then, we GPX4 transcription but also inhibits lysosome-mediated GPX4 degra-
explored whether Tubastatin A enhanced the radiosensitivity of cancer dation, which subsequently induces ferroptosis tolerance and radio-
cells in a GPX4-dependent manner. We knocked down GPX4 and resistance in cancer cells. Tubastatin A overcame ferroptosis resistance

detected cell death and lipid peroxidation in MDA-MB-231 and MCF-7 and radioresistance of cancer cells by inhibiting GPX4 enzymatic ac-
cells treated with IR with Tub or DMSO. Our results showed that GPX4 tivity. More importantly, Tubastatin A has excellent bioavailability, as
knockdown increased IR-mediated ferroptosis in MDA-MB-231 and demonstrated by its ability to  significantly = promote

MCF-7 cells. More importantly, Tubastatin A significantly enhanced IR- radiotherapy-induced lipid peroxidation and tumour suppression in a
induced ferroptosis in wild-type cancer cells, but not in GPX4 knock- mouse xenograft model. Considering that Tubastatin A has stronger ef-
down cancer cells (Fig. 7g-i). These results indicate that GPX4 is the ficacy in vivo, it can be used as a single drug or in combination with
target of Tubastatin A, and Tubastatin A enhances the sensitivity of radiotherapy in clinically in the future.
cancer cells to IR in a GPX4-dependent manner. Radiotherapy is an important treatment for cancer. Many kinds of
To further confirm Tubastatin A-mediated radiosensitization in vivo, cancer are resistant to radiotherapy [35-37]. Thus, elucidating the
MDA-MB-231 cells were subcutaneously inoculated into nude mice. molecular mechanism of cancer cell resistance to radiotherapy and
Then, the mice were treated with IR and either Tubastatin A or Lipro-1 targeting this mechanism to enhance the radiosensitivity of cancer are
or DMSO. As expected, Tubastatin A significantly enhanced IR-induced urgent problems to be solved in the field of cancer therapy. Previous
ferroptosis in vivo, and Lipro-1 treatment substantially restored the studies have shown that enhanced autophagy, reduced apoptosis, and
reduced tumour growth and increased lipid peroxidation in mice enhanced DNA damage repair facilitated radioresistance in cancer cells
(Fig. 7j-m). We also found that the treatment of Tubastatin A did not [38-43]. Here, our study shows that cancer cells can acquire radio-
affect the body weight of mice, the number of blood cells (including resistance by enhancing the levels of GPX4 protein. These data suggest
white blood cell, red blood cell, platelet) and the level of hemoglobin that GPX4-mediated ferroptosis resistance is one of the important
(HGB) and the tissue morphology of intestine, liver, kidney, spleen, mechanisms by which cancer cells develop radioresistance. More
lung, and heart, indicating that Tubastatin A has no significant toxicity importantly, we found that Tub can directly inhibit the enzyme activity
to bone marrow, intestine, liver, kidney, spleen, lung, and heart of GPX4 and subsequently significantly enhance the radiosensitivity of
(Extended Data Fig. 6). In addition, our data revealed that tumour tis- cancer cells. These results suggest that targeting ferroptosis resistance is
sues from Tubastatin A and IR treatment mice had weak staining for an important breakthrough in the field of radiosensitization.
Ki67 compared with those from other groups of mice (Fig. 7n). Taken Ferroptosis contributes to immunotherapy- and radiotherapy-
