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Abstract

Ferroptosis is a form of iron-dependent cell death characterized by elevated lipid peroxides and
reactive oxygen species (ROS). Glutathione (GSH) plays an essential role in scavenging ROS to
maintain cell viability, and acts as a cofactor of GSH peroxidase 4 (GPX4) that protects lipids
from oxidation. We have previously described a novel class of small molecules that induce
ferroptosis in certain types of cancer cells. These compounds induce ferroptosis by blocking
uptake of cystine required for GSH synthesis. Even though ferroptosis is a well-established form
of cell death, signaling pathways that modulate this process are not known. Therefore, we used a
panel of growth factors/kinase inhibitors to test effects on ferroptosis induced by our lead
compound. We discovered that BMS536924, a dual inhibitor of insulin like growth and insulin
receptors, is a potent inhibitor of ferroptosis. Further investigation indicated that the anti-
ferroptotic activity of BMS536924 does not lie in its ability to inhibit insulin signal transduction.
Instead, we provide evidence that BMS536924 binds iron, an essential co-factor in ferroptosis.
Our results suggest caution in interpreting the effects of BMS536924 in investigations of insulin
signaling and uncover a novel ferroptosis inhibitor.
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Introduction

In the last few years, there has been intense focus on a form of reactive oxygen species
(ROS)-mediated cell death that occurs when anti-oxidant mechanisms are inhibited, usually
with small-molecule inhibitors. This form of cell death, called ferroptosis (Dixon et al.,
2012), requires iron to amplify ROS produced through cell-intrinsic pathways that ultimately
attack membrane lipids leading to cell lysis. Inducers of ferroptosis have been broadly
characterized as having two major intracellular targets. Type | ferroptotic inducers block
import of cystine via the Xc- transporter. Cystine, being required to regenerate reduced
glutathione, is essential to avoid ferroptosis. However, cystine dependence is cell type
specific by mechanisms that are not completely defined. Type Il ferroptotic inducers inhibit
GPX4, an enzyme that removes toxic lipid peroxides using glutathione as a reducing agent.

We have recently described the design, synthesis and characterization of a new class
ferroptotic inducers. We provided several lines of evidence that these molecules function by
the Type | mechanism (Fedorka et al., 2018; Taylor et al., 2019). For example, these
compounds increase cellular ROS and lipid ROS, while reducing cellular thiols and
glutathione as well as blocking glutamate export and cystine import. Cell death is rapid and
blocked by anti-oxidants, iron chelators, and an inhibitor of NADPH oxidase. Detailed
analysis of at least 20 different normal and cancer cell lines show our compounds attack
mesenchymal cells and cancer stem cells preferentially. Our extensive SAR studies
encompassing at least 30 analogues have pinpointed essential chemical features required for
optimal activity.

Many previous studies have defined important features of ferroptosis including inhibition by
iron chelators, ROS scavengers and inhibitors of NADPH oxidases. Ferroptosis is also
regulated by various signaling pathways including p53, ataxia telangiectasia mutated (ATM),
Sirtuin 1(SIRT1), and HIPPO pathway, among others (Chen et al., 2020; Chu et al., 2019;
Venkatesh et al., 2020; W. H. Yang & Chi, 2020; Zhou et al., 2020). Here we describe a
potent inhibitor of ferroptosis that was initially characterized as an inhibitor of insulin
signaling. We provide evidence that, in the context of ferroptosis, this compound works by
chelating iron and not by its effects on insulin signaling. Ferroptosis has multiple important
cellular consequences, for example being involved in neuronal death in response to
ischemia. There is also a concerted effort to harness ferroptosis as a treatment for cancer.
Continued study of novel inducers and inhibitors of ferroptosis will contribute to this goal.

Materials and Methods.

Cell Lines and Culture Conditions.

NCI-H522, HT1080 and MDA MB 231 cell lines were cultured in a humidified atmosphere
containing 10% CO», in Dulbecco’s Modified Eagle’s Medium (DMEM; Mediatech, Inc.)
supplemented with either 109% fetal bovine serum (FBS; Atlanta Biologicals) or bovine calf
serum (RMBIO). In experiments where cells were incubated without cystine, DMEM
lacking the amino acid was supplemented with 10% dialyzed FBS (dFBS). dFBS was
prepared using dialysis membrane with a 3500 MW cutoff. 50 ml of FBS (Thermofisher)
was dialyzed against 1 liter of saline (0.8% NaCl) with 2 changes with 16 and 24 hours
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between each change, respectively. dFBS was filtered through a 0.45-micron filter for
sterilization. Insulin-like growth factor 1 (IGF1) was obtained from Thermofisher and
dissolved in H,O before use. In order to generate conditioned medium, 2 x108 NCI-H522
cells were plated on a 10cm plate in 10% FBS in DMEM. Next day, cells were washed three
times with phosphate buffered saline (PBS) and media replaced with serum free DMEM.
Conditioned media was harvested either 24 or 48 hours later.

