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Abstract

Ferroptosis is a specialized iron-dependent cell death that is associated with lethal lipid peroxidation. Modulation of
ferroptosis may have therapeutic potential since it has been implicated in various human diseases as well as potential
antitumor activities. However, much remains unknown about the underlying mechanisms and genetic determinants of
ferroptosis. Given the critical role of kinases in most biological processes and the availability of various kinase inhibitors, we
sought to systemically identify kinases essential for ferroptosis. We performed a forward genetic-based kinome screen
against ferroptosis in MDA-MB-231 cells triggered by cystine deprivation. This screen identified 34 essential kinases
involved in TNFα and NF-kB signaling. Unexpectedly, the DNA damage response serine/threonine kinase ATM (mutated in
Ataxia-Telangiectasia) was found to be essential for ferroptosis. The pharmacological or genetic inhibition of ATM
consistently rescued multiple cancer cells from ferroptosis triggered by cystine deprivation or erastin. Instead of the
canonical DNA damage pathways, ATM inhibition rescued ferroptosis by increasing the expression of iron regulators
involved in iron storage (ferritin heavy and light chain, FTH1 and FTL) and export (ferroportin, FPN1). The coordinated
changes of these iron regulators during ATM inhibition resulted in a lowering of labile iron and prevented the iron-
dependent ferroptosis. Furthermore, we found that ATM inhibition enhanced the nuclear translocation of metal-regulatory
transcription factor 1 (MTF1), responsible for regulating expression of Ferritin/FPN1 and ferroptosis protection. Genetic
depletion of MTF-1 abolished the regulation of iron-regulatory elements by ATM and resensitized the cells to ferroptosis.
Together, we have identified an unexpected ATM-MTF1-Ferritin/FPN1 regulatory axis as novel determinants of ferroptosis
through regulating labile iron levels.

Introduction

Ferroptosis is a novel form of regulated cell death
with human disease relevance

During the past decade, ferroptosis has been recognized as a
form of iron-dependent regulated death with distinct mor-
phologic features and molecular mechanisms [1, 2]. Fer-
roptosis was first found to be triggered by erastin that
selectively induced cell death in tumor cells carrying
mutated forms of RAS [3]. Later, erastin was found to be a
potent inhibitor of xCT, a cystine-glutamate antiporter
encoded by the SLC7A11 gene, which encodes the substrate
specific subunit of system xc

− that is required for the import
of extracellular cystine into human cells. The amino acid
cysteine usually exists as the dimeric and oxidized form of
cystine (CS-SC). Once imported, cystine is reduced to
cysteine and used as the limiting component for the
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synthesis of the tripeptide glutathione (GSH), which is used
by glutathione peroxidase 4 (GPX4) to repair lipid perox-
idation and prevent ferroptosis. Inhibition of cysteine-
dependent GSH synthesis via erastin, other xCT inhibitors,
or cystine deprivation leads to inactivation of GPX4,
accumulation of lipid-based reactive oxygen species (ROS),
and eventually cell death via ferroptosis [4, 5].

While ferroptosis was initially discovered as an erastin-
induced death, further investigations have implicated ferrop-
tosis in various pathophysiological processes and diseases.
For example, inactivation of GPX4 in mice lead to acute renal
failture [6]. The tumor suppression capacity of p53 and BAP1
has been attributed to their ability to trigger ferroptosis [7, 8].
In addition, ferroptosis inhibitors have been found to prevent
cell death in Huntington’s diseases [9], acute kidney injury
caused by rhabdomyolysis [9], or ischemia-reperfusion injury
[10]. Therefore, modulating ferroptosis may have therapeutic
potentials in various ferroptosis-associated diseases. In addi-
tion, since tumor cells with certain oncogenic mutations are
very sensitive to ferroptosis, triggering ferroptosis may also
have significant therapeutic potential for ferroptosis-sensitive
tumor cells. However, much remains unknown about the
underlying mechanisms to optimize the therapeutic potential
of modulating ferroptosis.

Genetic determinants of ferroptosis

Several recent excellent reviews have discussed the genetic
determinants of the ferroptosis in various biological processes,
including cystine and lipid metabolisms as well as iron biol-
ogy [1, 2]. Many of these genetic determinants were identified
using unbiased forward genetic screens under ferroptosis-
inducing conditions. For example, a genome-wide siRNA
screen of erastin-treated HT-1080 fibrosarcoma identified
cysteine-tRNA synthetase, CARS, to be essential for ferrop-
tosis [11]. Further mechanistic studies revealed that inhibition
of CARS significantly enhances the transcriptional upregu-
lation of serine metabolisms as well as the transsulfation
pathways, in which methionine could be used to produce
cysteine. Thus, CARS depletion helps to sustain the cysteine
and GSH under erastin and confer the ferroptosis resistance
phenotype. Another study using genome-wide CRISPR-based
genetic screen identified acyl-CoA synthetase long-chain
family member 4 as an essential component for ferroptosis
execution through the lipid reprogramming [12]. Even with
these studies, much still remains unknown about the processes
and determinants of ferroptosis.