together, these results show that increased GPX4 during IR can promote mediated antitumor activity. Induction of ferroptosis in cancer cells is
IR resistance and that Tubastatin A sensitizes cancer cells to IR-induced a new and important strategy to enhance the sensitivity of cancer
ferroptosis in vitro and in vivo by directly targeting GPX4. radiotherapy and immunotherapy. RSL3 has potent effects of inducing
ferroptosis in cancer cells in vitro; however, it cannot be used as anti-
3. Discussion tumor drugs due to their low bioavailability in vivo [44,45]. The iden-
tification of new druggable GPX4 inhibitor is an urgent problem to be
Ferroptosis, an iron-dependent and lipid peroxidation-driven pro- solved. Here, we discovered and identified Tubastatin A as a novel GPX4
grammed cell death, is implicated in the occurrence, development and inhibitor that induces ferroptosis through large-scale drug screening.
treatment of cancer [22-28]. Ferroptosis has been reported to be Tubastatin A has better bioavailability in vivo and meets one of the
involved in radiotherapy- and immunotherapy-mediated cell death [17, prerequisites for clinical trials. Compared with RSL3, Tubastatin A is
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Fig. 7. Tubastatin A enhances radiosensitivity of cancer cells by boosting ferroptosis. (a—f) Cell clones and lipid peroxidation measurement in MDA-MB-231
cells (a—c) or MCF-7 (d-f) treated with the indicated compounds or IR. (a—c) Cell clones: IR, 2 Gy; lipro-1, 5 pM; Tub, 4 uM. Lipid peroxidation: IR, 6 Gy; lipro-1, 5
pM; Tub, 5 pM. (d-f) Cell clones: IR, 2 Gy; lipro-1, 5 uM; Tub, 5 uM. Lipid peroxidation: IR, 6 Gy; lipro-1, 5 pM; Tub, 7.5 uM. b, c, e, f, Data are the mean + s.d.;n =3
biologically independent experiments. Statistical analysis was performed using an unpaired two-tailed Student’s t-test. (g§) An immunoblot showing the expression of
GPX4 in MDA-MB-231 (left) or MCF-7 (right) cells stable transfected with negative control (NC) or GPX4 shRNA. Data are representative of n = 3 biologically
independent experiments. (h, i) The number of cell clones (h) and lipid peroxidation (i) in the indicated cancer cells were treated with the indicated compounds.
MDA-MB-231, cell clones: IR, 2 Gy; Tub, 4 pM. Lipid peroxidation: IR, 6 Gy; Tub, 5 pM. MCF-7, cell clones: IR, 2 Gy; Tub, 5 pM. Lipid peroxidation: IR, 6 Gy; Tub, 7.5
pM. Data are the mean + s.d.; n = 3 biologically independent experiments. Statistical analysis was performed using an unpaired two-tailed Student’s t-test. (j, k)
Tumour volumes of MDA-MB-231 xenograft tumours with the indicated treatments after exposure to 10 Gy of IR. Error bars are means + SD, n = 6 independent
repeats. P values were determined using two-way ANOVA. (1) Weights of MDA-MB-231 xenograft tumours with the indicated treatments at different time points
(days) after exposure to 10 Gy of IR. Error bars are means + SD, n = 6 independent repeats. P values were calculated using two-tailed unpaired Student’s t-test. (m)
Relative lipid peroxidation in tumour cells isolated from the indicated tumours. Error bars are means + SD, n = 6 independent repeats. P values were calculated using
Ewo—tailed unpaired Student’s t-test. (n) Representative immunohistochemical images of ki67 in tumours tissues in each group.