Chemicals and cell viability.

All commercially available chemicals were obtained from Cayman Chemicals. Compound 1
was synthesized in-house as we have previously described (Fedorka et al., 2018). In a typical
viability assay, 25,000 cells were plated per well of a 24-well plate and drugs added next
day. Cells were stained 24—72 hours post treatment with a saturated solution of methylene
blue in 50% ethanol. Plates were rinsed with tap water and dried. Dye was dissolved by
addition of 0.5 ml 0.1 M HCI in water and then detected using spectrophotometry to
measure absorbance at 668 nm. Results are representative of at least two independent
experiments. Supplemental Figure 1 shows a comparison of methylene blue assay with MTT
assay for cell viability. MTT assay: 12 mM MTT stock solution (10 X) was prepared in 1X
PBS. For 24 well plates, at the harvesting time, media was replaced with 300 pl fresh media.
Thirty pl of MTT stock solution was added and incubated at 37°C. After 3 hours, equal
amount of MTT lysis buffer (0.01N HCI in 10% SDS) was added and incubated for 15
minutes. Finally, absorbance was measured at 540 nm.

Western Blotting.

Cells growing on a 7cm plate were harvested by scraping and lysed in 3 pellet volumes
(100-200ul) of RIPA buffer [10 mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40, 1% DOC,
0.1% SDS, 1 mg/ml aprotinin, 2 mg/ml leupeptin, 1 mg/ml pepstatin A, 1 mM DTT, 0.1M
phenylmethylsulfonyl fluoride, 1 mM sodium fluoride and 1 mM sodium vanadate]. Lysis
was for 20 minutes on ice, followed by removal of insoluble debris by centrifugation at
16,000 g for 20 minutes at 4°C. Equal microgram quantities of total protein for each sample
(determined using BCA protein assay kit - Pierce) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Gels were transferred to
polyvinylidene difluoride membranes (Millipore), which were incubated in blocking buffer
(5% (w/v) non-fat dry milk dissolved in PBST [PBS containing 0.05% (v/v) Tween 20]) and
probed with antibodies as indicated. For phospho-antibodies, membranes were blocked in
bovine serum albumin dissolved in Tris-buffered saline. Uncropped gel images and repeat
experiments are in supplemental figures 2-5.

Antibodies were generally diluted in blocking buffer at 1:1000. Primary antibodies
recognizing phosho-ERK (Cell Signaling Technology CST #4370), total ERK (Santa Cruz
Sc #514302) phospho-AKT (CST #4060S), total AKT1 (CST #2938T), ferritin light chain
(proteintech #10727-1-AP), Actin (Abcam #3280) and IRP2 (CST #37135) were generally
incubated with membranes for 1.5 hour at room temperature (or 4° overnight) once diluted.
Signals were detected using horse-radish peroxidase conjugated secondary antibodies
(Biorad) diluted 1:10,000 in blocking buffer and enhanced chemiluminescence (Biorad).
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Iron Chelation and Radical Scavenging.

To assess potential for iron binding, BMS536924 was dissolved at 100 pM in dimethyl
sulfoxide (DMSO) and analyzed by wavelength scanning spectrophotometry. Sample
volumes were generally below 10 pl and scans obtained using a nanospec (1 pl/scan). Scans
were repeated in the presence of the indicated concentrations of ferrous sulfate. To test
intracellular iron binding, we used calcein AM, a fluorescent iron indicator. Fifty thousand
NCI-H522 cells were plated in a 24-well plate. Twenty four hours later compounds were
added. After another 24 hours, calcein AM was added at 0.5 pM and incubated for 15 min in
37 °C. Then media was replaced with Ham’s F12 media and fluorescence images were taken
using an EVOS fluorescence microscope. Raw pixel intensities of the images were analyzed
using Image J software. In order to test potential radical scavenging activity, DPPH (Cayman
Chemicals) was dissolved in methanol at 0.24 mg/ml. Next, trolox or BMS536924 or DMSO
were diluted at given concentrations in methanol to 150 pl volume. Later, 50 pl of the DPPH
was added to each well of the 96-well plate. After 10 minutes, the absorbance at 517 nm was
measured by spectrophotometry with a loss of absorbance indicating radical scavenging
activity.

Statistical analysis.

Results

Statistical significance was determined (p < 0.05) by student t-test. Measurements of cell
viability involved preparation of triplicate samples, used to calculate averages and standard
deviations. All cell viability studies were repeated in this manner at least once (total n>6).
Western blot experiments were carried out in triplicate using three independent cell lysates
in some cases run on the same gel. Films were scanned and pixel intensities determined
using ImageJ.

