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Neurobiology of Disease

Hemin-Induced Death Models Hemorrhagic Stroke and Is a
Variant of Classical Neuronal Ferroptosis

Marietta Zille,">* Juan A. Oses-Prieto,* Sara R. Savage,” "“Saravanan S. Karuppagounder,"* Yingxin Chen,'?
Amit Kumar,'? John H. Morris,® Karl A. Scheidt,” Alma L. Burlingame,* and ““Rajiv R. Ratan'?
'Burke Neurological Institute, White Plains, New York 10605, *Feil Family Brain and Mind Research Institute, Weill Cornell Medicine, New York, New York
10065, *Department of Pharmaceutical Sciences, Division of Pharmacology and Toxicology, University of Vienna, Vienna 1090, Austria, *“Department of
Pharmaceutical Chemistry, University of California, San Francisco, California 94158, *Lester and Sue Smith Breast Center, Baylor College of
Medicine, Houston, Texas 77030, *Resource on Biocomputing, Visualization, and Informatics, University of California, San Francisco, California
94158, and "Department of Chemistry, Center for Molecular Innovation and Drug Discovery, Northwestern University, Evanston, Illinois 60208

Ferroptosis is a caspase-independent, iron-dependent form of regulated necrosis extant in traumatic brain injury, Huntington disease,
and hemorrhagic stroke. It can be activated by cystine deprivation leading to glutathione depletion, the insufficiency of the antioxidant
glutathione peroxidase-4, and the hemolysis products hemoglobin and hemin. A cardinal feature of ferroptosis is extracellular signal-
regulated kinase (ERK)1/2 activation culminating in its translocation to the nucleus. We have previously confirmed that the mitogen-
activated protein (MAP) kinase kinase (MEK) inhibitor U0126 inhibits persistent ERK1/2 phosphorylation and ferroptosis. Here, we
show that hemin exposure, a model of secondary injury in brain hemorrhage and ferroptosis, activated ERK1/2 in mouse neurons.
Accordingly, MEK inhibitor U0126 protected against hemin-induced ferroptosis. Unexpectedly, U0126 prevented hemin-induced fer-
roptosis independent of its ability to inhibit ERK1/2 signaling. In contrast to classical ferroptosis in neurons or cancer cells, chemically
diverse inhibitors of MEK did not block hemin-induced ferroptosis, nor did the forced expression of the ERK-selective MAP kinase
phosphatase (MKP)3. We conclude that hemin or hemoglobin-induced ferroptosis, unlike glutathione depletion, is ERK1/2-independ-
ent. Together with recent studies, our findings suggest the existence of a novel subtype of neuronal ferroptosis relevant to bleeding in
the brain that is 5-lipoxygenase-dependent, ERK-independent, and transcription-independent. Remarkably, our unbiased phosphopro-
teome analysis revealed dramatic differences in phosphorylation induced by two ferroptosis subtypes. As U0126 also reduced cell
death and improved functional recovery after hemorrhagic stroke in male mice, our analysis also provides a template on which to
build a search for U0126’s effects in a variant of neuronal ferroptosis.
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Ferroptosis is an iron-dependent mechanism of regulated necrosis that has been linked to hemorrhagic stroke. Common features of
ferroptotic death induced by diverse stimuli are the depletion of the antioxidant glutathione, production of lipoxygenase-dependent
reactive lipids, sensitivity to iron chelation, and persistent activation of extracellular signal-regulated kinase (ERK) signaling. Unlike
classical ferroptosis induced in neurons or cancer cells, here we show that ferroptosis induced by hemin is ERK-independent.
Paradoxically, the canonical MAP kinase kinase (MEK) inhibitor U0126 blocks brain hemorrhage-induced death. Altogether, these
data suggest that a variant of ferroptosis is unleashed in hemorrhagic stroke. We present the first, unbiased phosphoproteomic anal-
ysis of ferroptosis as a template on which to understand distinct paths to cell death that meet the definition of ferroptosis.
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including hemorrhagic stroke. The release of red blood cells into

and AK. edited the paper; M.Z. and R.RR. wrote the paper.

This work was supported by the German Research Foundation Grant DFG Zi 1613/1-1 (to M.Z), funding from the
Sheldon G and Dr. Miiam Adelson Medical Research Foundation and the Sperling Center for Hemorrhagic Stroke
Recovery, and the National Institutes of Health Grant P01 NIA AG014930, project 1 (to RRR.).

The authors declare no competing financial interests.

Correspondence should be addressed to Marietta Zille at marietta.zille@univie.ac.at or Rajiv R. Ratan at
11r2001@med.cornell.edu.

https://doi.org/10.1523/JNEUR0S(I.0923-20.2021
Copyright © 2022 the authors

the brain following brain bleeding ultimately leads to lysis and
the release of hemoglobin and its degradation product heme
(Cao et al,, 2016; Dang et al,, 2017; Liu et al., 2019). Heme is then
taken up into neurons where it leads to iron overload and cell
death (Robinson et al., 2009). Indeed, a causal role for iron in
hemorrhagic stroke is substantiated by some studies which show
that nonselective iron chelators reduce death and total iron con-
tent (Hua et al., 2008; Gu et al., 2009; Wu et al., 2011; Li et al.,
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2017a). A major challenge in the therapeutic extension of iron
chelators to humans is inhibiting pathologic iron toxicity without
affecting normal physiological roles for iron. Indeed, iron is a
cofactor for many enzymes in neurons (Mills et al, 2010).
Accordingly, there is an urgent need to identify strategies to in-
hibit iron-mediated toxicity that can preserve the physiological
function of iron.

A potential solution to this conundrum has emerged via the
increased understanding of a regulated pathway to necrosis called
ferroptosis. Ferroptosis is an iron-dependent, caspase-independent
form of necrosis that is classically activated by cyst(e)ine deprivation
and glutathione. This form of cell death has recast iron, a highly re-
dox active metal, as a mediator of cell death signaling rather than
nonspecific oxidation (Ratan, 2020). The importance of signaling to
ferroptosis execution was highlighted in the early 2000s by studies
from the DeFranco laboratory that demonstrated that ferroptotic
death can be completely abrogated by pharmacological or molecular
inhibition of the Ras-Raf-mitogen-activated protein (MAP) kinase
kinase (MEK)-extracellular signal-regulated kinase (ERK) signaling
pathway (Levinthal and Defranco, 2005). As expected from these
results, mutations in the Ras protooncogene associated with tumori-
genesis have been shown to confer sensitivity to ferroptosis induced
by cystine deprivation and glutathione depletion (Dixon et al.,
2012). Additionally, GW-5074, an inhibitor of c-Raf, the kinase
upstream of MEK has also been shown to inhibit ferroptosis in neu-
rons (Chin et al,, 2004). Following these studies, the MEK inhibitor
U0126 has emerged as one of several important chemical criteria by
which cell death is defined as ferroptotic (Dixon et al, 2012).
Hemin-induced and hemoglobin-induced death meet all of these
criteria (Zille et al., 2017). As expected, we previously showed that
U0126 completely abrogated cell death induced by hemoglobin and
hemin consistent with the notion that these stimuli induce ferropto-
sis in hemorrhagic stroke in vitro and in vivo (Zille et al., 2017).