more promising in future clinical application as a single drug or in Lipid peroxidation assay. MDA-MB-231 or MCF-7 cells were
combination with radiotherapy or immunotherapy. However, the pres- seeded in 6-well plates at a density of 1.5 x 10° per well, and the cells
ence of hydroxamic in Tubastatin A enables it to inhibit HDAC6 at the were treated with Fer-1 or DFO. On the second day, the cells were
same time, which may cause certain side effects in future clinical ap- treated with -Tub and erastin or RSL3 with or without other compounds
plications. Therefore, the most perfect solution is to modify the Tubas- for the appropriate time. Then, the cells were collected and stained with

tatin A drug structure on the basis of analyzing the crystal structure of 2.5 pM BODIPY 581/591C11 at 37 °C for 20 min and analysed using
the Tubastatin A-GPX4 complex. Ideally, the hydroxamic acid should be flow cytometry. For BODIPY 581/591C11 staining, the signals from both

removed while maintaining the structure of Tubastatin A that inhibits nonoxidized C11 (PE channel) and oxidized C11 (FITC channel) were
GPX4. In addition, the analysis of the key molecular skeleton of monitored. The ratio of the MFI of FITC to the MFI of PE was calculated
Tubastatin A inhibiting GPX4 also provides a new direction for the for each sample. Cells undergoing lipid peroxidation were defined as
development of new GPX4 inhibitors. This will be a very challenging but those having a high FITC/PE fluorescence ratio. The boundaries that
meaningful research to be done in the future. defined what constituted an increased FITC/PE fluorescence ratio were
set based on untreated cancer cells, a condition that represents cells with
4. Methods little or no lipid peroxidation. Lipid peroxidation-positive cells were
defined as cells with a FITC/PE fluorescence ratio greater than 98% of
Cancer Cell lines. The human breast cancer cell line MDA-MB-231 the untreated cells. At least 10000 cells were analysed in each group,
was donated by Prof. Mien-Chie Hung’s laboratory at The University and all experiments were repeated at least three times.
of Texas MD Anderson Cancer Centre, and MCF-7 cells were obtained Immunoblotting and immunoprecipitation. For immunoblotting,
from ATCC. Cells were cultured in DMEM with 7% foetal bovine serum the protein concentration of each sample was determined after the cells
(FBS) at 37 °C in an incubator with a humidified atmosphere of 20% O, were lysed in RIPA buffer. Twenty micrograms of protein was separated
and 5% COa. All cells were cultured in 10-cm plates and subcultured into using SDS-PAGE and transferred to a PVDF membrane. For immuno-
6-well plates for cell death and lipid peroxidation measurements. The precipitation, Pierce immunoprecipitation lysis buffer containing

cells were treated with reagents including the HDAC6 inhibitor Tub phosphatase or protease inhibitors was applied to lyse cells. The lysate
(TOPSCIENCE, T6161), the ferroptosis inducers erastin (Selleck, $7242)  containing 500 pg protein was incubated with 2 pg primary antibody at
or RSL3 (Selleck, S8155) and the ferroptosis inhibitors Fer-1 (Selleck, 4 °C overnight. On the next day, 30 pl of Pierce protein A/G agarose
S7243) or DFO (Selleck, S5742). beads was added to the protein-antibody mixture and then incubated at
4 °C for 2 h. Then, the beads were washed five times with cold Pierce
immunoprecipitation lysis buffer, the supernatant was discarded, and
the beads were heated to 100 °C for 10 min with 60 pl of 2 x SDS. To
denature the protein fully, the protein was removed, and the bottom of
the EP tube was gently removed every 2 min. Finally, the target protein
was detected using western blotting. Antibodies included Hsc70
(Abcam, ab51052), GPX4 (Abcam, ab125066), normal rabbit IgG (CST,
2729S), and NRF2 (Proteintech, 16396-1-AP).

Immunohistochemical (IHC) staining Tumour tissues in mice were
excised and fixed with 4% paraformaldehyde overnight. Tissue
embedding was carried out the next day. The sliced tissue was immersed
in EDTA citrate buffer and microwaved to complete antigen retrieval.
Then, the primary antibodies against GPX4 (Abcam, ab125066) and
Ki67 (Epitomics, 2642-1) were incubated overnight at 4 °C. The next
day, the sliced tissue was incubated with HRP-conjugated secondary
antibody for 30 min. Haematoxylin was applied for nuclear counter-
staining. Image acquisition was performed using a Nikon camera and
software. The percentage of positively stained cancer cells per image
was analysed.

4.1. Cell lines construction

For stable GPX4 or NRF2 shRNA expression, the retroviral vector
(pSUPER. puro) encoding hairpin RNA sequences was constructed. In
order to overexpress GPX4 in NRF2 stable knockdown cells, we stably
transfected PCDH-neo-GPX4 plasmid into NRF2 knockdown cancer
cells. G418 was used to screen cancer cells overexpressing GPX4.