Effects of growth factor inhibitors on ferroptosis.

We recently reported a potential anti-cancer agent, compound 1 that induces ferroptotic cell
death in certain cell lines (Fedorka et al., 2018; Taylor et al., 2019). Compound 1, based
upon all available evidence, is a novel inhibitor of the Xc- cystine transporter, required to
replenish cysteine for glutathione synthesis (Taylor et al., 2019). Surprisingly, we observed
that cell death was significantly inhibited when the compound 1 treatment was performed in
presence of 10% bovine calf serum (BCS) instead of fetal bovine serum (FBS) using the
non-small cell lung cancer cell line NCI H522 (Fig. 1A, B)(Kuganesan, Dlamini, McDaniel,
Tillekeratne, & Taylor, 2020). Since growth factors are one of the prime factors in sera, we
tested a panel of growth factor receptor inhibitors to determine their effects on ferroptosis.
NCI-H522 cells growing in 10% FBS were treated with compound 1 in the presence or
absence of the inhibitors. Some of the inhibitors were toxic on their own at the
concentrations tested, but only BMS536924, a dual inhibitor of insulin like growth and
insulin receptors, rescued compound 1-induced cell death (Fig. 1C, 2A). In these
experiments, cell viability was measured using methylene blue which stains
macromolecules. Since ferroptosis results in loss of plasma membrane integrity, methylene
blue staining in cultures of adherent cells is lost. We compared methylene blue to the MTT
assay which measures cellular reductants resulting from ongoing metabolism. Very similar
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values were obtained with both assays when cells were triggered to undergo ferroptosis
using compound 1 (Supplemental Figure 1).

BMS536924 blocks ferroptosis.

Ferroptosis can be induced by growing cells in media lacking cystine. This condition leads
to depletion of glutathione, accumulation of ROS and peroxidation of membrane lipids
(Dixon et al., 2012). BMS536924 rescued cells incubated in cystine-minus medium,
however the rescue was not as efficient as in cells exposed to compound 1 (Fig. 2B). Rescue
of ferroptosis by BMS536924 was dose-dependent with a maximal protective effect at ~1
UM (Fig. 2C, D). When used at 1 pM, BMS536924 protected NCI-H522 cells from either 5
or 10 uM compound 1 (Fig 2E). Higher concentrations of compound 1 were toxic even in
the presence of BMS536924 (Fig 2E). Similarly, BMS536924 protected cells from death
induced by RSL3, an inhibitor of the Gpx4 enzyme that is central to detoxification of lipid
ROS (W. S. Yang et al., 2014) (Fig. 2F). BMS536924 at 1 pM protected NCI-H522 cells
treated with up to 100 nM RSL3 (Fig. 2F). Therefore, BMS536924 protects cells from
multiple inducers of ferroptosis.

Serum starvation modulates ferroptotic sensitivity.

Given the lack of ferroptosis when cells are grown in BCS, we decided to investigate the
effects of FBS in more detail. Compound 1 was still capable of killing NCI-H522 cells in the
absence of serum (Fig. 3A). In this experiment, cells were plated in medium containing 10%
FBS. Twenty-four hours later, medium was changed and replaced with serum-free medium.
At the same time, compound 1 was added and viability was clearly reduced 24 hours later
(Fig 3A). Cell death under these conditions was blocked by either BMS536924, the
antioxidant trolox, the lipid ROS scavenger liproxstatin-1, or the iron chelator CPO (Fig.
3A). Thus, compound 1 can induce ferroptosis even in the absence of serum. Next, we tested
the effect of extended incubation in serum free medium. NCI-H522 cells were plated in 10%
FBS and 24 hours later media replaced with serum-free media. Cells were incubated in
serum-free media for 24 hours and then compound 1 was added. Compound 1 showed no
evidence of ferroptosis 24 hours later (Fig. 3B). Therefore, serum removal for 24 hours
renders cells resistant to compound 1. We observed very similar results when we tested
HT1080 cells instead of NCI-H522. Compound 1 still killed HT1080 cells when serum was
removed at the time of compound 1 addition (Fig. 3C) but not if serum was removed for 24
hours before adding compound 1 (Fig. 3D).

In tissue culture studies, serum provides growth factors to modulate cell responses. In
natural settings, these factors originate from paracrine or autocrine sources. To test whether
autocrine factors might modulate ferroptosis, we tested the effect of conditioned media on
this response. NCI-H522 cells were incubated in serum free media for 24 hours to render
them resistant to compound 1. In another plate, NCI-H522 cells were incubated for either 24
or 48 hours in serum free media to create 1 day conditioned media (1d CM) or 2d CM.
Adding 1d CM to starved NCI-H522 cells had little effect, however 2d CM significantly
increased cell death induced by compound 1 (Fig. 3E, F). These experiments suggest that
NCI-H522 may secrete factors that enhance ferroptosis.
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Insulin signaling does not affect ferroptosis.

