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Selenium Drives a Transcriptional Adaptive Program
to Block Ferroptosis and Treat Stroke
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e Ferroptotic stimuli drive inadequate transcription of
protective selenoproteins

e Selenium (Se) enhances adaptive transcription to protect
cells from ferroptosis

e Se induces a protective selenome via DNA binding of
TFAP2c and Sp1

e A selenocysteine-containing peptide, Tat SelPep, improves
outcomes after stroke
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An adaptive response to ferroptotic
stress is uncovered and leveraged to
develop a neuroprotectant that reduces
cell death and improves function after
hemorrhagic stroke in mice.
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SUMMARY

Ferroptosis, a non-apoptotic form of programmed cell
death, is triggered by oxidative stress in cancer, heat
stress in plants, and hemorrhagic stroke. A homeo-
static transcriptional response to ferroptotic stimuli
is unknown. We show that neurons respond to ferrop-
totic stimuli by induction of selenoproteins, including
antioxidant glutathione peroxidase 4 (GPX4). Pharma-
cological selenium (Se) augments GPX4 and other
genes in this transcriptional program, the selenome,
via coordinated activation of the transcription factors
TFAP2c and Sp1 to protect neurons. Remarkably,
a single dose of Se delivered into the brain drives
antioxidant GPX4 expression, protects neurons, and
improves behavior in a hemorrhagic stroke model.
Altogether, we show that pharmacological Se supple-
mentation effectively inhibits GPX4-dependent fer-
roptotic death as well as cell death induced by excito-
toxicity or ER stress, which are GPX4 independent.
Systemic administration of a brain-penetrant seleno-
peptide activates homeostatic transcription to inhibit
cell death and improves function when delivered after
hemorrhagic or ischemic stroke.

INTRODUCTION

Intracerebral hemorrhage (ICH; bleeding in the brain) is a stroke
subtype associated with hypertension, cerebral amyloid angiop-
athy, arteriovenous malformations, and anticoagulant use.
Despite the high morbidity and mortality of ICH (van Asch et al.,
2010), there are no established treatments (Keep et al., 2012).
Therapeutic strategies to limit secondary damage after ICH are
of intense interest (Gurol and Greenberg, 2008). Secondary dam-
age, including neuronal death, occurs hours to days following the

initial bleed (Brott et al., 1997) and is attributable to a host of fac-
tors from lysed blood, such as hemoglobin and the oxidized form
of iron-rich heme (Huang et al., 2002).

Recent studies demonstrate that secondary cell death in ICH
is not the result of random destruction of macromolecules
by iron-catalyzed oxidants, but rather by ferroptosis, a non-
apoptotic, programmed cell death pathway (Karuppagounder
et al., 2016; Li et al., 2017; Zille et al., 2017). Ferroptosis is trig-
gered by the enzymatic production of oxidant lipid species and
can be blocked by selective lipid peroxidation inhibitors such
as ferrostatin (Dixon et al., 2012; Khanna et al., 2003; Zille
et al., 2017). In addition to ICH, ferroptosis operates in
erastin and sulfasalazine-induced death of cancer cells
(Dixon et al., 2012; Gout et al., 2001), heat stress in plants
(Distéfano et al., 2017), ischemia-reperfusion injury (Friedmann
Angeli et al., 2014), traumatic brain injury (Wenzel et al., 2017),
and Parkinson’s disease (Do Van et al., 2016).

In cortical neurons, ferroptosis induces transcriptional re-
sponses involving the activation of the leucine zipper transcrip-
tion factor ATF4, and the upregulation of genes linked to cell
death including, CHOP (a prodeath transcriptional activator),
TRIB3 (a pseudokinase inhibitor of Akt), or CHAC1 (an enzyme
that degrades glutathione; Karuppagounder et al., 2016; Lange
et al., 2008). Germline deletion of ATF4 in neurons renders
them resistant to homocysteic acid (HCA)-induced ferroptosis
in vitro, and sensitivity to cell death can be reinstated by wild-
type ATF4, but not ATF4 with the DNA binding domain mutated
(Lange et al., 2008). Subsequent studies showed that iron chela-
tors prevent ferroptosis in neurons induced by glutamate or
hemin (used to model ICH in vitro) not by inhibiting Fenton chem-
istry but rather by targeting a family of iron-dependent enzymes,
the hypoxia-inducible factor (HIF) prolyl hydroxylases, which are
necessary for ATF4-dependent prodeath transcription (Karup-
pagounder et al., 2016). ATF4-dependent gene expression is
observed in ferroptotic cancer cells induced by erastin, but
the role of ATF4 in regulating ferroptotic death in cancer cells
appears context dependent (Chen et al., 2017).
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Figure 1. Ferroptotic Stimuli Increased Protective Selenoprotein mRNA Expression In Vitro and In Vivo

(A) gPCR showed that a cassette of selenoprotein mRNAs were induced 6 h after exposure to 5 mM HCA (a glutamate analog) but not a vehicle control. (n = 5,
p < 0.01; t test; data shown in mean + SEM).

(B) gPCR showed that a cassette of selenoprotein mMRNAs were induced after a 6 h exposure to 80 uM hemin

(n =5, p<0.05; t test; mean + SEM).

(C and D) Schematic of experimental paradigm for modeling ICH in mice (C). 6 h after collagenase injection, RNA was harvested from the ipsilateral striatum and
qPCR revealed increases in selenoprotein mRNAs (D; n = 4; p < 0.05; t test; mean + SEM).