The role of kinome in ferroptosis remains poorly
understood

Phosphorylation is one of the most important regulatory
protein modifications, which is involved in a wide spectrum

of cellular processes. The protein kinase regulates phos-
phorylation via catalyzing the transfer of γ-phosphate from
ATP to the tyrosine, threonine, or serine residues of their
substrate proteins. Dysregulated phosphorylation events due
to oncogenic mutation of various kinases may also lead to
tumorigenesis in tumors arising from various tissues [13].
With the impressive clinical benefits of the inhibitors that
target these oncogenic kinases, many kinase inhibitors are
currently used in clinics or under various stages of devel-
opment. Thus, identifying kinases essential for ferroptosis
may have translational potential for clinical studies. How-
ever, other than a few independent studies [1, 14], little is
known about the role of kinases in the ferroptosis. To
systemically investigate the role of protein kinases in the
ferroptosis, we performed a kinome genetic screen to
uncover the kinases essential for ferroptosis triggered by
cystine deprivation. From our screen, we unexpectedly
identified the noncanonical function of ataxia-telangiectasia
mutated (ATM) as an essential kinase for ferroptosis
through the regulation of the iron metabolism. These find-
ings suggest the possibility to employ ATM inhibitors to
reduce the cell death and pathogenesis of ferroptosis-
associated human diseases.

Results

Kinome screen of the cystine-deprived ferroptosis

While previous studies of ferroptosis focused on effectors
involved in cysteine metabolism [11] or lipid peroxidation
[2, 9, 12], several studies have indicated that kinases might
play an essential role in this process [1, 14]. To system-
atically identify kinases essential for ferroptosis, we per-
formed forward genetic screens using a siRNA kinome
library (Horizon/Dharmacon siGENOME SMARTpool)
targeting 715 human genes annotated as “kinases”. The
MDA-MB-231 cell was chosen due to its strong cystine
addiction and sensitivity to erastin-induced death [15].
MDA-MB-231 were first transfected with each siRNA in
the kinome library for two days, then placed under either
regular (200 µM cystine) or cystine-deprived (1 µM cystine)
media known to induce ferroptosis. Two days after the
media changes, the viability of each well under regular or
cystine-deprived media was assessed by CellTiter-Glo®,
which measured ATP content as an indicator for cell via-
bility. Two criteria were initially applied to identify kinase
hits essential for ferroptosis. First, we calculated the “rescue
ratio” as the extent of viability observed after treatment with
each siRNAs to that of the nontargeting siRNA control
under cystine-deprived conditions. The “rescue ratio”
represents the observed degree of improved viability res-
cued by each siRNA under cystine-deprived condition. The
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rescue ratio of each siRNA was plotted (Y-axis) against its
corresponding effects on the general viability observed
under full, regular medium (X-axis, Fig. 1a). Second, we
eliminated all siRNAs that led to less than 50% viability
under full medium condition. Using ANOVA test (with
threshold p < 0.0001), we identified our top 34 hits that
rescued to a significant degree the ferroptosis phenotype
observed after cystine depletion (Fig. 1b). Of note, we
compared the mRNA expression profiles of those top 34
candidates in MDA-MB-231, MCF7 and NCI-ADR-RES
cell lines [16, 17], and found most of these hit kinases were
expressed in these cell lines at comparable levels (Fig. S1).
Our analysis revealed that several kinases are involved in
the TNFα pathway. For example, spleen associated tyrosine

kinase [18] is essential for the TNFα-induced signaling [19]
while TGFβ activated kinase 1, MAP3K7 is activated by
TNFα to trigger cell death [19, 20]. Other hit is in the NF-
kB pathway, such as interleukin 1 receptor associated
kinase 1, which is recruited by myeloid differentiation pri-
mary response 88 to regulate NF-kB nuclear translocation
[21]. These kinase hits suggest the potential involvement of
TNFα and NF-kB signaling in the ferroptosis process.

To examine whether the gene products corresponding to
these hits might interact with each other as part of inter-
acting networks, we used STRING analysis [22] (Fig. 1c).
Unexpectedly, we found that ATM and ataxia telangiectasia
and Rad3-related protein (ATR) were the most connected
“nodes” with largest number of interactions with other hits.

Fig. 1 Kinome screening
identified 34 kinase essential for
cystine-deprived death. a Scatter
plot displayed the effects of
siRNA-mediated silencing of
individual kinase on the viability
of MDA-MB-231 under cystine-
deprived (Y-axis) and full media
(X-axis) upon the siRNA-
mediated silencing of individual
kinase in MADA-MB-231
breast cancer cells. Y-axis and X-
axis are the relative cell
viabilities after knockdown each
kinase normalized against
nontargeting control siRNA in
cystine deprived and normal
medium, respectively. Each
purple dot represents individual
kinase-targeting pooled siRNA;
each red dot represents
significant “hits” from the screen
based on the log-transformed
normalized viability and
calculated by ANOVA
(threshold: p < 0.0001). b List of
34 “hit” essential kinases is
shown with their normalized
viability (against nontarget
siRNA) in the control full media
or cystine-deprived media
(ANOVA p < 0.0001). The
kinases were ranked by the
normalized viability under
cystine deprivation. c STRING
analysis of all the hit kinases
based on the protein–protein
interaction networks,
highlighting the essential role of
ATM and ATR as highly
connecting nodes among the
kinases essential for the cystine-
deprived death
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Both ATM and ATR are kinases critical for the DNA
damage responses [23], and one of their downstream tar-
gets, p53, has been implicated in regulating ferroptosis
[8, 24–26], prompting us to further validate and investigate
the role of ATM and ATR in the ferroptosis.