To construct RSL3 or ML162 resistant cell lines, cancer cells were
treated with low concentrations of RSL3 or ML162 for one week. Sur-
viving cancer cells were cultured with normal medium for three days.
The cancer cells were then treated with higher concentrations of the
drug for a week. Follow this strategy for 4 cycles, gradually increasing
the drug concentration during the process. Finally, surviving cancer cells
were cultured with normal cell culture media. Cell survival assays were
used to verify the resistance of cancer cells to RSL3 and ML162.

Cell death assays. Propidium iodide staining followed by flow
cytometry analysis was used to detect cell death. MDA-MB-231 and
MCF-7 cells were seeded in six-well plates at a density of 1.5 x 10° cells
per well, and the cells were pretreated with Fer-1 or DFO. On the second

day, the cells were treated with the HDAC6 inhibitor Tub or the fer- 4.2. Irradiation and clonogenic survival assay

roptosis inducer erastin or RSL3 with or without other compounds. After

a period of time, viable cells and dead cells were collected, stained with To determine the effect of Tub on IR-induced ferroptosis, MDA-MB-
5 pg ml-1 PI, and analysed using flow cytometry. At least 10,000 cells 231 and MCF-7 cells were seeded in 6-well plates at a density of 1000
were analysed in each group, and all experiments were repeated at least cells per well, and the cells were pretreated with Fer-1 or DFO for 12 h.
three times. On the second day, the cells were irradiated at doses from 0 to 4 Gy and
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Extended Data Fig. 1. Tubastatin A promotes ferroptosis, rather than apoptosis or necrosis. (a, b) Cell viability measurements in MDA-MB-231 (a) or MCF-7
(b) cells subjected to the indicated treatments for 32 h or 36 h. Error bars are mean =+ s.d., n = 3 independent repeats. Statistical analysis was performed using a two-
way ANOVA analysis. (c—d) Cell death and lipid peroxidation measurement in the indicated cells treated with the indicated compounds for 20 h (c) or 28 h (d). MDA-
MB-231, Tub, 8 uM; Z-V, 10 uM Z-VAD-FMK; and Nec, 2 pM necrostatin-1s. MCF-7, Tub, 10 pM; Z-V, 10 pM; and Nec, 2 pM. (e-h) Cell-death and lipid-peroxidation
measurements in MDA-MB-231 or MCF-7 subjected to the indicated treatments for 20 h or 28 h. MDA-MB-231; Tub, 4 uM; Erastin, 2.5 pM; RSL3, 2.5 uM; Z-V, 10 pM
Z-VAD-FMK; and Nec, 2 pM necrostatin-1s. MCF-7; Tub, 5 pM; Erastin, 5 pM; RSL3, 2.5 pM; Z-V, 10 pM Z-VAD-FMK; and Nec, 2 pM necrostatin-1s. c-h, Data are the
mean =+ s.d.; n = 3 biologically independent experiments. Statistical analysis was performed using an unpaired two-tailed Student’s t-test.
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Extended Data Fig. 2. Tubastatin A did not affect the mRNA and protein level of GPX4.
(a-d) MDA-MB-231 or MCF-7 cells were treated with Tub or RSL3 at the indicated concentrations and times. The cells were collected and co-immunoprecipitation
assays were used to isolate endogenous GPX4 from the cells. (e) Co-immunoprecipitation assays were used to isolate endogenous GPX4 from MDA-MB-231 or MCF-7
cells. (f-i) The relative GPX4 mRNA measurement in MDA-MB-231 cells (f, g) or MCF-7 cells (h, i) treated with Tub at the indicated concentrations and times. (j, k)
The relative GPX4 protein measurement in MDA-MB-231 cells (j) or MCF-7 cells (k) treated with Tub at the indicated concentrations and times. f-i, statistical analysis
was performed using an unpaired two-tailed Student’s t-test. (1-0) Relative GPX4 enzyme activity measurement in the indicated test tube treated with CAY
(CAY10603) or SKLB (SKLB-23bb) for the indicated concentration and time in cell free system. We used co-immunoprecipitation to isolate endogenous GPX4 from
MDA-MB-231 cells. 1, time: 2 h m, concentration: 8 pM. n, time: 2 h o, concentration: 8 pM. Data are the mean + s.d.; n = 3 biologically independent experiments.
Statistical analysis was performed using an unpaired two-tailed Student’s t-test. a-e, j, k, Data are representative of n = 3 biologically independent experiments.
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Extended Data Fig. 3. IR enhances GPX4 expression by increasing the transcription of GPX4. (a, b) MCF-7 cells treated with IR at the indicated intensities and
times, then confocal microscopy of the cells were performed after staining with Nrf2 (green). (¢, d) An immunoblot showing the expression of GPX4 and NRF2 in
MDA-MB-231 (c) or MCF-7 (d) cells stable transfected with negative control (NC) or NRF2 shRNA with or without GPX4 overexpression. Data are representative of n
= 3 biologically independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