(E) Immunobilotting showed that ferroptotic stimuliinduced GPX4 protein levels relative to B-actin (loading control), but they were unaffected by vehicle treatment
(n =4, p<0.01; t test; mean + SEM).

(legend continued on next page)
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The canonical tumor suppressor p53 has also been impli-
cated as a transcriptional mediator of ferroptotic death (Jiang
et al.,, 2015; Tarangelo et al., 2018; Wang et al., 2016; Xie
et al., 2017). Specifically, p53 negatively regulates tran-
scription of SLC7A11, the cystine-glutamate antiporter (Xc-)
(Jiang et al., 2015; Tarangelo et al., 2018). The ability of p53
to repress SCL7A11 and induce ferroptosis is consistent
with prior observations that pharmacological inhibition of
SCL7A11 also resulted in ferroptosis (e.g., via exposure to
erastin, glutamate, HCA; Dixon et al., 2012). Indeed, in vivo,
the tumor suppressive effects of an acetylation defective
mutant of p53, which does not induce cell-cycle arrest, senes-
cence, or apoptosis, can be overcome by forced expression
of SLC7A11 (Jiang et al., 2015). Altogether, these findings
suggest that p53 has multiple modes of tumor suppression
including the activation of ferroptosis via suppression of
SLC7A11 transcription. By contrast, p53-dependent transcrip-
tion of p21™af/eiP) (Tarangelo et al., 2018) or p53-dependent
nuclear accumulation of DPP4 (Xie et al., 2017) appears to
suppress ferroptosis via preservation of the redox balance,
raising the possibility that p53 has multiple arms that lead
to ferroptotic death or cell-cycle inhibition depending on
levels of stress or damage. In addition to p53, the electro-
phile responsive transcription factor Nrf-2 can also suppress
ferroptosis in tumor cells (Fan et al., 2017) or in neuronal cul-
tures when activated selectively in glial cells (Haskew-Layton
et al., 2010).

While SCL7A11 has been a logical focus of the transcrip-
tional regulation of ferroptosis outlined above, recent studies
have highlighted the central role that selenium plays in modu-
lating ferroptotic death via its co-translational incorporation
into selenocysteine in proteins such as glutathione peroxi-
dase-4 (GPX4; Ingold et al., 2018). However, little is known
about whether GPX4 and other selenoproteins are induced at
a transcriptional level by ferroptotic stimuli and whether such
a putative homeostatic adaptive response can be harnessed
to limit ferroptosis in disease (Stoytcheva and Berry, 2009).
Here, we show that selenoproteins, including GPX4, are
induced at a transcriptional level as a frustrated adaptive
response to ferroptotic stimuli in vitro and in vivo in the nervous
system. Unexpectedly, supraphysiological levels of selenium
drive this transcriptional response, the selenome, via TFAP2c
and Sp1 to prevent ferroptosis and ferroptosis-independent
modes of cell death. Delivery of selenium directly into the cere-
bral ventricle or systemically via brain penetrant, selenocys-
teine peptides activates the adaptive transcriptional response
to ferroptosis and improves functional recovery following
stroke.

RESULTS

Ferroptotic Stresses and ICH Drive a Frustrated
Adaptive Response Involving Selenoproteins

In order to elucidate novel strategies to halt ICH-induced
neuronal injury, we focused on ferroptosis in neurons. Ferropto-
sis is a distinct form of cell death that is caspase independent,
mediated by lipid peroxidation, regulated by GPX4, and is non-
cell autonomous and highly synchronized (Dixon et al., 2012;
Friedmann Angeli et al., 2014; Kagan et al., 2017; Linkermann
et al., 2014; Poursaitidis et al., 2017; Yang et al., 2014). ICH-
induced cell death occurs by ferroptosis (Karuppagounder
et al., 2016; Li et al., 2017; Zille et al., 2017). Indeed, increases
in lipoxygenases or lipid peroxidation can be observed in mice
or humans after ICH (Li et al., 2017; Karuppagounder et al.,
2018), and canonical ferroptosis inhibitors protect against ICH
in vivo or in response to hemin in vitro (Li et al., 2017; Zille
et al., 2017). We also found that ICH in vivo induces terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
labeling indicative of endonucleolytic cleavage of DNA, another
feature of ferroptosis (Friedmann Angeli et al., 2014; Figure S1A),
and lysis of the plasma membrane occurs synchronously after
exposure to hemin in vitro as has been demonstrated in some
ferroptotic paradigms (Linkermann et al., 2014; Poursaitidis
et al., 2017; Figure S1B).

To define an adaptive transcriptional response to ferroptosis,
we probed changes in mRNA levels of antioxidant enzymes
known to neutralize reactive lipids including GPX4 in primary
neurons using a glutamate-induced cell death paradigm now
recognized as ferroptosis (Ratan et al., 1994a; Zille et al., 2019)
or an in vitro model of ICH involving hemin, which also leads
to ferroptosis (Karuppagounder et al., 2016; Zille et al., 2017).
As expected, the expression of canonical anti-oxidant en-
zymes such as superoxide dismutase (SOD2) and catalase
were not induced in either paradigm (Figures 1A and 1B). Rather,
within 6 h of exposure to HCA (homocysteate, a glutamate
analog) or hemin (the oxidized form of heme used to model ICH
in vitro), we found increased expression of several selenium-con-
taining antioxidant enzymes, including glutathione peroxidase 4
(GPX4), thioredoxin reductase 1 (TXNRD1), glutathione peroxi-
dase 3 (GPX3), and selenoprotein P (SelP) (Figures 1A and 1B).
The expression of these selenoenzymes was also induced in vivo
in the striatum ipsilateral to the lesion in a murine model of human
ICH (Figures 1C and 1D).