Genetic or pharmacological inhibition of ATM
confers resistant to cystine deprivation and erastin

First, we validated the essential role of ATR or ATM in
ferroptosis. We found that silencing of either ATM or ATR
by pooled siRNAs rescued MDA-MB-231 from cell death
triggered by cystine-deprivation (Fig. 2a) and erastin
(Fig. 2b). When ATM and ATR were silenced simulta-
neously, ATM-depletion provided the predominant protec-
tive effect under erastin (Fig. 2b; siATR versus
siATRsiATM, p-value < 0.01; siATM versus siATRsiATM,
p-value= 0.22). Therefore, we decided to focus on the
functional role and mechanisms of ferroptosis protection
associated with ATM inhibition. In addition, ATM-
depletion provided long-term (up to 71 h) protective effect
against erastin (Fig. 2b, lower panel). ATM-depletion also
protected cells from ferroptosis triggered by different con-
centrations of various GPX4 inhibitors including RSL3 [27]
(Fig. S2a, b), or FIN56 [28] (Fig. S2c, d), suggesting that
the ATM may act downstream of xCT and GPX4. To rule
out any potential off-targets [29] associated with the origi-
nal ATM targeting siRNA pool used in our experiments, we
confirmed that ferroptosis could be rescued by the two
individual siRNAs against ATM in both MDA-MB-231 and
RCC4 (renal cell carcinoma) (Fig. 2c and S2e).

After validating that genetic silencing of ATM protected
cells from erastin, RSL3, FIN56, or cystine-deprivation
induced ferroptosis, we tested whether chemical inhibitors
of ATM had similar effects. Three specific and structurally
distinct ATM inhibitors, Ku-55933 [30], Ku-60019 [31],
and AZD1390 [32] all significantly protected from erastin-
induced ferroptosis phenotype in MDA-MB-231cells
(Fig. 2d, e, and S2f) and RCC4 cells (Fig. S2g). Of note,
Ku-55933 and Ku-60019 seem to exert stronger ferroptosis
protection than AZD1390, raising the concerns about non-
specific redox properties of these two ATM inhibitors.
However, such concern is not supported by the reported
ability of Ku-55933 to accumulate intracellular ROS and
depletes GSH [33, 34]. We also noted that, in MDA-MB-
231, ATM proteins and S1981 phosphorylated ATM were
highly enriched in the nucleus (Fig. 2f) under basal condi-
tions [35, 36]. Importantly, the nuclear and S1981 phos-
phorylated ATM were not affected by erastin, suggesting
that the ATM activation was found in MDA-MB231 at
baseline before erastin treatment. However, Ku-55933
successfully reduced ATM phosphorylation at S1981
(Fig. 2f). The presence of nuclear and phosphorylated ATM

in MDA-MB-231 suggested that ATM might have already
been activated in the absence of ionization radiation or
erastin, consistent with a previous study showing sponta-
neous DNA damage and ATM activation in MDA-MB-231
[37]. During DNA damage, CHK2 (Checkpoint Kinase 2)
and tumor suppressor p53 are often considered the cano-
nical signaling substrates of ATM [23]. However, depletion
of CHK2 by siRNA did not rescue cells from ferroptosis
(Fig. S2h), suggesting that ATM may regulate ferroptosis in
a CHK2-independent way. In addition, ATM inhibition
rescued cells from ferroptosis in both p53 wild type RCC4
(Fig. S2e, g) and HT-1080 (Fig. S2i, j) or p53 mutant
MDA-MB-231 (Fig. 2). To further determine the role of
ATM kinase activity in ferroptosis, we overexpressed wild
type or kinase dead ATM [38] into 293T cells due to easy
transfection and measured their sensitivity to erastin. We
found overexpression of wild type, but not kinase dead
mutant, ATM sensitized cells to erastin while blocking
ATM activity by Ku-55933 reduced cell death (Fig. 2g).
Collectively, these data indicate that ATM-depletion or
inhibition of its enzymatic activity robustly conferred fer-
roptosis resistance, in a CHK2- or p53-independent manner.

ATM inhibition regulates the mRNA levels of iron
regulators

To investigate how ATM inhibition confers ferroptosis
protection, we analyzed a published transcriptome data in
response to ATM inhibition conducted by Miller’s group
[39]. Interestingly, we noted the ATM knockdown led to
the upregulation of the SLC40A1, encoding ferroportin (or
FPN1), the sole iron exporter. In addition, McDonald et al.
also reported altered ferritin and ferroportin expression in
the Atm null mouse liver [40]. Since iron metabolism is
critical for ferroptosis [4], these data prompted us to
examine whether ATM inhibition might affect the expres-
sion of various iron regulators. Quantitative RT-PCR
revealed that ATM knockdown (Fig. 3a) or ATM inhibi-
tion (Fig. 3b) both increased the mRNA expression of FPN1
(Ferroportin), FTH1 (Ferritin heavy chain 1), and FTL
(Ferritin light chain). In addition, we observed an increase
in FTH1, FTL, SLC7A11/xCT, and GPX4 protein upon
ATM knockdown (Figs. 3c, S3a) or increase in FTH1
protein upon treatment with the ATM inhibitor Ku-55933
(Fig. 3d). Of note, induction of SLC7A11/xCT in ATM
knockdown cells was associated with a lower reduced GSH
(Fig. S3b). Erastin treatments significantly reduced the
cellular GSH levels in both siNC and siATM cells, sug-
gesting that SLC7A11/xCT induction in ATM knockdown
cells may not be sufficient to abolish the erastin-induced
GSH depletion to confer ferroptosis protection (Fig. S3b).

These data clearly indicate that ATM inhibition triggers a
coordinated change in the mRNA levels of multiple iron
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regulators to increase export (increased FPN1), as well as
iron sequestration (increased FTH1 and FTL). Conse-
quently, these changes may affect the sensitivity of cells to
undergo ferroptosis [4]. To test this possibility, we

abolished FTH1 or FPN1 induction by siRNA-mediated
silencing upon ATM inhibition. We found that the knock-
down of either FPN1 (Fig. 3e) or FTH1 (Fig. 3f, g and S3c
for longer time course) significantly reduced the ferroptosis
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protection offered by ATM knockdown. Collectively, these
data show that FTH1 and FPN1 induction is critical to the
ferroptosis protection phenotypes upon ATM knockdown.