Here, we extend the protective effects of U0126 to demon-
strate that it reduces cell death and improves functional recovery
after hemorrhagic stroke in vivo. Armed with its beneficial effects
in a disease-relevant model of brain hemorrhage, we used the ex-
perimental leverage of the in vitro model to probe the mecha-
nism by which U0126 inhibits hemin-induced ferroptosis.
Unexpectedly, we show that in contrast to classical ferroptosis in
neurons and cancer cells (Levinthal and Defranco, 2005; Zille et
al., 2019), hemin induces ferroptosis independent of Ras-Raf-
MEK-ERK signaling. Using unbiased phosphoproteomics, we
provide further hypotheses how U0126 is protective in ferropto-
sis. Taken together with other recent observations, these findings
define hemin-induced death as a novel, ERK-independent and
transcription-independent, but 5-lipoxygenase-dependent vari-
ant of classical ferroptosis.

Materials and Methods

Chemicals and reagents are listed in the Extended Data.

Study approval

All animal procedures were approved by the Weill Cornell Medicine
Institutional Animal Care and Use Committee (approval #2011-0019 for
in vivo experiments, #0707-633A for in vitro experiments on primary
cortical neurons) and conducted in accordance with the NIH Guide for
the Care and Use of Laboratory Animals and ARRIVE guidelines.

Mouse model of intracerebral hemorrhage (ICH) and U0126
administration

Male C57BL/6 mice (8-10weeks old) were purchased from Charles
River Laboratories and housed at 68—72°F, 30-70% humidity, under 12/
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12 h light/dark cycle, with food (PicoLab Rodent diet 5053, LabDiet) and
water freely accessible. Mice were randomly assigned to groups.

We induced ICH in mice using collagenase as previously described
(Karuppagounder et al., 2016). Sham animals received saline injections
instead of collagenase. For intraperitoneal injections, mice received daily
intraperitoneal injections of 25 mg/kg U0126 or vehicle for 7 d (n=13
for sham+vehicle, n=17 for ICH+vehicle, n=16 for ICH + 25 mg/kg
U0126). Four ICH and six ICH+U0126 animals died from the surgery.
For intracerebroventricular injections, mice received a single intracere-
broventricular injection of 12 pg U0126 or vehicle (n = 16 per group) 2 h
after ICH. Two animals died from the surgery but were replaced to have
a total of n=16. To assess the hematoma volume and hemispheric swel-
ling, a separate set of mice received 12 g U0126 (1= 6) or vehicle (n=6)
intracerebroventricularly 2 h after ICH that were killed 22 h later. One
animal of the vehicle group died from the surgery (resulting in n=5 for
analysis in the vehicle group). To assess neuronal cell death by Fluoro-
jade, a separate set of mice received 12 g U0126 (n=6) or vehicle
(n=6) intracerebroventricularly 2 h after ICH and the mice were killed
22 h later.

Behavioral analysis

To assess the sensorimotor function, the corner task and adhesive tape
removal task were performed as previously described (Karuppagounder
et al., 2016). The experimenter (Y.C.) was blinded to the group alloca-
tion. In the intraperitoneal injection study, one animal of the
ICH+vehicle group at day 1 and one of the animals of the ICH+U0126
group at day 7 after ICH did not remove the tape from any of their paws
within 5 min and were therefore excluded from the analysis of that par-
ticular day.

Lesion volume assessment

For the lesion volume assessment, we collected 30-um-thick cryosections
at an interval of 0.2 mm using a Leica CM 3050 S cryostat (Leica). The
photographs of whole sections were captured with SteREO Discovery.
V12 microscope (Zeiss). The ipsilateral and contralateral hemisphere as
well as the hematoma (identified by blood deposition) were manually
outlined using Image] v.1.49 (http://imagej.nih.gov/ij/) by an experi-
menter (M.Z.) blinded to the group allocation.

The volume of the hemispheres and hematomas were calculated by
integrating the area on each section multiplied by the distance between
adjacent sections (0.2 mm). The final infarct volume was reported after
subtracting the volume difference between contralateral and ipsilateral
side to correct for swelling. The percent hemispheric swelling was calcu-
lated using the difference in volume between the two hemispheres di-
vided by the contralateral hemisphere, % hemispheric swelling =
[(ipsilateral volume — contralateral volume)/contralateral volume] x 100
(Lin et al., 1993).

Fluoro-jade B staining and NeuN immunofluorescence

Neuronal cell death was assessed using Fluoro-jade B staining and NeuN
immunofluorescence. The animals were transcardially perfused with
PBS followed by 4% paraformaldehyde. Then, the brains were immersed
in 4% paraformaldehyde for 24 h. We collected 30-pm-thick free-float-
ing sections at an interval of 150 um using a cryostat (Leica CM1800).

We performed Fluoro-jade B staining according to the instructions
of the manufacturer. Briefly, the free-floating brain sections were
immersed in a graded series of alcohol solutions (50%, 70%, and 100%
ethanol for 5min each), followed by a 0.06% potassium permanganate
solution (KMnO4 in distilled water) for 15min. The sections were
washed with double distilled (ddH,O) and then immersed in a 0.001%
Fluoro-jade B staining solution (Fluoro-jade B in ddH,0) for 20 min
while gently shaking in the dark. Then, we washed the sections with
ddH,0O and mounted them on coated slides (TruBond 380; Fisher
Scientfic).

For NeuN immunofluorescence, the free-floating sections were
blocked for 1 h in blocking solution (3% bovine serum albumin and
0.5% Triton X-100 in PBS). We incubated the sections with mouse anti-
NeuN in blocking solution overnight at 4°C. The next day, the sections
were washed three times in PBS and incubated with the secondary
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antibody donkey anti-mouse Alexa Fluor 568 in blocking solution. The
sections were then rinsed three times in PBS and mounted on coated
slides.

Images were taken on a Nikon Eclipse Ti-U confocal microscope. Six
pictures were collected from the cortex and perihematomal region and
three pictures were acquired from the striatum. The images were quanti-
fied using Image] v.1.49 (http://imagej.nih.gov/ij/) by an experimenter
(Y.C.) blinded to the group allocation.

Cell culture

Primary cortical neurons were obtained from CD-1/ICR mice at embry-
onic day 14.5 as previously described (Ratan et al., 1994a) and cultured
at 37°C in a humidified 5% CO, atmosphere (density: 10° cells/well in
96-well plates). Immortalized hippocampal neuroblasts (HT22 cells)
were cultured in DMEM containing 10% fetal bovine serum and 1%
penicillin/streptomycin and treated when 70% confluent.

In vitro models of ferroptosis

To induce ferroptosis, we used the glutamate analog L-homocysteic acid
(HCA), erastin, hemin or hemoglobin. Primary neurons were exposed to
5 mm HCA, 5 uM erastin, 100 um hemin or 1.5 um hemoglobin and
HT?22 cells to 25-100 um hemin or 10 mm HCA as previously established
(Zille et al., 2017; Zille et al., 2019). Putative inhibitors were added at the
same time as the ferroptotic stimulus. We determined cell viability using
3-(4,5-dimethylthiazol-2-yl)—2,5-diphenyltetrazolium bromide (MTT)
as previously described (Mosmann, 1983), 18-24 h after addition of the
ferroptotic stimulus (Zille et al., 2017; Zille et al., 2019). Plates were
measured in a SpectraMax Plus Microplate Reader using SoftMax Pro
v4.7.1 (both Molecular Devices). We confirmed the results of the MTT
assay by LIVE/DEAD assay and fluorescence microscopy at Nikon
Eclipse TS100 microscope using Nikon DS-L3 (Nikon Instruments).