The strong inhibitory effect of BMS536924 on ferroptosis suggested that insulin or insulin
like growth factors (IGFs) might modulate ferroptosis. However, compound BMS754807
(Cayman), another dual inhibitor of insulin or IGF1 receptors, had little effect on ferroptosis
(our unpublished data). Additionally, NVP-AEW541 (hydrochloride) (Cayman), an IGF1
receptor inhibitor showed no significant effect on ferroptosis (our unpublished data). IGF1
can activate both the insulin receptor and the IGF1 receptor (Denley, Cosgrove, Booker,
Wallace, & Forbes, 2005). To directly test if the activity of either of these receptors modulate
ferroptosis we added IGF1 to either NCI-H522 or MDA MB 231 cells, a breast cancer cell
line that is sensitive to compound 1 (Taylor et al., 2019). Compound 1 killed 76.5% of NCI-
H522 and adding IGF1 at 100 ng/ml had no additional effect (Fig. 4A). Similarly, IGF1 did
not enhance killing of MDA MB 231 cells by compound 1 (Fig. 4B). In these initial
experiments, IGF1 and compound 1 were added to cells in the presence of 10% FBS.
However, even when IGF1 was added to MDA MB 231 cells that had been starved in serum-
free media for 24 hours, there was no enhancement of compound 1-induced cell death (Fig.
4C). Our stock of IGF1 was able to induce Akt phosphorylation confirming that the growth
factor retained biology activity (Fig. 4D). Furthermore, BMS536924 reduced Akt
phosphorylation consistent with its characterization as an inhibitor of insulin signaling.

BMS536924 does not inhibit MEK to block ferroptosis.

BMS536924

BMS536924 inhibits MEK in in vitro assays suggesting one possible relevant off-target
effect (Wittman et al., 2005). Related to this is the observation that the MEK inhibitor
U0126 blocks ferroptosis (Yagoda et al., 2007). This observation suggests that the Ras-
MAPK pathway may enhance ferroptosis. However, the role of MEK in ferroptosis has been
called into question given the fact that U0126 can scavenge ROS, and the fact that
PD0325901, another MEK inhibitor, does not block ferroptosis (Gao, Monian, Quadri,
Ramasamy, & Jiang, 2015). To address effects of BMS536924 on MEK, we measured the
effect of BMS536924 on ERK phosphorylation (a MEK substrate) in HT1080 cells
harboring activated N-RAS (Brown, Marshall, Pennie, & Hall, 1984). We reasoned that if
BMS536924 inhibited ERK phosphorylation in HT1080 cells, this would likely not be due
to inhibition of insulin signaling upstream of the constitutive RAS, and more likely due to
off-target inhibition of MEK. BMS536924 had no significant effect on ERK phosphorylation
in HT1080 cells suggesting that MEK is not a physiological target (Fig. 4E, F). Interestingly,
the iron chelator DFO caused a dramatic upregulation of ERK phosphorylation similar to
effects previously reported with other iron chelators (Fig. 4E, F)(Lee, Lee, Prywes, & Vulpe,
2015).

is not a free radical scavenger.

Although BMS536924 is a potent inhibitor of ferroptosis, this activity does not appear to be
related to its ability to inhibit insulin signaling. Consistent with this idea, we observed that
BMS536924 could rapidly block ferroptosis. For example, time-lapse microscopy
experiments indicate that ~50% of NCI-H522 cells are dead within 10 hours of treatment
with compound 2 (a precursor of compound 1)(Fig. 1A)(Fedorka et al., 2018). BMS536924
could block killing even when added 8 hours after adding compound 1, suggesting very fast
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kinetics of protection (Fig. 5). It is possible that BMS536924 may rapidly affect a key signal
transduction pathway in just a few hours to block ferroptosis. However, partly based on these
fast kinetics, we considered that BMS536924 may have a direct effect on key components of
the ferroptotic pathway. First, we used the stable radial 2,2-diphenyl-1-(2,4,6-
trinitrophenyl)-hydrazyl (DPPH) to test whether BMS536924 might be a free radical
scavenger. DPPH is purple in solution until it is reduced by radical scavengers, a process that
can be monitored by spectrophotometry. We observed that BMS536924 had minimal effect
on DPPH absorbance even up to 100uM, unlike trolox which immediately rendered the
DPPH solution colorless (Fig. 6). This suggests that BMS536924 likely does not block
ferroptosis by scavenging free radicals.

BMS536924 may function as an iron chelator.