As ferroptotic cell death occurs extensively in the in vitro and
in vivo paradigms examined, the induction of selenoprotein
gene expression in our model systems is likely an inadequate
attempt of the cell to protect itself. To investigate this possibility,

(F) Cell viability was not increased in HCA-exposed neurons infected with an adenovirus encoding a GFP (control + 10 uM trimethoprim [TMP]) but was increased
in neurons infected with an adenovirus encoding GPX4 with a destabilization domain (ddGPX4) treated with 10 uM of TMP (n = 5; p < 0.01; t test; mean + SEM).
(G) Live(green)/Dead (red) imaging of primary cortical neurons infected with adenovirus encoding GFP (control, 10 pM TMP), or an adenovirus encoding GPX4
with an attached destabilization domain (ddGPX4, 10 uM TMP) 24 h after exposure to 80 uM hemin or vehicle control (n = 5 independent cultures). Scale

bar, 50 pm.

(H-J) Forced expression of GPX4 but not a GFP control into neurons in vivo 2 weeks prior to ICH induced behavioral recovery in mice (H). (I and J) Forced
expression of GPX4 significantly enhanced performance on the tape removal task (a measure of sensory neglect, n = 16; p < 0.05; ANOVA; mean + SEM) or the
corner test (a measure of spatial neglect, n = 16; p < 0.05; ANOVA; mean + SEM) up to 14 days post-ICH in mice.

See also Figure S1.
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we manipulated GPX4 levels, since this enzyme can neutralize
oxidized lipids and inhibit ferroptosis in non-neural cell types
(Yang et al., 2014). Following HCA or hemin treatment of cortical
neurons, induction of GPX4 message and protein is observed by
4-8 h (Figures 1A, 1B, 1E, and S1C). To verify that GPX4 is pro-
tective, we reversibly destabilized GPX4 protein levels (Iwamoto
et al., 2010). In this experiment, neurons expressed a destabi-
lized form of GPX4 (ddGPX4) at a low steady-state until trimeth-
oprim (TMP, 10 uM) was added to rapidly stabilize GPX4 protein
levels (within 1 h; Figure S1D). TMP-mediated stabilization of
GPX4 protected neurons when added up to 4 or 8 h after hemin
or HCA addition, respectively (Figures 1F, 1G, and S1E). Steady-
state levels of GPX4 from neurons with adenovirus-mediated
transduction of either ddGPX4 or GFP were not increased. More-
over, neither the addition of TMP alone nor ddGPX4 expression
without TMP had a protective effect (Figure 1F). These studies
show that GPX4 induction is part of an adaptive response within
neurons to ferroptotic stimuli, and that increasing GPX4 levels
above those that are induced by ferroptotic stimuli well after
insult onset is sufficient to protect neurons.

To address whether ICH leads to ferroptotic death of neurons
in vivo, we drove neuron-specific expression of GPX4 in the
intact mouse brain. GPX4 is a known regulator of ferroptosis in
multiple cell types, and we tested whether forced expression in
neurons could reduce cell death and behavioral impairment after
ICH. Accordingly, we injected an AAVS8 viral vector encoding
GPX4 under control of the synapsin 1 promoter into the striatum.
This protocol resulted in predominantly neuronal transduction in
the mediolateral striatum with expected increases in GPX4
expression (Figure S1F; Kugler et al., 2003). Forced GPX4
expression 2 weeks prior to ICH lead to reductions in cell death
(as measured by Fluoro-jade staining; Figure S1G) and nearly
complete functional recovery after ICH by 14 days in tests of
sensory or spatial neglect (Figures 1H-1J). Beneficial effects
were observed without any effect on hematoma size arguing
against the possibility that GPX4 inhibits collagenase-induced
brain bleeding (Figure ST1H). GPX4 is thus sufficient to prevent
cell death following ICH and, with recent data implicating reac-
tive lipids in ICH (Karuppagounder et al., 2018), provides
additional evidence that ICH-induced neuronal loss is due to
ferroptosis.

Se Drives a Protective Transcriptional Response
Involving GPX4

Selenium is an essential micronutrient required for synthesis of
the amino acid selenocysteine (Hatfield and Gladyshev, 2002),
which is a critical feature of GPX4 and other selenoenzymes
since it provides greater resistance to oxidative inactivation
than enzymes that contain cysteine alone (Ingold et al., 2018;
Snider et al., 2013). Sodium selenite (SeO5~2, hereafter referred
to as Se) is used frequently to deliver selenium to cells in culture.
Selenite is taken up into the cell and is used to load selenocys-
teine co-translationally (Hatfield and Gladyshev, 2002; Turanov
et al., 2009, 2011). Accordingly, we tested whether Se treatment
could provide neuroprotection. We found that Se addition dose-
dependently inhibited ferroptosis induced by hemin or HCA (Fig-
ures 2A, 2B, S1l, and S1J) and could be added hours after HCA
or hemin exposure and still protect neurons (Figures 2C).

The ability of selenium to load selenocysteine co-translation-
ally predicted that selenium supplementation would protect
via translational mechanisms (Hatfield and Gladyshev, 2002;
Turanov et al., 2011). Unexpectedly, we found that Se treat-
ment increased transcription of several selenoprotein genes,
including GPX4 (Figures 2D and S1K; GPX4 protein Figure S1L).
Moreover, the transcriptional inhibitor, actinomycin-D, abro-
gated Se-induced protection from hemin-induced ferroptosis
(Figures 2E and 2F). Together, these unexpected findings indi-
cate that Se can augment an adaptive transcriptional response
to neuronal ferroptotic stresses and that transcription is critical
for Se to prevent death.