Plasmid transfection

HT?22 cells were transfected with MAP kinase phosphatase 3 [Mkp3; also
known as dual-specificity phosphatase 6 (Dusp6)], Mkp3 C293S or pSG5
(empty vector) using Lipofectamine 2000 according to the manufac-
turer’s instructions (Thermo Fisher Scientific). Twenty-four hours after
transfection, we treated the cells with hemin or glutamate analog (HCA)
to induce ferroptosis.

Immunoblot analysis

For whole-cell extracts, we prepared protein extracts using 1% Triton
buffer (25 mm Tris pH 7.4, 100 mm NaCl, 1 mm EGTA, 1% Triton X-
100, 1% protease inhibitors, and 2.5 mm sodium orthovanadate). For
cytoplasmic and nuclear extracts, cytoplasmic fractions were obtained in
cytoplasmic buffer (10 mm HEPES, 10 mm potassium chloride, 2 mm
magnesium chloride, 0.1 mm EDTA, 3 mm phenylmethanesulfonyl fluo-
ride, 3 mum dithiothreitol, and 1% protease inhibitors) and subsequently
nuclear fractions were extracted using nuclear buffer (50 mm HEPES, 50
mu potassium chloride, 300 mm magnesium chloride, 0.1 mm EDTA, 3
mum phenylmethanesulfonyl fluoride, 3 mm dithiothreitol, 10% glycerol,
and 1% protease inhibitors). Samples were electrophoresed under reduc-
ing conditions on NuPAGE gels and transferred to nitrocellulose mem-
brane. Antibodies (dilutions are specified in the Extended Data) against
phospho-ERK1/2, total ERK1/2, MKP3, phopsho-5-AMP-activated
protein kinase (AMPK), total AMPK, y-tubulin, GAPDH, and Histone
H4 were incubated overnight at 4°C. Secondary antibodies were incu-
bated for 1 h at room temperature. Proteins were detected using
Odyssey infrared imaging system (LI-COR Biosciences).

RNA extraction and real-time PCR

Total RNA was prepared using NucleoSpin RNA isolation kit according
to established protocols. We performed Real-time PCR using Tagman
RNA-to-CT 1-Step Kit for mouse Duspl/Mkp1 (#Mm00457274_g1) and
Dusp6/Mkp3 (#Mm00518185_m1) at a 7500 Real-Time PCR System
(Applied Biosystems). Expression levels were normalized to mouse
B -actin endogenous control.
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Phosphoproteomics experiments

Primary cortical neurons (107 cells) were treated with (1) vehicle, (2) 5
uM erastin for 7 h, (3) 5 um erastin + 10 um U0126 for 7 h, (4) 100 um
hemin for 5 h, (5) 100 um hemin + 10 um U0126 for 5 h. Three biologi-
cal replicates with each two technical replicates for each group were
used. After the treatment, the cells were washed with PBS, centrifuged at
150 x g, and stored at —80°C until use.

In-solution digestion

Pellets were thawed and resuspended in 50 pl 8 M urea in 25 mM ammo-
nium bicarbonate buffer with phosphatase inhibitors (2l of Sigma
Phosphatase Inhibitor Cocktails 2 and 3) at 4°C, and homogenized using
a probe sonicator. We estimated the amount of protein in the lysates per
triplicate using 1 pl of the lysate, with a bicinchoninic acid protein assay
kit (Micro BCA Protein Assay kit, Thermo Scientific). Aliquots contain-
ing 230 g of protein were treated with 8.8 mwm dithiothreithol (DTT) at
56°C for 15 min, followed by a 30 min incubation at room temperature
in the dark with 15 mm iodoacetamide. We then diluted the samples
fourfold with 100 mm ammonium bicarbonate to reduce urea concentra-
tion to 2 M, and then added 2% (w/w) modified trypsin (Trypsin Gold,
Mass Spectrometry grade; Promega). The pH was adjusted to 8.0 with
250 mM ammonium bicarbonate, and the samples were incubated 12 h
at 37°C. After that, another aliquot of trypsin was added (2% w/w) and
digested for additional 6 h. After this, we acidified the samples with for-
mic acid to a final concentration of 5%. The digests were then desalted
using a MAX-RP Sep Pak classic C18 cartridge (Waters) following the
manufacturer’s protocol. Sep Pak eluates were dried-evaporated in prep-
aration for labeling with TMTPro-16 label plex reagents.

Tandem mass tag (TMT) labeling

We resuspended the samples in 40 pl 0.5 M triethylammonium bicarbon-
ate pH 8.0. Dried samples were labeled according to TMTPro-16 label
plex kit instructions (ThermoFisher Scientific). Briefly, TMT reagents
were dissolved in acetonitrile at 25 pg/pl, and 40 pl of these stocks added
to the samples (1000 pg reagent, over four times peptide amount). After
incubation for 1 h at room temperature, the samples were quenched
with hydroxylamine, and all 15 samples were combined over 60 ml 0.1%
fomic acid, and desalted using a C18 SepPak. The Sep Pak eluate was
dried in preparation for phosphopeptide enrichment.

Enrichment of phosphorylated peptides using titanium dioxide

We performed phosphopeptide enrichment in an AKTA Purifier (GE
Healthcare) using 5 um titanium dioxide (TiO2) beads (GL Sciences) in-
house packed into a 2.0 mm x 2 cm analytical guard column (Upchurch
Scientific). Combined TMT labeled tryptic digests were resuspended in
240 pl buffer containing 35% MeCN, 200 mm NaCl, 0.4% trifluoro-
acetic acid (TFA) and loaded onto the TiO, column at a flow rate of
2 ml/min. The column was then washed for 2 min with 35% MeCN,
200 mm NaCl, 0.4% TFA to remove non phosphorylated peptides.
We eluted the phosphopeptides from the column using 1 M potas-
sium phosphate monobasic (KH,PO,) at a flow rate of 0.5 ml/min
for 30 min directly onto an on-line coupled C18 macrotrap peptide
column (Michrom Bioresources). This column was washed with 5%
MeCN, 0.1% TFA for 14 min and the adsorbed material was eluted
in 400 pl of 50% MeCN, 0.1% TFA at a flow rate of 0.25 ml/min. The
eluate was solvent evaporated and then resuspended in 240 ml 20
mM ammonium formiate pH 10.4 for fractionation of the peptide
mixture by high pH reverse phase chromatography.

High pH reverse phase chromatography

We fractionated the phosphopeptides-enriched sample on an AKTA
purifier system using a Phenomenex Gemini 5u C18 110A 150 x 4.60
mm column, operating at a flow rate of 0.550 ul/min. Buffer A consisted
of 20 mm ammonium formate (pH 10.4), and buffer B consisted of 20
mM ammonium formate in 90% acetonitrile (pH 10.4). Gradient details
were as follows: 1% to 9% B in 3.6 min, 9% B to 49% B in 36.3 min, 49%
B to 70% B in 2.7 min, 70% B back down to 1% B in 1.8 min. Fifty pep-
tide-containing fractions were collected, evaporated and resuspended in
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0.1% formic acid combining early and late chromatographic fractions
into 28 samples.