Ferroptosis relies on iron-catalyzed reactions to generate ROS. We tested whether
BMS536924 might block ferroptosis by chelating iron. BMS536924 absorbs light with three
major peaks (Amax ~223 nm, 236 nm and 353 nm) (Fig. 7A). Adding iron (Ferrous sulfate)
both reduced the peak height and shifted the Amax in all three regions of the spectrum (Fig.
7A). These changes are consistent with a direct interaction of BMS536924 with iron under
these conditions. To further characterize this interaction, we varied pH by dissolving
BMS536924 in potassium phosphate buffer. This buffer system suppressed absorbance at
350 nM, but still facilitated absorbance between 200 to 236 nm (Fig 7B). pH changed the
absorbance of BMS536924 alone (Fig. 7C). Also, adding iron further altered absorbance, but
only at pH 5.8 and 6.4 (Fig. 7D). Therefore, pH modulates the interaction of iron with
BMS536924.

To determine whether BMS536924 might alter free iron in treated cells, we used two
approaches. First, we stained cells with the intracellular iron sensor calcein AM. Binding of
iron to calcein AM quenches its fluorescence allowing iron chelation activity to be measured
as a recovery of fluorescence. BMS536924 significantly increased calcein AM fluorescence
similar to DFO (Fig. 8A, B). Next, we measured the expression of ferritin light chain (FTL)
using western blotting. FTL is upregulated in the presence of free iron and reduced in
expression when iron levels are low (Fujimaki et al., 2019). We observed that BMS536924
caused a reduction in FTL by ~50% in NCI-H522 cells treated for 24 hours (Fig. 8B, C).
FTL was dramatically upregulated in cells exposed to 100 uM ferric citrate (Fig. 8B, C).
These observations suggest that BMS536924 may block ferroptosis by chelating iron.

Discussion

Mammalian cells use multiple mechanisms to avoid and repair damage to critical
macromolecules. ROS created during normal metabolic processes can cause irreversible
damage leading cell death. Among the important intracellular targets of ROS, membrane
lipids play a key role in a recently described phenomenon called ferroptosis (Li et al., 2020).
Peroxidation of membrane lipids leading to cell lysis can occur when antioxidant
mechanisms are overwhelmed. Ferroptosis describes a form of peroxidation-driven
membrane lysis that occurs in which iron participates in ROS generation and glutathione is
needed to lower ROS levels (Li et al., 2020). Inhibitors of cystine import can induce
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ferroptosis by limiting intracellular access to cysteine needed for glutathione synthesis
(Taylor et al., 2019). Protection of membrane lipids from endogenous ROS is mediated by
GPX4, which uses glutathione as a reducing agent to eliminate toxic lipid peroxides.
Inhibitors of GPX4 also induce ferroptosis (W. S. Yang et al., 2014). We have recently
described a new class of small molecules that inhibit cystine import to induce ferroptosis
(Fedorka et al., 2018; Taylor et al., 2019). Consistent with other reports, our compounds are
selectively toxic to mesenchymal cancer cells, and cancer stem cells (Taylor et al., 2019).

Despite an explosion of research on ferroptosis, the signaling pathways that modulate this
response are incompletely understood. We noticed that ferroptosis did not occur in cells
growing in 10% BCS suggesting that some component in serum might modulate this
process. Additional studies showed that ferroptosis could occur in serum-free media if
compound 1 was added at the same time that serum was removed. However, serum
starvation for 24 hours provided partial protection from compound 1. This suggests that
serum starvation may alter cellular physiology to inhibit ferroptosis. In previous work, Gao
et al. (2015) found two key components of serum, glutamine and ferritin, were essential for
the ferroptosis (Gao et al., 2015). Our experiments involve medium supplemented with
glutamine eliminating this amino acid from our interpretations. The fact that ferroptosis still
occurs if serum is removed at the time compound 1 is added argues against the possibility
that we have removed essential ferroptotic factors, like ferritin. In additional studies we
observed that conditioned media enhanced ferroptosis providing evidence that secreted
factors may modulate this response. Clearly, the effects of serum factors and associated
cellular responses will have complicated effects on ferroptosis.

To better understand the influence of serum on ferroptosis, we carried out a small screen to
test the effect of inhibitors of growth factor receptors. We identified BMS536924, an
inhibitor of the insulin receptor and the IGF receptor, as a potent inhibitor of ferroptosis.
BMS536924 blocked ferroptosis induced by our novel compound as well as RSL3, an
inhibitor of GPX4. Simply removing cystine from growth media can also induce ferroptosis.
BMS536924 could only partially inhibit ferroptosis induced by cystine removal and we
currently do not have an explanation for this effect. The effects of BMS536924 on
ferroptosis suggested that insulin signaling might modulate this response. However, IGF1
added exogenously did not affect ferroptosis suggesting instead that BMS536924 had
alternative targets to inhibit cell death.