To address whether transcriptional induction of GPX4 is
necessary for the protective effects of Se, we reduced expres-
sion of GPX4 in cortical neurons using small interfering RNAs
(siRNAs) targeting three distinct GPX4 exons in separate exper-
iments (Figures S2A and S2B). Since reducing GPX4 expression
levels alone leads to neuronal cell death within 12-16 h (Figures
2G and S2E), cultures were supplemented with 50 uM of N-ace-
tylcysteine (NAC), a glutathione enhancing agent, to maintain
survival with reduced expression of GPX4 (Figures S2A and
S2B). 50 uM NAC protected GPX4-depleted neurons without
affecting GPX4 expression (Figures S2A and S2C) and without
affecting sensitivity to ferroptosis (Figures S2D). Exposure of
cultured neurons to hemin or HCA resulted in cell death, whereas

Figure 2. Sodium Selenite Induced Essential Selenoprotein Transcription to Protect Neurons from Cell Death

(A) Concentration response of Se-induced changes in viability 16 h after exposure of primary cortical neurons to 80 uM hemin (n = 8; p < 0.05; t test; data shown in
mean + SEM)

(B) Live(green)/Dead(red) assay of primary cortical neurons exposed to hemin (80 uM, 16 h) in the presence and absence of protective concentrations of Se (1 uM,
n = 3 independent cultures). Scale bar, 75 pm.

(C) 1 uM Se preserved cortical neuron viability when added well after exposure to hemin (80 uM) or the glutamate analog, HCA (56 mM). (n = 5; p < 0.05; t test;
mean + SEM).

(D) Protective concentrations of Se (1 uM) augmented induction of GPX4 and other selenoprotein mRNAs in primary cortical neurons (as measured by gPCR).
Addition of protective concentrations of Se (1 uM) + 5 mM HCA or 80 uM hemin have additive effects on GPX4 and other selenoproteins (n = 5; p < 0.01; ANOVA;
mean + SEM).

(E and F) A non-selective transcription inhibitor actinomycin-D (2 ng/mL) abrogated Se-induced increases in GPX4 mRNA in primary cortical neurons; (E; n = 4;
p < 0.05; t test; mean + SEM) and protection from hemin-induced toxicity (F; n = 3; p < 0.01; t test; mean + SEM).

(G) Reduction of GPX4 levels via short interfering RNAs abrogated Se (1 pM)-induced protection from HCA (5 mM) or hemin (80 uM) in primary cortical neurons
(1 uM; n = 4; p < 0.01; ANOVA; mean + SEM) as measured by (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction.

(H) Live(green)/Dead (red) assay of primary cortical neurons showed that Se-induced protection from hemin (80 M) or HCA (5 mM) was abrogated by reduction in
GPX4 levels. Scale bar, 50 um (n = 3 independent cultures).

See also Figures S1, S2, and S3.
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Figure 3. Se-Induced Selenoprotein mRNA Induction and Protection Extended to Ferroptosis in Cancer Cells and Involved a Broad
Connectome Capable of Interdicting GPX4-Dependent and GPX4-Independent Cell Death Pathways

(A) Se (1 pM) treatment prevented erastin-induced death in HT1080 fibrosarcoma cells and primary cortical neurons (5 pM erastin; n = 4; p < 0.05; t test; data
shown in mean + SEM).

(B) Protective concentrations of Se (1 uM) induce GPX4 mRNA in HT1080 fibrosarcoma cells (n = 4; p < 0.01; t test; mean + SEM).

(C) A schematic diagram of transcriptional variants of GPX4 involving regulation from distinct promoters associated with distinct exons.

(D) Change in RNA levels of mitochondrial targeted GPX4 transcript variant (with exon 1a) and nuclear targeted GPX4 transcript variant (with exon 1b) after
unbiased RNA sequencing analysis 6 h after Se (1 uM) treatment in neurons (n = 4; false discover rate [FDR] <0.05; box and whisker plot).

(E and F) GPX4 protein levels in fractionated nuclear, cytoplasmic, and mitochondrial (crude and pure) compartments from neurons after 8 h treatment with
vehicle or Se (1 uM) plus the glutamate analog HCA (5 mM). Nuclear fractions were verified by presence of Histone H4 (H4), and the crude and pure mitochondrial
fractions were verified by the presence of cytochrome oxidase IV (Cox4). (F) Quantification of GPX4 protein levels in subcellular fractions normalized to actin
loading control (n = 3; p < 0.01; ANOVA; mean + SEM).

(G and H) Supervised weighted gene correlation network analysis (WGCNA) revealed multiple modules of co-expressed genes including a “turquoise” model.
Genes of note in this module are Fam188b, which has been shown to negatively regulate p53 and cell death in cancer cells and Trdmt1, an arginine

(legend continued on next page)
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co-treatment with Se protected against ferroptosis except in
cells where GPX4 levels were reduced (Figures 2G, 2H, and
S2E). Similarly, death induced by ferroptosis inducer and GPX4
inhibitor, RSL3 could not be overcome by Se addition (Figures
S3A, Fin56, and S3B). Collectively, these results demonstrate
that GPX4 induction is necessary for Se-dependent protection
against hemin and HCA-induced ferroptosis.