Mass spectrometry analysis

Samples from reverse phase fractionation were run onto a 2 pm, 75 mm
ID x 50 cm PepMap RSLC C18 EasySpray column (Thermo Scientific).
Three-hour acetonitrile gradients (2-30% in 0.1% formic acid) were
used to separate peptides, at a flow rate of 300 nl/min, for analysis in a
Orbitrap Lumos Fusion (Thermo Scientific) in positive ion mode. We
acquired MS spectra between 375 and 1500 m/z with a resolution of
120,000. For each MS spectrum, multiply charged ions over the selected
threshold (2E4) were selected for tandem mass spectrometry (MS/MS)
in cycles of 3 s with an isolation window of 0.7 m/z. Precursor ions were
fragmented by HCD using stepped relative collision energies of 30, 35, and
40 to ensure efficient generation of sequence ions as well as TMT reporter
ions. MS/MS spectra were acquired in centroid mode with resolution
50,000 from m/z=110. A dynamic exclusion window was applied which
prevented the same m/z from being selected for 30 s after its acquisition.

Peptide and protein identification and TMT quantitation

We generated peak lists using PAVA in-house software (Guan et al.,
2011a). All generated peak lists were searched against the mouse
subset of the SwissProt database (SwissProt.2019.07.31), using
Protein Prospector (Clauser et al., 1999) with the following parame-
ters: enzyme specificity was set as trypsin, and up to two missed
cleavages per peptide were allowed. Carbamidomethylation of cyste-
ine residues, and TMTProlé6plex labeling of lysine residues and N
terminus of the protein were allowed as fixed modifications. N-acet-
ylation of the N terminus of the protein, loss of protein N-terminal
methionine, pyroglutamate formation from of peptide N-terminal
glutamines, oxidation of methionine and phosphorylation on serine,
threonine and tyrosine were allowed as variable modifications. Mass
tolerance was 10 ppm in MS and 30 ppm in MS/MS. We estimated
the false positive rate by searching the data using a concatenated
database which contains the original SwissProt database as well as a
version of each original entry where the sequence has been random-
ized. A 1% false discovery rate was permitted at the protein and peptide
level. For quantitation, only unique peptides were considered; peptides com-
mon to several proteins were not used for quantitative analysis. Relative
quantization of peptide abundance was performed via calculation of the in-
tensity of reporter ions corresponding to the different TMT labels, present
in MS/MS spectra. Intensities were determined by Protein Prospector. We
used summed intensity per sample on each TMT channel for all identified
spectra to normalize individual intensity values. Normalizes values were
batch-corrected using pyComBat (Behdenna et al., 2021). Relative abundan-
ces were calculated as ratios versus the average intensity levels in the three
channels corresponding to control samples. Spectra representing replicate
measurements of the same peptide were kept and used to calculate the dis-
persion and the significance threshold for the analysis. For total protein rela-
tive levels, peptide ratios were aggregated to the protein levels using median
values of the log2 ratios.

Sequences (11 aa) around the phosphorylation sites of interest were
aligned so the phosphorylated residue occupied position 6. Aligned
sequences were uploaded into the Motif & Logo Analysis Tools in the
PhophositePlus website.

Kinase enrichment analysis

Proteins with a phosphopeptide increased (p < 0.001) after erastin or he-
min treatment compared with control were separately submitted to
KEA3 (Kuleshov et al., 2021). Additionally, proteins with a phosphopep-
tide decreased (p < 0.001) in the erastin+U0126 compared with erastin
samples and in the hemin+U0126 versus hemin samples were submitted
to KEA3. The top 10 ranked kinases using the MeanRank score are
reported.

Experimental design and statistical analyses

The sample size for functional recovery in vivo was calculated a priori by
predicting detectable differences to reach a power of 0.80 at a signifi-
cance level of <0.05, assuming a 40% difference in the mean and a SD of
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25%. Mice were randomly assigned to the groups. For the in vitro experi-
ments, indicated sample sizes refer to biological replicates, i.e., separate
preparations of primary cortical neurons from embryos of different mice
or different, independent passages of HT22 cells. We randomly assigned
the plates to the experiments and experimental groups. Treatment of the
chemical inhibitors of the Ras-Raf-MEK-ERK pathway and metformin
were applied at the same time as the inducers of ferroptosis
(cotreatment).

Normality was evaluated by the Kolmogorov-Smirnov test, var-
iance homogeneity using the Levené test, and sphericity by the
Mauchly test. For the comparisons of two groups, the Student’s ¢
test was performed when normality and variance homogeneity
were met, otherwise the Mann-Whitney U test was done. For mul-
tiple comparisons with normal distribution and variance homoge-
neity, we performed a one-way ANOVA followed by the post hoc
Bonferroni test. In case one of the criteria was not met, the
Kruskal-Wallis test was performed followed by the post hoc
Mann-Whitney U test with a-correction according to Bonferroni—
Holm to adjust for the inflation of Type I error because of multiple
testing. For the repeated testing with covariates, a repeated meas-
ures ANOVA was performed with Greenhouse-Geisser adjust-
ment if sphericity was not given. The data are represented as the
mean * SD except for nonparametric data, where the medians are
given. A value of p <0.05 was considered statistically significant.
The detailed statistical analyses can be found in Extended Data
Figures 1-2, 1-3, 2-1, 3-1, 3-2, 4-1, 4-2, 5-1, 5-2, 6-1. All statistical
analyses were performed with IBM SPSS version 23 (RRID:SCR_
002865).

Data availability

The phosphoproteomics data have been deposited to the PRIDE Archive
(http://www.ebi.ac.uk/pride/archive/) via the PRIDE partner repository
with the data set identifier PXD029318.

Results

The MEK and ferroptosis inhibitor U0126 improves
functional recovery after ICH in vivo

Prior studies from our lab showed that the canonical MEK inhib-
itor U0126 abrogated ferroptosis in cortical neurons induced by
hemin or hemoglobin (Zille et al., 2017). Multiple studies have
implicated ferroptotic death in mediating impairment after ICH
in mice (Li et al,, 2017b, 2018; Zille et al., 2017; Karuppagounder
et al,, 2018; Alim et al., 2019). Accordingly, we wanted to deter-
mine whether U0126 promotes improved behavior in mice when
delivered after ICH. Contrary to reports in the literature, we did
not find that intraperitoneal administration of U0126 improved
behavioral outcomes (adhesive removal and corner task) com-
pared with a vehicle control (Extended Data Fig. 1-1). It is likely
that, under the conditions of our experiments, U0126 does not
cross the blood-brain barrier. Therefore, we examined the effects
of U0126 delivered directly into the brain. We observed that
12 ug U0126 delivered via a single dose intracerebroventricularly
2 h after ICH significantly improved measures of spatial neglect
(corner task) and sensory neglect (tape removal task) at 3 and 7d
after ICH in mice (Fig. 1A).