ATM inhibition reduces cellular levels of labile iron

ATM inhibition induced the expression of iron exporter
(FPN1) and ferritins (FTH1, FTL) involved in sequestering
iron. These changes are expected to affect the levels of
labile iron. To test this possibility, we used the fluorescent
metal sensor (calcein green) and iron chelator to determine
the levels of labile iron pools in MDA-MB-231 cells
exposed to varying doses of erastin [41, 42]. Consistent
with previous studies, we found that erastin (1, 5, or 10 μM)
increased the labile iron pool (Fig. 4a) [42]. Furthermore,
chemical inhibition of ATM by Ku-55933 significantly
reduced the level of labile iron (Fig. 4b), as expected from
the induction of FPN1 and ferritins. Similarly, ATM
knockdown by siRNA also reduced the level of labile iron
(Fig. 4c). Given the importance of labile iron in ferroptosis,
it is likely that a reduction in the labile iron pool contributes

to the ferroptosis protection associated with ATM inhibi-
tion. Indeed, supplementing ferric citrate in the medium
resensitized the ATM knockdown cells to ferroptosis under
erastin (Fig. 4d). Taken together, we found ATM inhibition
protects against ferroptosis by reducing the labile iron pool.

MTF1 regulates the iron regulatory transcriptional
program of ATM inhibition

Next, we wished to identify the regulator(s) responsible for
the FPN1 and FTH1 induction during ATM inhibition.
Based on a literature search, we considered several candi-
dates including iron-responsive element-binding proteins
(IRP1 or IRP2) [43], nuclear factor (erythroid-derived 2)-
like-2 (NRF2) [44–46], myeloid zinc-finger 1 (MZF1) [46],
NF-κB p65 [47, 48], and metal-regulatory transcription
factor-1 (MTF1) [49, 50]. To determine the potential role of
each candidate protein in the induction of iron regulators
upon ATM inhibition, we transfected siRNAs targeting
each candidate regulator, together with siATM, and ana-
lyzed by qRT-PCR to determine how they affected the
FPN1/FTH1 induction. We found that silencing of NRF2,
p65, IRP1, and IRP2 only partially or did not significantly
affect the FTH1 and FPN1 induction caused by ATM
inhibition (Fig. 5a). In contrast, silencing of MTF1 abol-
ished the induction of FPN1, FTH1, and FTL during ATM
inhibition (Fig. 5b). Importantly, MTF1 silencing also
abolished the ferroptosis protection phenotypes of ATM
silencing (Fig. 5c). In addition, we noticed that the protec-
tive effect of ATM silencing could also be mitigated by
NRF2 silencing (Fig. S4a), consistent with known role of
NRF2 in regulating ferroptosis [44]. In contrast, the silen-
cing of MZF1, IRP1, or IRP2 did not abolish the ferroptosis
protection by ATM silencing (Fig. S4b–d). In sum, our data
validated the function of NRF2 in regulating ferroptosis and
also implicated a novel role of MTF1 in the ferroptosis
protection phenotypes upon ATM inhibition.

MTF1 is a metal-regulatory transcription factor that
responds to and regulates the cellular levels of various
metals, especially zinc [50]. A previous study has shown
that MTF1 triggers the expression of the iron exporter FPN1
[49], consistent with our data on its role in the induction of
FPN1/FTH1/FTL during ATM inhibition (Fig. 5b). Since
MTF1 activity is usually regulated by nuclear translocation
[50], we investigated whether the subcellular locations of
MTF1 was affected by ATM inhibition. Confocal immu-
nofluorescence assay showed that, at baseline (DMSO),
MTF1 was found in both nuclei and cytosol of MDA-MB-
231 (Fig. 5d). Zinc chelator (TPEN) restricted MTF1 pro-
tein in the cytosol with limited amount in the nucleus as
observed with obscure nuclear and cytosol boundary.
Conversely, zinc chloride triggered almost complete nuclear
translocation (Fig. 5d) as we observed several dense nuclear