250 MU/min and cultured in normal medium. Fresh medium containing
different compounds was added to the plates every 2 days. After incu-
bation for two weeks, the cells were stained with 0.5% crystal violet
dissolved in 20% methanol. The colonies in each well were counted
visually.

Irradiation and cell line-derived xenograft model. This study
complied with all relevant ethical regulations. All procedures involving
mice and experimental protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) of Sun Yat-sen University
Cancer Centre. Female 5-week-old athymic nude mice were obtained
from Sun Yat-sen University. All mice were kept under specific-pathogen
free conditions in the animal facility of Sun Yat-sen University Cancer
Centre. Cancer cells were suspended and counted in 1 x DMEM, and 2 x
10 MDA-MB-231 cells were injected into mice subcutaneously. When
the tumours reached 50-100 mm?, the mice were randomly assigned to
different treatment groups. Tumours were irradiated with a JL Shepherd
Mark [-68A irradiator at a dose of 10 Gy. Tub was dissolved in solvent

15

containing 1% DMSO, 30% polyethylene glycol, 1% Tween 80 and 68%
H20 and then subcutaneously administered to mice at a dose of 2.5 mg/
kg once a day. Lipro-1 diluted in PBS was intraperitoneally injected daily
at a dose of 10 mg/kg. Tub or Lipro-1 was administered three times
before irradiation followed by continued daily administration until the
endpoint, as indicated in the corresponding figures. The tumour volume
was measured once every three days until the endpoint and calculated
according to the equation volume = length x width? x 1/2.

Biotin-streptavidin pulldown method. MDA-MB-231 cells (2 x
10%) were seeded into 10 cm dishes. The next day, the cells were treated
with 10 pM biotin or biotin-linked Tub. After 24 h of treatment, cancer
cells were lysed, and biotin-streptavidin pulldown was performed. Upon
incorporation of biotin, Tub-bound proteins were enriched on strepta-
vidin beads and subjected to on-bead trypsin digestion and subsequent
LC/LC-MS/MS analysis. Protein identities were determined with data-
base searches using the SEQUEST algorithm.