As we induced ICH in our mouse model using collagenase to
break down the basal lamina and induced bleeding throughout
the striatum, it is formally possible that U0126 improved recov-
ery by inhibiting collagenase. To exclude this possibility, we
measured hematoma volume as well as one of its downstream
consequences, brain swelling. As expected, neither parameter
was affected by U0126 treatment (Fig. 1B). However, U0126
reduced neuronal cell death as evidenced by reduced numbers of
Fluoro-jade B-positive cells (Fig. 1C) and increased numbers of
NeuN-positive cells (Fig. 1D).
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Figure 1. Intracerebroventricular administration of the MEK inhibitor U0126 promotes functional recovery after ICH in mice. A, ICH and sham animals received intracerebroventricular injections of

12 g U0126 or vehidle at 2 h after ICH surgery, and the functional recovery (adhesive tape removal and corner task) was assessed up to 7 d after ICH. Values show mean == SD for adhesive tape removal
and median for comer task; *p << 0.05 versus baseline, #p << 0.05 versus ICH+vehicle. B, The indirect hematoma volume and hemispheric swelling (edema) were measured at 24 h after ICH. The values
show the mean == SD for hematoma volume and the median for hemispheric swelling. €, D, Neuronal cell survival was assessed using Fluoro-jade B staining in the perihematoma (€) and NeuN immuno-
fluorescence in the cortex and striatum (D) at 24 h after ICH. Scale bar: 100 tm. Mean == SD is shown. *p < 0.05. For exact p values, refer to Extended Data Figure 1-3.

U0126 prevents hemin-induced ferroptosis independent of
MEK activation and ERK phosphorylation

Having established that U0126 can inhibit ICH-induced ferrop-
tosis in vitro and improve functional recovery following experi-
mental ICH in vivo, we wanted to explore the precise mechanism
of U0126 in interdicting ferroptosis. As U0126 is known to be a
potent and selective MEK inhibitor, we examined MEK inhibi-
tors that are chemically distinct from U0126 to see whether they
are also able to abrogate hemin or hemoglobin-induced ferropto-
sis in cortical neurons. By contrast to classical ferroptosis

induced by cystine deprivation and glutathione depletion (Canals
et al., 2003; de Bernardo et al., 2004; Basso et al., 2012), MEK1/2
inhibitors chemically distinct from U0126, were not effective (with
the exception of primasertib) in reducing hemin-induced ferrop-
tosis as determined by population measures of cell death (MTT
assay) or via single cell measures of cell death (Live/Dead assay;
Figs. 2A, 3A,B). Similarly, MEK1/2 inhibitors other than U0126
including primasertib were ineffective in preventing hemoglobin-
induced ferroptosis (Figs. 2A, 3A,B). The inability of chemically
diverse inhibitors of MEK1/2 to inhibit hemin or hemoglobin-
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MEK1/2 inhibitors other than U0126 do not protect primary neurons from hemin-induced and hemoglobin-induced neuronal ferroptosis. A, Primary neurons were exposed to

100 um hemin or 1.5 um hemoglobin (LDs) and different, structurally diverse MEK1/2 inhibitors. The values reflect the medians (interquartile ranges) at 10 um of each inhibitor. Grayscale cod-
ing reflects a continuum from no protection from hemin or hemoglobin toxicity by a MEK1/2 inhibitor (black) to maximal possible cell viability (white). B, The representative live/dead staining
of the inhibitors in hemin-induced neuronal ferroptosis are shown. Scale bar: 100 pm. €, The total and phospho-ERK1/2 protein levels were assessed in primary neurons exposed to hemin and
10 um different MEK1/2 inhibitors. Medians are given of the ratios of phospho-ERK by total ERK1/2 normalized to ~y-tubulin loading control that does not change in response to hemin;
*p=0.017 versus vehicle, #p << 0.05 versus hemin. For exact p values, refer to Extended Data Figure 2-1.

To verify that phosphorylation of ERK1/2 is not required for
the execution of hemin-induced ferroptosis, we overexpressed an
ERK-selective MKP3 (Fig. 4A). Phosphatases such as MKP3
counterbalance the enhanced phosphorylation of ERK1/2 that is

induced ferroptosis was not attributed to their inability to inhibit
hemin or hemoglobin-induced phosphorylation of ERK (Fig. 2C).
Altogether, these data suggest that hemin or hemoglobin-induced
ferroptosis is ERK-independent.
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Figure 3. MEK1/2 inhibitors in hemin-induced and hemoglobin-induced neuronal ferropto

sis. The concentration-responses of MEK1/2 inhibitors in primary neurons exposed to (A) hemin-

induced and (B) hemoglobin-induced ferroptosis. Medians are indicated; *p << 0.05 versus hemin or hemoglobin + vehicle. For exact p values, refer to Extended Data Figures 3-1, 3-2.

mediated by the activation of MEK1/2 (Levinthal and Defranco,
2005). As expected from our pharmacological studies described
above, the overexpression of Mkp3 led to a decrease in hemin-
induced phospho-ERK1/2 (Fig. 4B), but it failed to inhibit he-
min-induced ferroptosis (Fig. 4C). In contrast and as expected, it
was able to suppress glutathione depletion (HCA or glutamate)-
induced neuronal ferroptosis as described previously (Levinthal
and Defranco, 2005). While we cannot exclude the possibility
that MKP3 leads to the dephosphorylation of an ERK-

independent substrate required for inhibiting ferroptosis in the
presence of hemin, together with the pharmacological data
described above, we conclude that hemin-induced death is inde-
pendent of ERK phosphorylation.

Prior studies have shown that classical ferroptosis (induced
by cystine deprivation and glutathione depletion) involves not
only enhanced phosphorylation of ERK, but also its translocation
to the nucleus to induce ferroptosis (Levinthal and Defranco,
2005). Indeed, ERK can be phosphorylated by MEK1 on its TXY
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Figure 4.  The molecular knock-down of phospho-ERK1/2 by overexpressing MKP3 (Mkp3)

has distinct effects on hemin-induced and glutathione depletion-induced ferroptosis. 4, We
overexpressed the highly ERK-specific phosphatase Mkp3 and its catalytic mutant, Mkp3
(293S that enhances ERK1/2 phosphorylation but blocks its nuclear translocation, in HT22
cells. pSG5 served as control (empty vector). B, The levels of phospho-ERK and total ERK
(normalized to -y-tubulin) were evaluated after overexpressing MKP3 or MKP3 (293S for
36 h. Medians are given of the ratios of phospho-ERK by total ERK1/2 normalized to y-tubu-
lin loading control that does not change in response to hemin; *p << 0.001 versus pSG5. For
all statistical analyses, refer to Extended Data Figure 4-1. C, The cell viability was assessed af-
ter overexpressing Mkp3 or Mkp3 (2935 (40 pul/ml lipofectamine) for 24 h followed by treat-
ment with 25-100 um hemin (hemin-induced ferroptosis) and 10 mm HCA (glutathione
depletion-induced ferroptosis) for another 24 h. Medians are given; *p << 0.05 versus 0 um
hemin, #p << 0.05 versus pSGS. For exact p values, refer to Extended Data Figure 4-2.

motif (Payne et al., 1991). This leads to the dissociation of ERK
from cytoplasmic scaffolding proteins including MEK, [ -arrestin,
and SEF1. The dissociation from these scaffolding proteins
exposes a SPY motif in the nuclear localization signal of
ERK. The phosphorylation of the SPY motif of ERK1/2
allows it to bind to importin-7 to traffic into the nucleus
(Wortzel and Seger, 2011).