Fig. 2 Validation of ATM as a critical mediator of ferroptosis.
a Depletion of ATM and ATR confers resistance to cystine-deprived
death. MDA-MB-231 cells were transfected with siNC, siATM, or
siATR for 48 h, then incubated with normal full (200 μM cystine) or
cystine-deprived (5 μM cystine) medium for 68 h. Cell viability was
determined by CellTiter-Glo. Lower panel, the knockdown efficiency
of ATM and ATR were determined by Western blots. b Depletion of
ATM, ATR, or both ATM/ATR rescued MDA-MB-231 cells from
erastin-induced death. MDA-MB-231 cells were transfected with
siNC, siATM, siATR, or combined siATM/ATR for 72 h are then
incubated with DMSO or erastin (10 μM) for 16 h (upper panel) or
indicated time points up to 71 h (lower panel). Cell viability or death
was determined by CellTiter-Glo (upper panel) or CellTox Green
(lower panel), respectively. c Depletion of ATM by two individual
siRNAs (siATM-27 and siATM-28) recued MDA-MB-231 cells from
erastin-induced death. d, e ATM inhibitor Ku-55933 (d) and Ku-
60019 (e) rescued cells from erastin-induced death. MDA-MB-231
cells were treated with Ku-55933 for 72 h, and then treated with
DMSO or erastin for 24 h before viability determination by CellTiter-
Glo. (The data are shown from one representative experiment with
three biological replicates, and the data were reproduced from at least
two independent experiments; Student’s t-test; *p < 0.05; **p < 0.01)
f ATM inhibitor Ku-55933 reduced the S1981 phosphorylation of
nuclear ATM. The amount of ATM protein or ATM S1981 phos-
phorylation in the nuclear or cytosol were analyzed by Western blots
in the presence of erastin or Ku-55933. g Overexpression of wild-type
(WT) but kinase dead (KD) ATM sensitized cells to ferroptosis.
Vector, flag-WT-ATM, or flag-KD-ATM was transiently expressed
into 293T cells. 24 h after transfection, cells were seeded into 96 well
and pretreated with Ku-55933 (10 μM) for additional 24 h. The cell
death was monitored by CellTox-Green 18 h after erastin (10 μM)
treatment. The data was normalized to time 0 (immediately after
addition of erastin). The data presented are mean ± S.D. from four
biological replicates (Student’s t-test; *p < 0.05). In parallel, trans-
fected cells lysates were collected for the protein expression of flag-
WT-ATM or flag-KD-ATM by Western blots with indicated anti-
bodies (right panel)
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Fig. 3 The induction of iron regulatory genes by ATM inhibition is
essential for protection against ferroptosis a Depletion of ATM upre-
gulates the mRNA expression of FTH1, FTL, and FPN1. MDA-MB-
231 cells were transfected with siNC or siATM for 48 h and the
mRNA levels of indicated genes were determined by qRT-PCR.
b ATM inhibitor Ku-55933 upregulated the mRNA expression of
FTH1, FTL, and FPN1. MDA-MB-231 cells were treated with Ku-
55933 for 48 h, and the mRNA levels of indicated genes were
determined by qRT-PCR. c, d Inhibition of ATM by siRNA (c) or Ku-
55933 (d) increased the level of FTH1 protein. Cell lysates from
siATM (69 h) or Ku-55933 (48 h) were analyzed by Western blots
with indicated antibodies. e, f FPN1 and FTH1 are essential for

ferroptosis protection by ATM inhibition. Cells were transfected with
indicated siRNA for 78 h, and incubated with DMSO or erastin
(10 μM) for 18 h before determining the viability by CellTiter-Glo.
(The data are shown from one representative experiment with three
biological replicates, and the data were reproduced from at least two
independent experiments; Student’s t-test; *p < 0.05; **p < 0.01)
g FTH1 is essential for ferroptosis protection by ATM inhibition for
longer time course. MDA-MB-231 cells were transfected with indi-
cated siRNA for 72 h, and incubated with DMSO or erastin for 70 h.
The cell death was monitored from time 0 to 70 h by CellTox-Green.
All the data were normalized to DMSO control in each group (The
data are shown from three biological replicates.)

1014 P.-H. Chen et al.



MTF1 speckles. Importantly, Ku-55933 dramatically
enhanced nuclear localization of MTF1, consistent with the
activation of the iron regulatory genes by MTF1 during

ATM inhibition. The nuclear translocation of MTF1 by
ATM inhibition (Ku-55933) was further validated using
Western blots of the nuclear and cytosolic fractions. Ku-

Fig. 4 ATM inhibition reduces the intracellular labile iron pool.
a Erastin treatment increases intracellular labile iron pool (LIP). MDA-
MB-231 cells were treated with indicated concentrations of erastin for
6 h, and incubated with Calcien-AM. The relative LIP was calculated
based on the differences in the fluorescence intensity before and after
DFO chelation. (The data was acquired from six biological replicates
performed in parallel; Student’s t-test; *p < 0.05, **p < 0.01) b ATM
inhibition by Ku-55933 decreases intracellular labile iron pool. MDA-
MB-231 cells were treated with Ku-55933 (5 μM) for 24 h, and
incubated with Calcien-AM to measure the relative LIP. (The data was
acquired from eight biological replicates performed in parallel; Stu-
dent’s t-test; **p < 0.01) c Depletion of ATM by siRNA decreases

intracellular labile iron pool. MDA-MB-231 cells were transfected
with indicated siRNA for 72 h, and incubated with Calcien-AM to
measure the relative LIP. (The data was acquired from four biological
replicates performed in parallel; Student’s t-test; *p < 0.05) d Iron
supplementation sensitizes ATM-depleted cells against erastin. MDA-
MB-231 cells were transfected with siNC or siATM for 72 h, and then
incubated with DMSO, erastin (10 μM), with or without ferric citrate
(50 μM) for indicated time point. The amount of cell death was
evaluated by CellTox-Green at each time point. The data presented are
mean ± S.D. from four biological replicates, and the data were repro-
duced from two independent experiments. P-values were calculated by
Student’s t-test, **p < 0.01
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55933 significantly reduced the ATM phosphorylation
(Fig. 5e) and increased the nuclear fractions of MTF1
protein, but not lamin A/C (nuclear loading control)
(Fig. 5e) (see also Fig. S5a for uncropped blot and

validation of the specificity of MTF1 antibody by siRNA in
Fig. S5b), as quantified in Fig. 5f. Together, these data
indicate that ATM inhibition induced nuclear translocation
of the MTF1 transcription factor. This nuclear translocation
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of MTF1 is expected to result in an increase in the
expression of iron-regulatory genes, which leads to a
decrease in labile iron levels and helps prevent ferroptosis.