Se Prevents Erastin-Induced Ferroptosis in Cancer
Cells and Excitotoxicity and Endoplasmic Reticulum
Stress-Induced Death in Neurons

Ferroptosis was originally identified as a mechanism by which
the chemotherapeutic agent, erastin, induced death in KRAS
mutant cancer cells (Yagoda et al., 2007). These seminal studies
showed that toxicity by erastin, like glutamate or HCA in cortical
neurons, is mediated via inhibition of the X, transporter (Zille
et al., 2019). Pharmacological or molecular blockade of the X.~
transporter leads to cellular cystine starvation, depletion of the
antioxidant glutathione, and lipid peroxide-induced ferroptosis
(Dixonetal.,2012; Ratan et al., 1994a; Yang et al., 2014). Consis-
tent with our findings that Se can block ferroptosis in neurons, we
found that Se (1 uM) could abrogate erastin-mediated ferroptotic
cell death in both in human HT-1080 fibrosarcoma cells and
mouse primary cortical neurons (Figures 3A and S3C). Of note,
Se also abrogated FIN56-induced ferroptotic death in cortical
neurons, an agent that can inhibit squalene synthetase and
deplete coenzyme Q (Figure S3B). Moreover, Se-induced
expression of several selenoprotein mRNAs in erastin-treated
cancer cells and neurons (Figures 3B and S3D). Together, these
studies demonstrate that Se can augment a transcriptional
stress response induced by ferroptotic stimuli in transformed
and non-transformed cells to prevent cell death.

The ability of Se to protect multiple cell types from diverse
inducers of ferroptotic stress led us to evaluate downstream path-
ways driven by Se exposure in primary neurons. RNA sequencing
(RNA-seq) analysis of neurons exposed to the protective dose of
Se showed robust upregulation and downregulation of many
genes (238 differentially expressed genes). Our bioinformatics
program uses an exon union model that scans reads across all
exons, and together are designated as “full length.” Using the
exon union model, full-length GPX4 was not differentially ex-
pressed between the control and selenium groups. However,
consistent with our gPCR data, which used primers from exon
1a (Figures 3C and S3E), we found that expression of the GPX4
transcript that includes exon 1a was as significantly induced in
the RNA-seq analysis by selenium (Figure 3D). The start codon
for the mitochondrial form of GPX4, including the mitochondrial
targeting sequence is present in exon 1a (Figure 3C). As expected
from this analysis, we found an extranuclear increase in GPX4
protein in a pattern consistent with mitochondrial localization in
neuroblasts exposed to selenium (Figure S3G). Subcellular frac-

tionation studies confirmed a significant increase in GPX4 protein
in the mitochondrial fraction of Se-treated neurons (Figures 3E
and 3F).

In addition to mitochondrial GPX4, analysis of exon 1b (nuclear
form of GPX4) showed it was also significantly induced by Se
alone or Se plus a ferroptotic stimulus (Figures 3D and S3F).
As expected, immunofluorescence confirmed a significant in-
crease in nuclear GPX4 staining (Figure S3G). These increases
in nuclear GPX4 were validated using immunoblotting of the nu-
clear fraction of control and Se-treated neurons (Figures 3E and
3F). Altogether, these data support the notion that nuclear or
mitochondrial GPX4 could mediate protection from ferroptosis
induced by pharmacological selenium.

To organize the RNA-seq data into biologically coherent net-
works, we applied a supervised weighted gene-coexpression
network analysis (WGCNA; Zhang and Horvath, 2005) to define
networks of genes that are co-regulated with the significantly
induced mitochondrial form of GPX4 (exon 1a). This analysis re-
vealed several gene ontology networks that were significantly
upregulated (Figures 3G and 3H, Table S1; e.g., neuroprotection
or regulation of defense response to virus) and significantly
downregulated (Figure S4A; Table S2; e.g., ATP metabolism or
transcription factor coactivator activity). The findings are consis-
tent with the hypothesis that GPX4 is co-regulated with pro-
grams involved in stress response and neuroprotection.

Unsupervised WGCNA identified modules that were upregu-
lated (Figures S4B-S4D, royal blue and dark red, downregulated
module, blue, and S4E) containing genes associated with pro-
tection from endoplasmic reticulum (ER) stress. These included
EIF3c, a component required for cap-independent translation
(IRES mediated) under conditions of ER stress (Spriggs et al.,
2008), and Git1, an inhibitor of the IP3 receptor (Figure S4F; Ki-
viluoto et al., 2013; Ruiz et al., 2009; Zhang et al., 2009). Git1
would be expected to diminish ER stress by inhibiting calcium
release from the ER. Moreover, Selenoprotein K (SelK), a seleno-
protein involved in ER-associated degradation of misfolded
glycosylated proteins (Lee et al., 2015), was also induced by
Se (Figure S1K). Accordingly, we found Se significantly inhibited
ER-stress-induced death induced by thapsigargin or tunicamy-
cin (Figure 3I). Of note, forced expression of GPX4 had no
effect on ER-stress-induced death, which indicates that genes
other than GPX4 within the selenome mediate this protection
(Figure S4G).

We also noted upregulation of genes that could provide resis-
tance to excitotoxicity: NAPB, Nsmf, NMUR1, as well as Parp11,
which is involved in NMDA receptor regulation and DNA repair
(Figures S4C, S4D, and S4F; Iwai et al., 2008; Scarpa et al.,
2013; Spilker et al., 2016; Wang et al., 2013). Accordingly, Se
protected against excitotoxicity in mature neuronal cultures (Fig-
ure 3l), and like ER stress, is not sensitive to forced expression of
GPX4 (Figure S4H). These findings indicate that Se-induced

methyltransferase that can post-translationally modify histones and tRNAs. (H) Gene ontology (GO) analysis of turquoise module, which was the most upre-
gulated module by Se according to supervised (WGCNA) analysis reveals upregulation of a host of biologically clustered genes including energy metabolism and

neuroprotection.