To determine whether hemin, like classical ferroptotic stimuli
(e.g., glutamate, HCA, erastin), induces nuclear translocation of
ERK, we performed subcellular fractionation of phospho-ERK1/
2. Hemin induced an increase in phospho-ERK1/2 primarily in
the cytoplasm, except a smaller amplitude, but statistically signif-
icant increase in the nucleus at 8 h. In contrast, HCA led to the
elevation of phospho-ERK1/2 in the nucleus (Fig. 5A). As Mkp
gene transcription is activated by nuclear ERK1/2 (Cook et al,,

Zille et al. @ Hemin Models a Variant of Neuronal Ferroptosis

1997; Li et al., 2001; Smith et al., 2005), we hypothesized that if
phospho-ERK1/2 weakly translocates into the nucleus after he-
min exposure, Mkp-1 and Mkp-3 should be weakly transcribed.
As expected, we observed that hemin did not induce Mkp-1 and
Mkp-3 gene transcription until 8 h after hemin, which coincided
with the increase in phospho-ERK1/2 seen in the nuclear frac-
tion. Again, by contrast, ferroptosis induced by the glutamate
analog HCA was associated with the translocation of nuclear
ERK1/2 soon after HCA addition and a significant increase in
both Mkp-1 and Mkp-3 mRNA levels (Fig. 5B). As a more defini-
tive test that nuclear translocation of phospho ERK1/2 is not nec-
essary for hemin-induced ferroptosis, we forced expression of a
mutant version Mkp3 with a critical cysteine in the active site of
the phosphatase mutated to serine (C293S). This construct acts as
a dominant negative and prevents endogenous active MKP3 from
binding to ERK1/2. Moreover, it has another functionality in pre-
venting the translocation of ERK1/2 to the nucleus (Levinthal and
Defranco, 2005). While the overexpression of Mkp3 C293S pro-
tected against glutathione depletion (HCA)-induced neuronal
ferroptosis as described previously (Levinthal and Defranco,
2005), it had no effect on ferroptosis induced by hemin (Fig. 4C).
Altogether, these findings demonstrate that hemin-induced fer-
roptosis is MEK-independent and ERK-independent.

Upstream of MEK in the Ras-Raf-MEK-ERK signaling path-
way is the first step of the MAP kinase cascade, Raf. C-Raf is the
principal member of the Raf kinase family of serine/threonine
specific protein kinases. Prior studies have shown that the selec-
tive Raf inhibitor GW5074 prevented glutamate analog (HCA)-
induced ferroptosis completely at 50 nm (Chin et al., 2004). In
contrast and consistent with our findings with MEK and ERK
inhibitors, GW5074 had no effect on hemin-induced ferroptosis
(Fig. 6A). Together, these studies show that inhibitors of Raf,
MEK, or ERK all inhibit canonical ferroptosis induced by the
glutamate analog HCA but fail to inhibit hemin or hemoglobin-
induced ferroptosis.

The protection of U0126 is not mediated by its known off-
target effects

In the absence of evidence that U0126 prevents hemin-induced
ferroptosis by inhibiting the Raf-MEK-ERK signaling pathway, it
is possible that a known off-target effect of the drug may explains
its antiferroptotic effects in brain hemorrhage models. U0126
was originally described as a specific inhibitor of MEK1 (ICsy =
0.072 = 0.02 uMm) and MEK2 (ICso = 0.058 = 0.02 um) that does
not affect other kinases below 10 um (Favata et al., 1998). Since
then, U0126 has also been shown to inhibit the MEK5-ERKS5 sig-
naling pathway below a concentration of 10 um (Kamakura et
al,, 1999; Mody et al., 2001). We therefore investigated whether
inhibitors of MEK5 and ERK5 protect neurons from hemin-
induced ferroptosis. However, both the selective ERK5 inhibitor
BIX02189 and the MEKS5 inhibitor XMD17-109 failed to show
any protection (Fig. 6B), making MEK5-ERKS5 an unlikely target
for the protective effects of U0126.

Furthermore, U0126 is a weak inhibitor of the MEK4 (Favata
et al., 1998), also known as MEK4. We therefore assessed MEK4
inhibitors in their ability to abrogate hemin-induced ferroptosis.
The three selective MEK4 inhibitors investigated, NUCC-
201167, NUCC-202360, and NUCC-226297, did not improve
cell survival in hemin-induced neuronal ferroptosis (Fig. 6C).

Phosphorylation of ERK1/2 has also been associated with an
overall decrease in the phosphorylation of AMPK that is involved
in controlling cell growth, transcription, and responses to nutrient
limitation and stress (Kodiha et al., 2007). Moreover, another
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Figure 5.  Hyperactivated ERK1/2 remains in the cytoplasm in hemin-induced ferroptosis and the transcription of Mkp7 and Mkp3, its negative regulators, is delayed. A, The time course of

the levels of phospho-ERK and total ERK was assessed in the cytoplasmic and nuclear extracts of primary neurons exposed to 100 m hemin or 5 mm HCA (normalized to y-tubulin for cyto-
plasmic fractions or Histone H4 for nuclear fractions). The fractionation was confirmed by evaluating the Histone H4 expression in the cytoplasmic fractions and the GAPDH expression in the nu-
clear fractions. Medians are given, except for the nuclear fractions in hemin that are means = SD; *p << 0.05 versus 0 h. For exact p values, refer to Extended Data Figure 5-1. B, The Mkp1
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versus 0 h. For exact p values, refer to Extended Data Figure 5-2.

study showed that U0126 and PD98059, chemically diverse
MEK1/2 inhibitors, can activate AMPK by increasing the cellular
AMP:ATP ratio independent of ERK1/2 inhibition (Dokladda et
al, 2005). We therefore investigated whether activating AMPK
mimics the ability of U0126 to block hemin-induced ferroptosis.
The AMPK activator metformin did not abrogate hemin-induced
cell death (Fig. 6D).

Unbiased phosphoproteomics in search of the mechanism
underlying the protective effect of U0126 in hemin-induced
ferroptosis

Given the robust ability of U0126 to prevent hemin-induced fer-
roptosis in vitro and reduce ICH-induced impairment in vivo,
we sought to identify the underlying mechanism using an
unbiased phosphoproteomics approach. We assessed canonical
ferroptosis using erastin treatment with and without U0126 for 7
h, the latest time that U0126 can be added and protect all the
neurons, and hemin-treated cortical neurons with and without
U0126 for 5 h.

We compared phosphorylation levels across these groups in
28,022 phosphopeptides from 4871 proteins (Extended Data Fig.
7-1). Of these, 452 peptides from 369 proteins showed altered
levels over the significance threshold (p < 0.001) after hemin
treatment. A total of 51 peptides from 49 proteins showed altered
levels after erastin treatment. Overall, both patterns were remak-
ably distinct with only nine peptides significantly changed in
both sets, of which eight were altered in the same direction
(Jaccard similarity coefficient=0.016; Fig. 7A; Extended Data
Fig. 7-1).