Discussion

Summary of the findings

Using a siRNA library targeting the human kinome, we
have identified 34 kinases that are essential for the full
execution of ferroptosis in response to cystine depriva-
tion. In addition to kinases involved in the TNF-α and NF-
kB pathway, we uncovered an unexpected role for ATM
in regulating ferroptosis. Genetic knockdown and che-
mical inhibition of ATM both suppress ferroptotic cell
death and reduce intracellular labile iron via enhancing
iron sequestration (increased FTH1, FTL) and export
(increased FPN1). These coordinated changes rely largely
on MTF1 transcriptional activity and its nuclear translo-
cation upon ATM inhibition. Together, we uncover a
novel regulatory mechanism by which ATM regulates the
labile iron levels and determines the sensitivity to fer-
roptosis (Fig. 6). These findings reveal a novel function of
ATM in regulating cellular iron metabolisms and provide
important insights into the regulation of ferroptosis. In
addition, these findings also have significant therapeutic
implications.

ATM inhibitors may be used to treat ferroptosis
related diseases

It has been appreciated that ferroptosis is involved in many
human diseases [2], such as acute renal injury [9, 10].
Therefore, blocking ferroptosis may have significant ther-
apeutic benefits. Given the essential role of ATM in fer-
roptosis, our findings provide a mechanism-based rationale
for testing the therapeutic potential of various ATM inhi-
bitors in ferroptosis-related diseases. Many ATM inhibitors
have been developed as radiosensitizers [51] to enhance the
efficacy of radiation therapies. Of note, AZD1390, a brain-
penetrant ATM inhibitor, significantly induced tumor
regressions and increased animal survival when treated in
combination with ionizing radiation (IR) [32], also rescued
MDA-MB-231 cells against ferroptosis (Fig. S2f). As these
ATM inhibitors are evaluated for the safety and efficacy for
treatment various tumors, our results suggest these ATM
inhibitors, selected to be “safe” in the setting of these trials,
may be also repurposed to block ferroptosis and improve
the outcomes of these ferroptosis-associated diseases.
However, it is also important to point out that since ATM
inhibitors affect ferroptosis indirectly through regulating
labile iron levels, the ferroptosis protection effects of ATM
inhibitors may be affected by many other factors impacting
iron metabolisms, thus may limiting the efficacy of such
ferroptosis inhibitors.

The connection between DNA damage response and
ferroptosis

While the involvement of ATM in the ferroptosis is
unexpected, it is important to note that ATM phosphor-
ylates and stabilizes p53 during DNA damage [52]. As the
gatekeeper of genomic integrity, p53 has been shown to
trigger ferroptosis as a part of its tumor suppressor
activities [8, 26]. However, other studies have shown that
p53 can suppress ferroptosis through the regulation of
dipeptidyl peptidase 4 [24] or p21 [25]. Therefore, the
regulation of ferroptosis by p53 may be context depen-
dent. In our story, p53 may not be the key determinant of
ferroptosis protection through ATM inhibition since we
observed these phenotypes in both p53-mutated triple
negative breast cancer cells [53] or p53 wild-type HT-
1080 and RCC4 cells (Fig. S2e, g, i, and j). Another
canonical ATM target CHK2 was also not relevant for the
ferroptosis protection (Fig. S2h). Therefore, ATM prob-
ably affects ferroptosis through a mechanism distinct from
the canonical DNA damage pathways. Our data indicates
that ATM inactivation regulates the iron metabolism and
reduces labile iron levels through a novel mechanism by
affecting MTF1 activities. MTF1 is a metal responsive
transcription factor that typically senses and responds to

Fig. 5 MTF1 is responsible for induction of iron regulators and fer-
roptosis resistance of ATM inhibition. a, b MTF1 but not NRF2, p65,
or IRP1/2 is responsible for the induction of FTH1, FTL, and FPN1
mRNA associated with ATM silencing. MDA-MB-231 cells were
transfected with indicated siRNAs for 48 h, and the mRNA expression
of indicated genes were analyzed by qRT-PCR. The data was acquired
from three biological replicates. P-values were calculated by Student’s
t-test, *p < 0.05, **p < 0.01, ns stands for non-significant. The level of
each mRNA was normalized to β-actin mRNA. The P-value was
calculated by comparing the expression of each group to the siNC
control. c Depletion of MTF1 sensitized ATM-knockdown cells to
ferroptosis. MDA-MB-231 cells transfected with indicated siRNAs for
72 h, treated with DMSO or erastin for 30 h and the viability was
determined by CellTiter-Glo. The data was acquired from six biolo-
gical replicates. P-values were calculated by Student’s t-test, *p < 0.05,
**p < 0.01. d The subcellular localization of MTF1 upon TPEN,
ZnCl2 or Ku-55933 treatment. MDA-MB-231 cells treated with
DMSO, TPEN (5 μM), ZnCl2 (100 μM), or Ku-55933 (5 μM) were
fixed and stained with DAPI (nuclear), phalloidin (F-actin), and MTF1
antibody. Representative images are shown to visualize the subcellular
locations of MTF1 upon different treatments. e, f Ku-55933 increased
nuclear translocation. The cytosol and nuclear fractions of MDA-MB-
231 were collected after treatment of Ku-55933 (5 μM) for 24 h. The
successful cytosolic and nuclear fractions were assessed GADPH and
Lamin A/C, respectively. The relative amount of MTF1 in each frac-
tion was quantified by Western blots (e) and ImageJ (f). The data
presented are mean ± S.D. from three biological replicates. P-values
were calculated by Student’s t-test, *p < 0.05, **p < 0.01
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intracellular metal levels [50, 54]. While most of studies
focus on the regulation between MTF1 and zinc in
mammals, several reports have suggested the potential
connections with iron. For example, the expression of
ferroportin or hepcidin is regulated by MTF1 [49, 55]. In
Drosophila, induction of ferritin was stimulated by
treatment of cadmium, copper, or zinc in a MTF1
dependent manner [56]. Overexpression of MTF1 in flies
also prolongs their lifespans under iron exposing condi-
tion [57]. Taken together, we uncovered a novel crosstalk
of between ATM, MTF1, and iron metabolism that reg-
ulate the sensitivities of cancer cells to ferroptosis. In fact,
we did not find putative ATM phosphorylation motif
within MTF1, suggesting that MTF1 might not be a direct
substrate of ATM. However, upon the inhibition of ATM,
accumulation of ROS and oxidative stress [58–63] may
activate c-Jun N-terminal kinase (JNK) [64, 65], and thus
leading to activation of MTF1 [66]. Alternatively, delayed
dephosphorylation of JNK upon ATM inhibition or inhi-
bition of some protein tyrosine phosphatases during
ferroptosis-inducing conditions might also contribute to
activation of MTF1 [66–68]. Future study focusing on