Ferroptosis is dependent on intracellular iron as well as ROS (Dixon et al., 2012). As a
consequence, this process can be blocked by iron chelators and antioxidant molecules. Using
the stable radical DPPH, we observed that BMS536924 had minimal radical scavenging
activity. It is possible that BMS536924 detoxifies specific ROS molecules that we have not
measured. Overall, our experiments suggest that BMS536924 is not a general antioxidant.
Ferroptosis was originally described as a response to toxic molecules that specifically kill
Ras-transformed cells (Yagoda et al., 2007). Thus, it has been proposed that the Ras-MAPK
signaling pathway enhances sensitivity to ferroptotic molecules. Studies showing that the
MEK inhibitor U0126 blocked ferroptosis appeared to confirm this idea (Yagoda et al.,
2007). However, U0126 has subsequently been shown to have radical scavenging activity
calling into question the role of Ras-MAPK signaling in ferroptosis (Gao et al., 2015).
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BMS536924 was found to inhibit MEK in in vitro reactions (Wittman et al., 2005).
However, we found no effect of BMS536924 on ERK phosphorylation suggesting that MEK
is likely not important in BMS536924 inhibition of ferroptosis. BMS536924 also inhibits
Fak and Lck kinases in vitro (Wittman et al., 2005). Since neither of these kinases have been
implicated in ferroptosis, we believe them to be poor candidates to explain the inhibitory
activity of BMS536924 on ferroptosis.

Several experiments suggest that BMS536924 may block ferroptosis by chelating iron. First,
UV absorbance of BMS536924 was altered when incubated in the presence of iron
suggesting a direct association. Second, BMS536924 de-quenched calcein AM fluorescence
similar to deferoxamine providing strong evidence for intracellular iron binding. Third, FTL
expression was modestly, but reproducibly reduced in cells treated with BMS536924. The
reduction of FTL induced by BMS536924 was similar to that observed with the iron chelator
deferoxamine (Fujimaki et al., 2019). This effect suggests that these two compounds may
have a similar ability to deplete intracellular iron. Together, our observation with UV
absorbance, calcein AM fluorescence and western blotting for FTL suggests that
BMS536924 acts as an iron chelator. Interestingly, DFO induced a dramatic induction of
ERK phosphorylation that was not observed with BMS536924. If this induction is due to
iron chelation, the reason that BMS536924-treated cells lack this response is not
immediately obvious.

In summary, our analysis of pathways affecting ferroptosis have inadvertently identified a
potent inhibitor of the process. BMS536924 was originally described as an inhibitor of
insulin signaling. However, in the context of ferroptosis this compound appears instead to
act as an iron chelator. These observations should be considered in studies where effects of
BMS536924 are instead attributed only to inhibition of insulin signaling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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dFBS dialyzed FBS

IGF1 Insulin-like growth factor 1

BCS bovine calf serum

CM conditioned media

DPPH 2,2-diphenyl-1-(2,4,6-trinitrophenyl)-hydrazyl
FTL ferritin light chain
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Effect of Serum and Tyrosine Kinase Inhibitors on Ferroptosis. (A) Compounds used in this
study that we have previously described (Fedorka et al., 2018; Taylor et al., 2019). (B) NCI
H522 cells robustly undergo ferroptosis in the presence of Fetal bovine serum (FBS) but not

Bovine Calf Serum (BCS). Cells were plated in Dulbecco’s Modified Eagle Medium

(DMEM) containing 10% FBS. Twenty four hours later, the medium was replaced with
DMEM containing either 10% FBS or 10% BCS and the cells treated with compound 1 (10
uM) or DMSO (vehicle used to dissolve the compound). (C) Tyrosine kinase inhibitors
modulate ferroptosis. NCI H522 cells growing in DMEM+10%FBS were exposed to a panel
of receptor tyrosine kinase inhibitors in combination with compound 1. Compounds were
used at the following concentrations: LY 2109761 (2 uM), ML 347 (0.2 uM), PD 173074 (5
uM), JNJ 1098409 (0.1 uM), PHA 665752 (1 uM), AG 1296 (10 uM), Mubritinib (10 uM),
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Erlotinib (10 uM), Oclacitib (1 uM), BMS 536924 (1 uM), Ponatinib (1 uM), NVPACC 789
(1 uM) (B and C) Cell survival was determined 72 hours later by methylene blue staining.
Viability = absorbance at 668 nm. Bars= mean, error bars=standard deviation, p-value from
student t-test (two tailed, unequal variance).

J Cell Biochem. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kuganesan et al.