To assess altered kinase activity, we submitted proteins with
increased phosphopeptides (p << 0.001) in erastin-treated or he-
min-treated cells to KEA3 (Kuleshov et al., 2021). KEA3 ranks
kinases based on the enrichment of substrate and interacting
proteins (low rank suggests greater enrichment). As expected,
MAPKI was among the top ten ranked kinases increased after
erastin but not hemin treatment (Fig. 7B; Extended Data Fig. 7-
2). Top ranked kinases upregulated by hemin treatment, but not
erastin treatment, included TLK2 and AKT1 (Fig. 7B). To note,
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Figure 6.  The inhibition of Raf, MEK5/ERKS, MEK4, and the activation of AMPK do not protect primary neurons from hemin-induced neuronal ferroptosis. A, Primary neurons were exposed

to vehicle or 100 um hemin and different concentrations of the selective Raf inhibitor GW5074. B, The concentration-responses of BIX02189 (MEK5 inhibitor) and XMD17-109 (ERK5 inhibitor)
in primary neurons exposed to hemin-induced ferroptosis. (, The concentration-responses of the MEK4 inhibitors in primary neurons exposed to hemin-induced ferroptosis. D, Concentration
response for metformin (AMPK activator) in primary neurons exposed to hemin-induced ferroptosis. AMPK activation is shown by western blotting of the total and phospho-AMPK protein levels
assessed in primary neurons exposed to vehicle or 5 mm metformin. The values represent the medians. For exact p values, refer to Extended Data Figure 6-1.

AKT1 was also among the top ranked kinases downregulated by
hemin (Extended Data Figs. 7-2, 7-3), suggesting that hemin
drives AKT1 phosphorylation at a specific subset of substrates.
On the other hand, the analysis of the kinases downregulated by
erastin treatment did not reveal sufficient gene symbols for
enrichment.

We further investigated the motifs surrounding the phospho-
rylation sites in the two sets. They included sP, where the small
case S represents phosphorylated serine, a substrate for proline-
directed protein kinases such as MAP kinases (Fig. 7C). Rxxs
(CAMK?2, Akt, PKA, DMPK1/2) was overrepresented in hemin
versus control compared with erastin set versus control (ratio
1.18), while (D/E)xx(s/t) (casein kinase I) was underrepresented
(ratio 0.85). Furthermore, we detected an increase in the fre-
quency of R in position 5 in the differentially modulated set of
phosphopeptides of the hemin-treated samples (ratio 1.18;
Extended Data Fig. 7-4).

In search for the target of U0126 in hemin-induced ferropto-
sis compared with erastin-induced ferroptosis, we compared he-
min-treated cells with U0126 to erastin-treated cells with U0126.
We identified 34 phosphopeptides from 34 proteins with

significantly altered levels in hemin+U0126-treated versus he-
min-treated cells and 61 phosphopeptides from 58 proteins in
erastin+UO0126-treated versus erastin-treated cells, with no
overlap between both groups (p <0.001; Fig. 8A; Extended
Data Fig. 7-1). A KEA3 analysis of proteins with downregu-
lated phosphopeptides after U0126 treatment showed the
expected enrichment of MAPK1/3 for erastin+U0126 (Fig.
8B; Extended Data Fig. 7-2), suggesting a decrease in MAPK1/
3 activity with erastin+U0126 compared with erastin alone.
However, hemin+U0126 had a decrease in kinases such as
CHEK?2, PAK1/2, CSNK2A1, and EGFR (Fig. 8B; Extended
Data Fig. 7-2). To note, the analysis of the kinases upregulated
by hemin+U0126 treatment did not reveal sufficient gene
symbols for enrichment, but erastin+U0126 treatment upreg-
ulated AKT1, CDK1/2/4, and CSNK2A1/2/3 (Extended Data
Figs. 7-2, 8-1).

Next, we looked at hemin-treated cells compared with
untreated controls, that had also significantly different levels of
phosphopeptides between the hemin-treated and erastin-treated
cells, and where U0126 treatment led to changes in the opposite
direction of the hemin treatment. We identified 247 altered
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min treatment showed altered levels. Eight peptides were similarly increased or decreased. The Jaccard similarity coefficient = 0.016 (for full list of phosphopeptides, refer to Extended Data Fig.
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Extended Data Fig. 7-4).

phosphopeptides (p < 0.05; Fig. 8C; Extended Data Fig. 8-2). In
the motifs surrounding the phosphorylation sites, we observed
that Rxxs (CAMK2, Akt, PKA, DMPK1/2), (s/t)xx(E/D) (CK2),
and sP (MAPK and other kinases) were enriched versus their
abundance in the proteome (Fig. 8D). sxxD/E was overrepre-
sented (ratio 2.06 or 2.05, respectively; Extended Data Fig. 8-3).
Finally, network analysis of the proteins revealed some GO cellu-
lar processes and functions that provide the basis for a future
search for the target of U0126 in hemin-induced ferroptosis (Fig.
8E,F).

Discussion

The exposure of cultured neurons to hemoglobin and hemin
has been shown to be a model that is reliably predictive of
therapeutic targets in rodent models of hemorrhagic stroke

(Karuppagounder et al., 2016, 2018; Zille et al., 2017; Alim et
al., 2019). Several years ago, we demonstrated that hemoglo-
bin-induced and hemin-induced cell death in neurons can be
prevented by a cassette of classical inhibitors of ferroptosis
including N-acetylcysteine (a glutathione prodrug), deferox-
amine (an iron chelator), ferrostatin (a lipid peroxidation in-
hibitor) and U0126 (a MEK inhibitor; Zille et al., 2017).
Here, we show, for the first time, that U0126 improves func-
tional recovery after ICH in mice. Additionally, we used the
experimental leverage of an in vitro model of brain hemor-
rhage to probe the mechanism by which U0126 prevents
ferroptosis. Unexpectedly, and in contrast to classical ferrop-
tosis induced by glutamate or erastin, our studies revealed
that U0126 protects against hemin-induced ferroptosis inde-
pendent of MEK1/2. Together with other emerging evidence,
these findings define hemin-induced death as a novel, bona
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fide variant of classical neuronal ferroptosis. Finally, we also
present a novel, unbiased phosphoproteomic analysis of fer-
roptosis that will help to better understand these variants of
ferroptosis and to identify the protective mechanism of
U0126 in hemin-induced ferroptosis.

Classically, ferroptosis is induced by cystine transport block-
ade leading to the depletion of the antioxidant glutathione
(Dixon et al,, 2012). The depletion of glutathione results in the
hypoactivity of glutathione peroxidase 4 (GPX4) and an unop-
posed generation of reactive lipid species via 12/15-lipoxygenase
(Ratan, 2020). Reactive lipid species downstream of 12/15-li-
poxygenase are believed to lead to the oxidative inactivation of
MKP3 that in turn permits the constitutive activation of the Ras-
Raf-MEK-ERK1/2 pathway (Levinthal and Defranco, 2005). This
constitutive activation leads to translocation of ERK1/2 to the
nucleus where it stabilizes c-Myc, Elk-1 and likely other tran-
scription factors (Davis, 1995; Sleiman et al.,, 2011; Tsai et al,
2012) and enhances the transactivation of a host of genes includ-
ing those involved in iron uptake into the cell (Wu et al., 1999;
Ratan, 2020). This may be one of a number of mechanisms by
which cells undergoing ferroptotic oxidative death paradoxically
load up with iron.