ATM signaling and phosphoproteomics may be an inter-
esting topic to determine whether JNK or other direct
ATM targets are responsible for the activation and
translocation of MTF1 upon ATM inhibition. In addition,
how does MTF1 selectively regulates zinc, iron, or other
metal level in the context of ferroptosis may also be a
relevant topic for future investigation.

Iron level as a mechanistic link between oncogenic
states and ferroptosis sensitivity

Several studies have shown that ionization radiations
increased labile iron level [69, 70]. Importantly, chelation of
labile iron protect cells from ionizing radiation [71], indi-
cating the critical role of increased labile iron in the ther-
apeutic benefits. These data are consistent with our data
showing that ATM activities can regulate labile iron levels.
Reciprocally, our results also suggest that IR-mediated
induction of labile iron may sensitize the cells to various
ferroptosis-inducing agents. It will be important to deter-
mine whether the ATM-MTF1-FNP1/FTH1/FTL regulatory
axis is responsible for the IR-induced changes in labile iron.

Fig. 6 Working model of ATM
regulates ferroptosis. Cystine
deprivation or erastin treatment
reduces intracellular cystine,
cysteine, and GSH (reduced
glutathione) level while
increases ROS (reactive oxygen
species) and oxidized
glutathione (GSSG). These
changes make the cells
susceptible to iron-mediated cell
death, ferroptosis. ATM-
inactivation increases the
nuclear translocation of MTF1
protein, which induces the
expression of ferritin (FTH1 and
FTL) and ferroportin (FPN1) to
sustain low-labile iron condition
and confer resistance to
ferroptosis
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In sum, there is a strong rationale to combine ferroptosis
and ionization radiation to enhance the efficacy of IR and
reduce resistance for various tumors.

Materials and methods

Cell lines, siRNAs, chemicals, constructs, and
antibodies

MDA-MB-231, RCC4, 293T, and HT-1080 cell lines were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplied with fetal bovine serum (FBS) and penicillin/
streptomycin under 37 °C and 5%CO2. siRNAs targeting
ATR-pool (M-003202-05-0005), ATM-pool (M-003201-
04-0005), ATM-27 (D-003201-27-0005), ATM-28 (D-
003201-28-0005), FTH1 (M-019634-02-0005), FPN1 (M-
007576-01-0005), CHK2 (M-003256-06-0005), NRF2 (J-
003755-09), RELA (M-003533-02-0005), MTF1 (M-
020078-01-0005), MZF1 (M-006578-02-0005), IRP1(M-
010037-00-0005), and IRP2 (M-022281-01-0005) were
obtained from Horizon/Dharmacon. Erastin (Caymen che-
mical, CAS 571203-78-6), ZnCl2 (Sigma, #39059), N,N,N′,
N′-Tetrakis (2-pyridylmethyl) ethylenediamine (TPEN,
Sigma, #P4413), ferric citrate (Sigma, F3388), Ku-55933
(Selleckchem, #S1092), Ku-60019 (Selleckchem, #S1570),
RSL3 (Caymen, #19288), FIN56 (Sigma, #SML1740),
AZD1390 (Selleckchem, #S8680), ATM-WT (Addgene,
#31985), ATM-KD (Addgene, #31986), anti-ATM (Cell
Signaling, #2873), anti-ATR (Cell Signaling, #2790), anti-
phospho serine 1981 ATM (ABcam, ab81292), anti-FTH1
(Cell Signaling, #4393), anti-FTL (Santa Cruz, #SC-
74513), anti-MTF1 (NBP1-86380), anti-β-tubulin (Cell
Signaling, #2128), anti-lamin A/C (Cell Signaling, #4777),
anti-xCT/SLC7A11 (Cell Signaling, #12691), and anti-
GPX4 (ABcam, #ab125066).

Western blot and nuclear/cytosol fraction

Cells were lysed by RIPA buffer and quantified by BCA
(Bicinchoninic acid) assay. The proteins of interest were
analyzed by Western blot using chemiluminescence (Ther-
moFisher Scientific SuperSignal Pico) and ChemiDoc
Imager (Bio-Rad). For nuclear and cytosol fractionation, the
REAP protocol [72] was used.