A H
o

o

Absorbance

@]

Absorbance

0.5

0.4

0.3

0.2

0.1

0.14
0.12

0.1
0.08
0.06
0.04
0.02

D 0.5

0.4

H

H

Absorbance

0.3
“1_nnl
0.1
o 0 — - |
0 0 0.5 1.0 5.0

Page 14

2.0 10 (uM BMS)

DMSO

m

0.12

0.1
0.08
0.06

0.04

N

Absorbance

1 Cys- DMSO 0.25 0.5

0.14
0.12

0.1
0.08
0.06

Absorbance

0.04

500 1000 1500 2000 0.02

BMS (nM) DMSO 10 20

Figure2.

10 uM 1

[ K
[]1+BMS

10 20 50 10 20 30 (uM1)

B RsL3
[] RSL3 +BMS

250 500 1000 (nM RSL3)

BMS536924 protects from ferroptotic cell death. Unless otherwise indicated, cell viability
was determined using methylene blue staining followed by quantification of absorbance at
668nm. (A) The structure of BMS536924. (B) Effect of BMS536924 on ferroptosis. NCI-
H522 cells were plated in DMEM+10% FBS. Twenty four hours later, the media were
replaced with cystine-free DMEM containing dialyzed FBS to induce ferroptosis.
Alternatively, ferroptosis was induced by leaving cells in DMEM+10% FBS and then
exposing to compound 1. Viability in the presence or absence of BMS536924 (BMS) was
assessed 24 hours later. (C) Ferroptosis protection by BMS536924 is dose dependent.
Ferroptosis was induced by incubating NCI-H522 cells in cystine-free medium for 24 hours.
BMS536924 was added at the concentrations indicated and viability determined. (D)
Maximal protection of ferroptosis induced by compound 1 occurs at 1 uM BMS536924.
NCI-H522 cells were exposed to the compounds indicated and viability determined 72 hours
later. (E and F) BMS536924 rescues from both Type | (compound 1) and Type Il (RSL3)
inducers of ferroptosis. NCI H522 cells were exposed to the compounds indicated and

viability determined 72 hours later.
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Figure 3.

Serum starvation induces resistance to ferroptosis. Cells were treated as indicated and
viability determined using methylene blue 24 hours after drug treatment in all experiments.
(A) Removing serum at the time of compound 1 treatment does not block ferroptosis. NCI-
H522 cells were plated in DMEM+10% FBS and the next day medium was changed to
DMEM without serum. Cells were immediately treated with the compounds indicated.
compound 1 was used at 10 uM, BMS536924 at 1 uM, liproxstatin-1 (LIP) at 0.25 uM,
trolox (TRO) at 100 uM and ciclopirox (CPO) at 5uM. (B) Serum starvation for 24 hours
blocks ferroptosis. NCI- H522 cells were incubated in DMEM without FBS for 24 hours and
then treated with compound 1. Viability was determined 24 hours later. (C and D) Serum
starvation also blocks ferroptosis in HT1080. Cells were switched to DMEM without serum
either at the time of compound 1 treatment (C), or 24 hours before compound 1 treatment
(D) and viability determined. (E and F) Conditioned media enhances ferroptosis.
Conditioned medium (CM) was prepared by incubating NCI-H522 cells for either one or
two days in the presence of DMEM (no serum). Next, separated plates of NCI-H522 cells
were starved for 24 hours in DMEM without serum. Medium was then replaced with 1-day
CM (E) or 2-day CM (F). compound 1 as then added and viability determined 24 hours later.
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As before, starvation reduces sensitivity to ferroptosis, however ferroptosis returns in cells
exposed to 2-day CM.
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Figure 4.

Effects of BMS536924 on insulin signaling or the ERK pathway does not explain inhibition
of ferroptosis. (A, B and C). Cells were exposed to compound 1 in the presence or absence
of IGF1 and viability determined by methylene blue staining. (A) NCI H522 and (B) MDA
MB 231 cells were treated with compound 1 (as indicated) and/or IGF1 (100 ng/ml) and/or
BMS536924 (0.5 uM), 3 days later cell viability was measured. (C) MDA MB 231 cells
were starved for 24 hours (DMEM without serum) and then exposed to compound 1 in the
presence or absence of IGF1 before analysis of viability. (D) IGF1 induces and BMS536924

pERK/ACTIN
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blocks Aktl phosphorylation. MDA MB 231 cells were starved (DMEM without serum) or
incubated in DMEM plus 10% FBS for 24 hours. Next, cells were treated with IGF1
(100ng/ml) or BMS536924 (1uM) for 8 or 24 hours. Western blot was probed for p-Akt1,
total Aktl and actin, as a loading control. Akt phosphorylation was measured as a marker for
activation of the insulin receptors. (E & F) Effects of BMS536924 on ERK phosphorylation.
HT1080 cells were exposed to either BMS536924 or DFO for 24 hours and then analyzed
by western blotting with the antibodies indicated. Film images are shown in (E) and pixel
intensities from three independent experiments quantified in (F).
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Figure 5. Rapid inhibition of ferroptosis by BM S536924.
NCI-H522 were exposed to compound 1 (10 uM) followed by the delayed addition of