The ability of Raf, MEK, and ERK nuclear translocation inhi-
bition to abrogate classical ferroptosis is well established (Dixon
et al., 2012; Xie et al., 2016). Here, we show that neither Raf inhi-
bition (GW5074; Fig. 6A), nor pharmacological MEK inhibition
(Extended Data Fig. 2-3), nor reduced ERK phosphorylation (via
MKP overexpression; Fig. 4) affect hemin-induced ferroptosis.
The findings show that despite the ability of U0126 to protect
against hemin-induced ferroptosis, this variant of ferroptosis is
Ras-Raf-MEK-ERK-independent.

The ability of U0126 to protect independent of MEK1/2 raises
several questions. First, is hemin-induced death ferroptotic?
Based on our prior statistical analysis using a host of accepted
criteria for ferroptosis, hemin-induced death meets the definition
of ferroptosis (Zille et al., 2017). Like classical ferroptosis, hemin-
induced death is abrogated by forced expression of GPX4 (Alim
et al,, 2019). GPX4 is unique among glutathione peroxidases in
that it is monomeric and can therefore insert into membranes to
neutralize oxidized lipids. Hemin has been shown to intercalate
into membranes where it can directly influence their composi-
tion (Wyse and Butterfield, 1989) and function, providing a
plausible scheme by which hemin-induced death is linked to
membrane derived reactive lipid species. As expected, like classi-
cal ferroptosis, hemin can also be abrogated by glutathione
enhancing agents (Karuppagounder et al., 2018) and chelators of
iron that target specific metalloenzymes (Karuppagounder et al.,
2016).

In addition to the results presented in this study, there is
growing appreciation that hemin-induced death is distinct from
classical ferroptosis. First, classical ferroptosis is abrogated by

«—

phosphopeptides that were significantly changed in hemin versus control treatment, that
also had significantly different levels between the hemin-treated and erastin-treated cells,
and where U0126 treatment led to changes in the opposite direction of the hemin treatment
identified 247 phosphopeptides with significantly altered levels (p << 0.05, see also Extended
Data Fig. 8-2). Dashed lines indicate a p value threshold of 0.05. D, Motif analysis shows that
Rxxs (CAMK2, Akt, PKA, DMPK1/2), (s/t)xx(E/D) (CK2), and sP (MAPK and other kinases) were
enriched versus their abundance in the proteome. sxxD/E was overrepresented (ratio 2.06 or
2.05, respectively, see also Extended Data Fig. 8-3). E, F, Network analysis of the proteins
revealed some GO cellular processes (E) and functions (F) that provide the basis for a future
search for the target of U0126 in hemin-induced ferroptosis.
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Table 1. Similarities and differences between classical, glutathione depletion-
induced ferroptosis and hemin-induced ferroptosis

(lassical, glutathione

depletion-induced Hemin-induced

(riterion ferroptosis ferroptosis
Reactive lipid species-dependent + +
Glutathione enhancing agents are protective +
GPX4 forced expression is protective +
Iron chelators are protective +

+

12/15-lipoxygenase-dependent

Nuclear translocation of phospho-ERK1/2
MKP3 forced expression is protective
Transcription-dependent + -

+
+
+
ERK1/2 hyperactivation +
+
+
+

ERK1/2, extracellular signal-requlated kinase 1/2; GPX4, glutathione peroxidase 4; MKP3, MAP kinase phos-
phatase 3.

pharmacological inhibitor of 12/15-lipoxgenase inhibition (Tang
et al,, 1996; Li et al., 1997; Khanna et al., 2003; Seiler et al., 2008),
while 12/15-lipoxygenase inhibitors have no effect on hemin-
induced ferroptosis (Karuppagounder et al, 2018). Hemin-
induced death is 5-lipoxygenase-dependent (Karuppagounder et
al., 2018). Second, classical ferroptosis is inhibited by inhibitors
of macromolecular synthesis (Ratan et al., 1994a, b; Zille et al,,
2019), whereas hemin-induced ferroptosis is not (Zille et al.,
2017). It is tempting to speculate that the inability of transcrip-
tional inhibitors to block hemin-induced death reflects the ab-
sence of ERK translocation to the nucleus where it is able to
activate and stabilize several transcriptional targets. Altogether,
these data suggest that while hemin induces ferroptosis, it does
so via a pathway that is 12/15-lipoxygenase-independent, tran-
scription-independent, and Ras-Raf-MEK-ERK-independent
(Table 1).

Another question raised by the data is the following: if hemin
induces a variant of ferroptosis, how does hemin differ from era-
stin and glutamate as an inducer of ferroptosis? The precise an-
swer is unknown, but there is currently no evidence that, like
glutamate or erastin, hemin or hemoglobin can interact directly
with the xCT cystine dependent transporting agency. Given the
ability of hemin to directly interact with membranes (Wyse and
Butterfield, 1989), it could indirectly affect the function of the
xCT transporter. However, if that were the case, one would
expect the mechanisms of hemin-induced death to be identical
to that of glutamate and erastin. Accordingly, we speculate that
hemin-induced ferroptosis occurs as a result of direct generation
of reactive lipid species and consumption of glutathione rather
than of the decreased synthesis of glutathione (Table 1).

The ability of hemin to drive a unique path to ferroptosis
amplifies the importance of identifying the target for U0126 in
preventing hemin-induced death. Our results demonstrating the
ability of U0126 to improve functional recovery in a rodent
model of ICH (Fig. 1) further point to the therapeutic impor-
tance of this exercise. What we can say is that it is unlikely that
the salutary effects of U0126 relate to its direct effects as an anti-
oxidant as its inactive kinase analog U0124 is ineffective (Zille et
al., 2017). U0124 shares the potency of U0126 as an antioxidant
(Ong et al,, 2015).

Using unbiased phosphoproteomics, we here provide further
insights into the similarities and differences of hemin-induced
and erastin-induced ferroptosis and a basis to understand the
off-target effects of U0126 in interdicting a variant of ferroptosis.
While hemin altered 452 and erastin altered 51 phosphopeptides,
only eight of them were changed in the same direction (Fig. 7A4;
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Extended Data Fig. 7-1), resulting in a low Jaccard index (0.016)
suggesting that both subtypes of neuronal ferroptosis have differ-
ent phosphopeptide signatures. In erastin-treated cells, we found
Map3k4 S1241 increased, which may increase the activity of
Map3k4 (Bullard et al, 2016). The phosphorylation of Peal5
S116 was decreased, which has been demonstrated to sensitize
cells for apoptosis (Eckert et al., 2008).

Among the phosphopeptides that were changed in (1) he-
min-treated cells compared with untreated controls, (2) between
the hemin-treated and erastin-treated cells, and (3) were affected
by the U0126 treatment in the opposite direction to hemin treat-
ment, we identified 247 phophopeptides with significantly
altered levels (Extended Data Fig. 8-3). Motif analyses surround-
ing the phosphorylation sites in the two sets revealed that Rxxs
(CAMK2, Akt, PKA, DMPK1/2), (s/t)xx(E/D) (CK2), and sP
(MAPK and other kinases) were altered in hemin versus control
compared with erastin set versus control and U0126 treatment in
hemin-treated cells (Figs. 7C, 8C). This may suggest the involve-
ment of CK-II/IKK type kinases based on the sxxE/D motifs in
triggering ferroptosis as they have been suggested to play a role
in the regulation of cell death (Guan et al., 2011b).

Taken together, this unbiased phosphoproteomic dataset pro-
vides a template on which to understand distinct paths to cell
death that meet the definition of ferroptosis.
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