(1) Se (1 uM) protects against endoplasmic reticulum (ER) stress-induced cell death (e.g., Thapsigargin or tunicamycin) or excitotoxicity in cortical neurons (n = 4;

p < 0.05; t test; mean + SEM).
See also Figures S3 and S4.
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neuroprotection is mediated by the activation of more than one
gene within the selenome besides GPX4.

Se Drives the Transcriptional Activators TFAP2c and

Sp1 to Upregulate GPX4

Our findings showed that Se can induce a transcriptional
response that can prevent ferroptosis, ER-stress-induced death,
or excitotoxicity in vitro. Since the data established a direct link
between Se-induced GPX4 transcription and protection from
neuronal ferroptosis (Figure 2), we next examined the GPX4 pro-
moter and upstream region to better understand how GPX4 (and
possibly other genes in the protective selenome) is induced by
Se (Figure S5A). Transcriptional assays using a transiently trans-
fected reporter construct containing the 4-kb region upstream of
the GPX4 translation start site showed significant induction of
GPX4 promoter activity in neurons exposed to protective Se
concentrations. Targeted deletions of this upstream region re-
vealed that the —1,189 and —1,467 bp sub-region was critical
for Se-induced promoter activity (Figures 4A and S5B). Analysis
of this critical sub-region identified five motifs with similarity to
transcription factor AP-2 family binding sites (5'-GCCNNN(NN)
GGC-3'; Figure 4B; Williamson et al., 1996). Mutation of three
of these motifs blocked Se-induced GPX4 promoter activity
(Figure 4C). The TFAP-2 family is highly conserved in mice and
humans and is represented by five isoforms (TFAP2a-e; Eckert
et al., 2005). Since TFAP2¢ was the only isoform whose expres-
sion we detected in mouse primary neurons (Figures S5C, S5D,
and S5H), we focused on this isoform. Chromatin immunopre-
cipitation (ChIP) assays showed that Se exposure significantly
increased TFAP2c occupancy on the Se-responsive region of
the GPX4 (Figures 4D and S5I). TFAP2c binding to the upstream
region was significantly stronger at 4 versus 6 h post-Se treat-
ment (Figure 4D). As GPX4 expression levels are elevated longer
than 4 h following Se exposure, additional transcription factors
likely sustain the activation of GPX4 transcription. TFAP2c bind-
ing overlaps with Sp1 in other gene promoters (Orso et al., 2010;

Yang et al., 1995), and our lab previously showed that Sp1 DNA
binding is significantly induced by ferroptotic oxidative stress
(Ryu et al., 2003). Thus, we examined whether Se exposure
induced Sp1 binding to the Se-responsive region of the GPX4
promoter. ChIP studies showed that Se exposure induced Sp1
occupancy of this region, but unlike TFAP2c, this occupancy
was significantly greater at 6 versus 4 h post-Se treatment (Fig-
ures 4E, 4F, S5G, S5I, Sp1 protein expression, S5E, and S5F). To
confirm that the Se-responsive region of GPX4 could mediate
TFAP2c and Sp1-dependent regulation, human TFAP2c or Sp1
were overexpressed with either a wild-type GPX4 reporter or a
mutant reporter lacking the TFAP2c binding sites. These studies
showed that TFAP2c and Sp1 activated only the wild-type re-
porter, which suggests that TFAP2c and Sp1 act via the same
DNA binding site(s) or closely adjacent sites (Figures 4G and
4H). In addition, overexpression of TFAP2c or Sp1 drove
mRNA expression for several genes induced by ferroptotic
stimuli alone and protected neurons from hemin or HCA-induced
ferroptosis (Figures 41, 4J, S5K, and S5L). By contrast, overex-
pression of an Sp1 protein with a zinc-finger DNA binding
domain deletion (mSp1) did not induce expression of ferrop-
totic-stress response genes or provide protection from HCA
(Figures 41, 4J, S5J, and S5M). Overexpression of the Sp1
mutant protein also reduced protection mediated by Se in pri-
mary neurons or HT1080 fibrosarcoma cells (Figures 4J, 4K,
and S5N). Together, these findings show that Se provides pro-
tection from ferroptosis, at least in part, by activating gene
expression regulated by TFAP2c and Sp1.

Intracerebroventricular Injection of Se Drives Sp1 and
GPX4 Expression in Neurons and Improves Functional
Recovery

To address whether Se can block ferroptotic death via transcrip-
tional regulation of the selenome following ICH in vivo, we exam-
ined the protective effects of Se in a mouse model of ICH. Injec-
tions in uninjured mice showed that an optimal Se concentration

Figure 4. Se-Induced Expression of GPX4 and Other Selenome RNAs Was Mediated by the Transcriptional Activators TFAP2c and Sp1

(A) Identification of TFAP2c response element in the GPX4 non-coding region responsible for Se-induced upregulation. Regions of the 4,000 bp proximal
promoter region of the GPX4 gene via distinct promoter-luciferase reporters are identified (left of schematic). Luciferase activity measurements of designated
promoter-reporter constructs in hippocampal neuroblasts (HT22) were treated with Se (1 uM; n = 4; p < 0.05; t test; data shown as mean + SEM) (right of
schematic).