Determination of cell viability, cell death, and
glutathione level

The cells transfected with siRNA (48–72 h) or incubated
with chemical inhibitor were further treated with erastin for
additional 16–24 h, and the cell viability was determined by
the CellTiter-Glo assay (Promega) according to

manufacturer’s instruction. For the cell death assay, after
siRNA transfection for 72 h, the cells were incubated with
erastin (10 µM) and CellTox Green dye (Promega) or sup-
plementation with ferric citrate (Sigma, F3388) as indicated.
The amount of cell death was evaluated by fluorescence
intensity and plate reader (FLUOstar Optima, BMG LAB-
TECH) at the indicated time points. To measure intracel-
lular reduced GSH, cells were first transfected with siNC or
siATM for 48 h and then treated with erastin (2.5 μM) for
additional 18 h. The amount of GSH was then detected by
GSH/GSSG-Glo assay (Promega, #V6611). The relative
amount of reduced GSH was calculated from total and
oxidized glutathione (GSSG) and normalized to cell viabi-
lity assay performed.

Kinome screen

The kinome siRNA library was purchased from Horizon/
Dharmacon siGENOME SMARTpool siRNA library (G-
003505-E2, Lot 08166) targeting 715 human “kinase”
genes in 96-well plate format. Regular (200 µM cystine) or
cystine-deprived (1 µM cystine) media were prepared as
described [73, 74] using DMEM, high glucose, no gluta-
mine, no methionine, no cystine media (ThermoFisher
Scientific, #21013024) with 10% dialyzed FBS (Sigma,
F0392), L-Methionine (Sigma, M5308, final concentration
30 mg/L), L-glutamine (ThermoFisher, #25030-081, final
concentration 4 mM), and either 200 µM or 1 µM L-Cystine
(Sigma, C6727). In brief, 4000 MDA-MB-231 cells were
reverse transfected with a pool of 4 siRNA (0.25 nmol)
targeting one gene in each well with 0.2 µL of lipofecta-
mine RNAiMAX transfection reagent (ThermoFisher Sci-
entific, #13778150) for 48 h. The cells were then washed
twice by PBS with calcium and magnesium (ThermoFisher
Scientific, #14040133) to remove remaining cystine in the
well and then incubated with either regular (200 µM
cystine) or cystine-deprived (1 µM cystine) media. After
48 h of incubation in cystine manipulated medium, the
cellular viability of the each well (with different siRNA)
was assessed by CellTiter-Glo (Promega, G7571) reagent
and luminescent plate reader (FLUOstar Optima, BMG
LABTECH). There are at least two biological replicates for
each gene with either regular or cystine-deprived treatment.
The transfection efficiency for each plate was accessed by
the remaining viability of cells transfected with TOX
transfection control (Horizon/Dharmacon, D-001500-01),
which the cell death is proportional to the transfection
efficiency. The cell viability for each kinase siRNA
knockdown were normalized against nontargeting siRNA
control (Qiagen, AllStars Negative control siRNA,
SI03650318) on each plate to eliminate batch effect of each
plate. The protein–protein interaction map was generated
by STRING version 9.1 [75].
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RNA extraction and quantitative RT-PCR

RNA samples collected from MDA-MB-231 cells were
extracted by RNeasy kit (Qiagen). cDNA was then syn-
thesized by SuperScript II reverse transcriptase (Thermo
Fisher Scientific). The primers used for real time PCR
(StepOnePlus, Applied Biosystems) are listed as follows:

FTH1 (F: 5′-AAAGCCATCAAAGAATTGGG; R: 5′-
GGGTGTGCTTGTCAAAGAGA), FTL (F: 5′-GGGTCTG
TCTCTTGCTTCAAC; R: 5′-GGTTGGCAAGAAGGAG
CTAA), FPN1 (F: 5′-ATGGGTTCTCACTTCCTGCT; R:
5′-GCTTCTGTCTTCTCCTGCAA), ACTB (F: 5′-CACTC
TTCCAGCCTTCCTTC; R: 5′-GGATGTCCACGTCACA
CTTC), and ATM (F: 5′-TGGCTTACTTGGAGCCATAA;
R: 5′-ATACTGGTGGTCAGTGCCAA).

Immunofluorescence assay

The subcellular localization (cytosol vs. nuclear) of MTF-1
was visualized by MTF-1 antibody staining (NBP1-86380)
after MDA-MB-231 cells were treated with DMSO, TPEN
(5 μM), ZnCl2 (100 μM), or Ku-55933 (5 μM) for 6 h. The
cells were fixed in 4% formaldehyde for 10 min, followed
with 1XPBS (phosphate buffered saline) wash, blocking at
room temperature for 1 h (5% bovine serum albumin in
1XPBS/0.3% Triton X-100), and incubation with MTF-1
antibody (dilution factor 1:200 in blocking solution) at 4 °C
for overnight. The nuclear fraction was marked by DAPI
staining, while the cytosol fraction was marked by F-actin
(phalloidin) staining. The images were acquired by Zeiss
780 inverted confocal microscopy at the Duke light
microscopy core facility.

Measurement of labile iron level

The level of labile iron was measured as previously
described [41, 42]. Briefly, MDA-MB-231 cells treated with
erastin (1, 5, or 10 μM, 6 h), Ku-55933 (5 μM, 24 h), siRNA
(siNC or siATM for 72 h) were incubated with calcein-AM
(acetoxymethyl ester, C3099-Thermo) (1 μM) for 15 min.
The initial (F0) and chelated fluorescence intensity (FDFO,

after incubation with the iron chelator (100 μM, desferox-
amine mesylate, D9533-Sigma)) were recorded by plate
reader (FLUOstar Optima, BMG LABTECH) to obtain the
relative amount of labile iron pool (ΔF= FDFO− F0).

Statistical methods

ANOVA with Tukey honestly significant difference post
hoc test were used to analyze kinome screen data. Student’s
t-test was used throughout the study unless specifically
mentioned to acquire P-values (two-sided). P-value < 0.05

(*) was considered significant. All of the data are presented
as mean ± standard deviation (S.D.).
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