GPX4 enzyme activity detection. MDA-MB-231 or MCF-7 cells



S. Liu et al. Redox Biology 62 (2023) 102677
a f b &;o Extended Data Fig. 4. Radiotherapy-mediated
& @j@ S é& 4&@5 decrease of autophagic degradation by the AKT-
geve SETe mTOR-TFEB-lysosomal synthesis pathway. (a—b) An
AKTlEI AKTE immunoblot showing the expression of the indicated
pAKT ”'AKTE protein in MDA-MB-231 cells (a) or MCE-7 cells (b)
subjected to the indicated treatments for 12 h. (a) IR,
wion [N e 4 Gy; MK2206 2.5 uM. (b) IR, 6 Gy; MK2206 2.5 jM.
"'"‘TORlII P"“TORII Data are representative of n = 3 biologically inde-
p-TFEBlZI "’TFEB[I] pendent experiments. (c) MDA-MB-231 cells sub-
jected to the indicated treatments for 12h, then
GAPDHE capor confocal microscopy of the cells was performed after
BIDAME 23t MCF-7 staining with TFEB (red). IR, 4 Gy; MK2206 2.5 jM.
(d) MDA-MB-231 cells subjected to the indicated
c d MDAMB:231 treatments for 12h, then confocal microscopy of the
MDA-MB-231 — cells was performed after staining with lysotracker

TFEB DAPI lysosome DIC Merge

MK2206

IR+MK2206

. . . o .
f

e
MCF-7

Merge
- DMSO..
... IR...
... MKH“G..

MCF-7

(red). IR, 4 Gy; MK2206 2.5 pM. (e) MCF-7 cells
subjected to the indicated treatments for 12h, then
confocal microscopy of the cells was performed after
staining with TFEB (red). IR, 6 Gy; MK2206 2.5 pM.
(f) MCF-7 cells subjected to the indicated treatments
for 12h, then confocal microscopy of the cells was
performed after staining with lysotracker (red). IR, 6
Gy; MK2206 2.5 pM. (For interpretation of the ref-
erences to colour in this figure legend, the reader is
referred to the Web version of this article.)
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were seeded in a 10-cm dish at a density of 2 x 10°. On the second day,
the cancer cells were treated with Tub at the indicated concentrations
and times. The cells were collected and co-immunoprecipitation assays
were used to isolate endogenous GPX4 from the cells. Then, the GPX4
enzymatic activity of each group was analysed with a glutathione
peroxidase assay kit according to the manufacturer’s protocol (Abcam,
ab102530). To measure the inhibitory effect of Tub on GPX4 enzymatic
activity in vitro, MDA-MB-231 or MCF-7 cells were seeded in a 10-cm
dish at a density of 2 x 10° On the second day, the cells were
collected and co-immunoprecipitation assays were used to isolate
endogenous GPX4 from the cells. Then, Tub was added to the test tube
containing GPX4 at the indicated concentrations and times, and the
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GPX4 enzymatic activity of each group was analysed with a glutathione
peroxidase assay kit according to the manufacturer’s protocol (Abcam,
ab102530).

Statistics. Statistical analyses were performed with GraphPad Prism
8.0 (GraphPad, La Jolla, CA, USA) and SPSS 20 software. The results
were analysed by unpaired Student’s t-test, 1-way or 2-way ANOVA
followed by either Dunnett’s or Tukey’s test. All statistical tests were
two-sided and a P value less than 0.05 was considered significant.

Study approval. The mouse experiments complied with protocols
approved by the Institutional Animal Care and Use Committee (IACUC)
of Sun Yat-sen University Cancer Centre.
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Extended Data Fig. 5. GPX4 works as a predictor
of the response to cancer radiotherapy. (a)
Kaplan-Meier analysis of overall survival for breast
cancer patients who have undergone radiotherapy.
(b-d) Kaplan-Meier analysis of overall survival for
breast cancer patients (b), liver cancer patients (c),
stomach cancer patients (d). (e-h) Cell-death mea-
surements in MDA-MB-231 or MCF-7 subjected to the
indicated treatments for 24 h or 28 h. MDA-MB-231;
Tub, 4 pM; docetaxel, 1.25 pM; doxorubicin, 1.25 pM.
MCF-7; Tub, 5 pM; docetaxel, 1.25 uM; doxorubicin,
1.25 pM. Data are the mean =+ s.d.; n = 3 biologically
independent experiments. Statistical analysis was
performed using an unpaired two-tailed Student’s t-
test.
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