(B) The region —1,467 to —1,189 bp upstream of the translational start site of the GPX4 gene was essential for Se-induced promoter-reporter induction. This
region contained 5 TFAP2c consensus binding sites, which could be driven in cortical neurons by TFAP2c or Sp1. Arrows indicate 5’ to 3'.

(C) Mutations in the TFAP2c sites in the promoter of GPX4 abrogated induction by Se (1 uM). Note significant reductions in luciferase activity of the GPX4
promoter with mutations of 1, 4, and 5 G/C to A/T mutant TFAP2c sites (—1,467 to —1,189 bp) as compared to the wild-type (control) promoter treated with Se
(1 uM) £ 5 mM HCA (n = 4; p < 0.05; t test; mean + SEM).

(D and E) Chromatin immunoprecipitation using specific antibodies showed the kinetics of binding of TFAP2c (D) or Sp1 (E) to the GPX4 promoter (—1,467
to —1,189) 4 or 6 h after protective Se (1 uM) exposure in the presence a ferroptotic stimulus in neurons. (n = 4; p < 0.01; ANOVA; mean + SEM).

(F) Schematic of kinetics of transcription factor binding to the GPX4 promoter after ferroptotic stimulus. Protective Se augments the amplitude of this response
(shown in D and E).

(G and H) Forced expression TFAP2c (G) or wild-type Sp1 (H) drove a wild-type GPX4 (—1,467 to —1,189 bp) promoter-luciferase reporter (GPX4-luc), but not a
reporter with the AP2 response elements mutated (MGPX4; n = 4; p < 0.01; t test; mean + SEM). As expected, a DNA binding mutant of Sp1 (H) did not activate
transcription of the GPX4 gene. These findings suggest that TFAP2c and Sp1 are binding to similar AP2 sites in the GPX4 promoter.

(I) Forced TFPA2c or Sp1 drove expression of selenoprotein mRNAs but not SOD2 mRNA in primary cortical neurons. As expected, expression of a construct with
the DNA binding domain of Sp1 mutated does not induce expression of any RNAs (n = 5; p < 0.05; ANOVA; mean + SEM).

(J and K) Forced expression of Sp1 in primary cortical neurons (J) or HT1080 fibrosarcoma cells (K) protected against glutamate (J) or erastin. Forced expression
of a DNA binding mutant of Sp1 abrogated the protection from HCA-induced ferroptosis in neurons (J) or erastin-induced ferroptosis in HT1080 fibrosarcoma
cells (K) by Se (1 uM) (n = 4; p < 0.05; ANOVA; mean + SEM).

See also Figure S5.
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Figure 5. Intracerebroventricular Injection of Se (2.5 pM)-Induced Transcription of GPX4 and Other Selenoprotein mMRNAs Reduced Cell
Death and Improved Recovery following Hemorrhagic Stroke in Mice

(A and B) GPX4 mRNA was increased ipsilateral to hemorrhagic stroke 6 h following ICV injection (A) of 2.5 and 5 uM Se (B; n = 4; p < 0.05; t test; scatterplot
indicates mean + SEM).

(C) ICV injection of 2.5 pM Se induced a cassette of selenoprotein MRNAs but not catalase or SOD2 mRNAs in the ipsilateral striatum (n = 4; p < 0.05; t test;
mean + SEM).

(D-H) A single ICV injection of 2.5 uM Se given 2 h after ICH (schematic, D) reduced cell death at 7 days post-injury. (E) Arrows point to Fluoro-jade positive cells.
(F) Quantitation of Fluoro-jade positive cells in the hematoma and perihematomal region (n = 12; p < 0.05 t test; mean + SEM). ICV injection of Se improved
behavior as monitored by a tape removal task (G, n = 16; p < 0.05; ANOVA; mean + SEM; day 7 Se improves outcome by 72% + 5%) or a corner task (H; n = 16;
p < 0.05; ANOVA; mean + SEM; day 7 Se improves outcome by 54% + 7%).

(I and J) Immunofluorescence of neurons (NeuN; green) or GPX4 (red) in contralateral and ipsilateral striatum sections obtained from vehicle-treated (control)
mouse striatum or Se-treated mice ICH striatum 7 days after hemorrhagic stroke showed augmentation of ICH-induced increases in neuronal GPX4 after a single

(legend continued on next page)
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for inducing selenoprotein expression was 2.5 uM (Figures 5A-
5C). Of note, despite the parabolic response of selenoprotein
mRNAs to injected Se, we noted no toxicity or death in mice at
any concentration tested. Intracerebroventricular (ICV) injection
2 h after striatal ICH resulted in diminished cell death (Figures
5D-5F; measured by Fluoro-jade staining) and improved func-
tional recovery at 7 days using a measure of spatial neglect
(the corner task), and at 3 and 7 days with a measure of sensory
neglect (the tape removal task; Figures 5G and 5H; Hua et al.,
2002; Karuppagounder et al., 2016). The reduced cell death
and functional improvement is not due to Se inhibiting collage-
nase activity, as ICH sizes were not affected by treatment (Fig-
ure S6A). Measurements of tissue selenium levels using mass
spectrometry showed that the pharmacological dose of Se we
used to generate transcriptional and neuroprotective effects is
associated with significant increases in cellular selenium and
did not represent a form of nutrient rescue in response to
stress-induced selenium depletion (Figures S6B and S6C).
Immunofluorescence verified that Sp1 and GPX4 protein levels
are increased in neurons up to 7 days following Se injection
(Figures 51, 5J, and S6D-S6F, immunoblot validation of GPX4
protein levels 24 h after ICH; Figure S6G).