BMS536924 (added at 0, 2, 4, 6, 8 hours after compound 1). Viability was determined 1 day
later by methylene blue staining. Protection from ferroptosis was detected even if
BMS536924 was added 8 hours after compound 1, indicated a rapid mode of action.
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Figure 6. BM S536924 isnot a freeradical scavenger.
BMS536924, trolox (TRO) or Butylated hydroxyanisole (BHA) were added at the indicated

concentrations to a solution containing the colored, stable radical DPPH. Absorbance at 517
nm was assessed. Antioxidant potential was calculated as follows: Raw data were
normalized to DMSO, then % reduction was calculated, averaged for anti-oxidant activity
and plotted in a line graph.

J Cell Biochem. Author manuscript; available in PMC 2022 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kuganesan et al.

Page 21

----- Fe2+(DMSO) 200uM Fe
50uM 25uM
5uM 2.5uM

20
e H-5,8 e PH-6.4

pH-7

25
— BMS
2 100uM Fe
10uM
15 1.25uM
8 1
c
©
g 05
8 i
< o My
o' ©
o
N N
-0.5
-1
{
-1.5
2 ey
20
16
ISP
G 8
24
20
e IRt Rk By Rt et RSt o
TR ISR Rebanghed
~N o~ o~ o~ ('] m o om m
42
16
20
e ) H-5.8 em—PH-6.4 pH-7 pH-7.4 emmm——pH-8
e pH-5.8: Fe2+ H-5.8 e pH-6.4: F2+
25 s DH-5.8: BMS p 25 s DH-6.4: BMS
20 pH-5.8: BMS-Fe2+ 20 pH: 6.4: BMS-Fe2+
8 15 15
=
@© 10 10
2
o 5 5
2 o
oo nwo s ®.N
-10 -10
-15 =15
e H-7.4: Fe2+ H_ 74
25 e pH-7.4: BMIS P 25
20 pH-7.4: BMS-Fe 20
o 15 15
§ 10 10
o 5 5
2
o 0 = 0
2 ovﬁ/-m’c,qumOQmN@o o
_Smm OO0 NN OMOMNMHMSST T 0 _52
< ISR R ISR
-10 -10
<15 ¢ -15
-20 -20

PH-7.4 e pH-8

pH- 6.4 25 ====pH-7:Fe2+ pH- 7
s pH-7: BMS
20 pH-7: BMS-Fe2+
15
10
5
0 —
LogtTawo 4
SRR3R 5 83FE882URIABARSLR
-—l/\-iNNNNNNNNNNN
-10
A (nm)
-15
e pH-8: Fe2+ pH-8
s pH-8: BMS
pH-8: BMS-Fe2+

2145
2215
225
2285
232
2355
239
2425
246
249

1 1 n
o =] ~
o S =)
— ~ N

Figure 7. Evidenceindicating an interaction of BM S536924 with iron.
(A) UV-Visible absorption spectrum of BMS536924 (100 uM) dissolved in water in the

presence of indicated concentrations of iron (2+) in the form of ferrous sulfate. Absorbance
from 190 nm to 430 nm is shown. (B-D) Effect of pH on BMS536924/Iron interaction. To
test the effect of pH, BMS536924 was dissolved in 0.1M potassium phosphate buffer at pH
5.8,6.4,7, 7.4 or 8. (B) UV-Visible absorption spectrum of BMS536924 (100 pM) alone.
Potassium phosphate buffer suppressed absorbance at 350 nm whereas absorbance at 220
nm persisted. (C) Effect of pH on BMS536924 absorbance from 190nm to 250nm. (D)
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Effect of iron on BMS536924 fluorescence at different pH. BMS536924 (100 uM) was
mixed with 100 uM ferrous sulfate (iron 2+) and absorbance from 190 nm to 250 nm is
shown.
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Figure8.

Iron chelation in cells. (A and B) Effect of BMS536924 on intracellular iron. NCI-H522
cells were exposed to BMS536924 or DFO for 24 hours, and then stained with calcein AM
for 15 min. Fluorescent images of live cells shown in (A) were quantified in (B). (C) Effect
of BMS536924 and DFO on ferritin light chain (FTL). HT1080 cells were exposed to the
compounds indicated for 24 hours and then analyzed by western blotting to measure FTL
levels. Images are shown in (D) and pixel intensities from three independent experiments are

shown in (C).
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