Selenium’s ability to drive transcriptional expression of GPX4
(and possibly other genes comprising the selenome) to inhibit
ferroptosis in vivo makes it an attractive potential therapeutic
strategy for ICH. However, ICV injection of selenium presents
several challenges as a therapeutic strategy. First, ICV injection
requires insertion of a catheter or needle into the human brain
(Ding et al., 2015; Fam et al., 2017), which not only creates risk
of infection but also is invasive, and could delay treatment.
Second, and more important, in vitro, Se addition to cultured
neurons shows a parabolic dose response with a narrow thera-
peutic window raising concerns about toxicity if doses are not
titrated within a narrow range (Figure 6A). To overcome these
challenges, we developed a peptide strategy designed to allow
induction of GPX4 and other genes of the selenome with sys-
temic administration. The peptide contains a transduction
domain from the HIV-Tat protein, which is capable of delivering
covalently attached cargoes across the BBB into cells of the
CNS (Aarts et al., 2002; Cook et al., 2012; Hill et al., 2012;
Schwarze et al., 1999). To deliver selenium into cells, we created
a Tat-linked SelP Peptide (Tat SelPep) that was composed of the
Tat peptide attached to amino acids from the C terminus of SelP,
which included selenocysteine. Full-length SelP is the only sele-
noprotein that contains a domain containing multiple selenocys-
teine residues and circulates in the body to distribute selenium
(Burk and Hill, 2005).

Exposure of cortical neurons to Tat SelPep (containing
UKUNLN from SelP), but not Tat Cys (containing 2 cysteine res-
idues without any selenocysteines), or Tat alone lead to concen-
tration-dependent protection from hemin-induced ferroptosis
with an ECsq of 156 nM, or HCA-induced ferroptosis with an
ECso of 91 nM. Tat Cys did not result in significant protection until

a concentration of 100 uM, which was more than 100-fold less
potent than Tat SelPep (Figures 6B and 6C). Single-cell analysis
of cell viability and death confirmed that Tat SelPep prevented
hemin-induced ferroptosis and completely preserved cell bodies
and neurites of neurons (Figures 6D and S7A). Additionally, these
studies show that unlike Se exposure, Tat SelPep has a wide
therapeutic window with no apparent toxicity over more than a
three orders of magnitude increase in concentration (Figures
6B and 6C), suggesting that the Tat SelPep peptide is as effec-
tive as Se supplementation but is more potent and less toxic.

To verify that Tat SelPep drives GPX4 expression and other
genes of the selenome in vitro, we monitored select candidate
RNAs by gPCR. As expected, Tat SelPep (delivered at an opti-
mally protective dose of 1 uM) induced significant increases in
GPX4, SelP, TXNRD1, GPX3, and SelK (Figure 6E). Of note, tran-
scriptional induction of these genes by Tat SelPep was abro-
gated by forced expression of mutant Sp1 (Figure 6E), consistent
with our model that Tat SelPep and Se are affecting neurons by
inducing a similar Sp1-dependent transcriptional pathway.

Altogether, these mechanistic and cell biological data in vitro
predicted that systemic delivery of Tat SelPep given after ICH
should drive GPX4 expression, abrogate ferroptotic death, and
stimulate functional recovery in mice. As a first step, we used
GPX4 expression in distinct organs as a biomarker to define a
dose of Tat SelPep capable of significantly inducing GPX4
mRNA expression in multiple organs including the brain. Intra-
peritoneal administration of 12 pg/g of Tat SelPep but not
12 pg/g of Tat alone induced significant expression of GPX4 in
heart, liver, striatum (brain), and cortex (brain; Figure S7B).
Accordingly, we examined the effect of this dose of Tat SelPep
on cell death and behavioral outcomes when delivered 2 h
post-injury (Figure S7C). Delivery of Tat SelPep but not Tat alone
reduced cell death (as measured by Fluoro-jade staining) and
improved sensory and spatial neglect beginning at day 3 for sen-
sory neglect, and reaching statistical significance for both tasks
by day 14 following injury (Figures S7C-S7G). Our model pre-
dicts that Tat SelPep’s effects should be interdicted by specific
inhibitors of transcription of GPX4 and other genes in the sele-
nome. As our data show that Sp1 mediates Se-induced expres-
sion of GPX4, we assessed the necessity for Sp1 in driving
expression of GPX4 and other genes induced by Tat SelPep
in vivo by employing an AAV8 vector encoding a dominant-nega-
tive, mutant Sp1 (lacking a functional DNA binding domain) un-
der control of the synapsin 1 promoter (Figures 6F). As expected,
inhibition of Sp1 activity, completely abrogated the beneficial ef-
fects of Tat SelPep in the collagenase-induced ICH model (Fig-
ures 6G, 6H, S7H, and S7I). These findings are consistent with
a scheme where pharmacological selenium can drive the activa-
tion of a transcriptional pathway, which is sustained by Sp1, and
leads to the upregulation of anti-ferroptotic GPX4, as well as
other genes involved in stress adaptation.

To establish whether Tat SelPep can improve functional re-
covery with a larger therapeutic window, we used a treatment

ICV injection of Se (2.5 uM; n = 3 individual animals). Scale bar, 100 uM; insets, 25 uM (I). Immunofluorescence of neurons (NeuN; green) or Sp1 (red) staining
following in sections obtained from vehicle (control) mouse striatum or Se striatum 7 days after ICH and/or Se (2.5 uM; n = 3 individual animals) injection. Scale bar,

100 uM; insets, 25 uM (J).
See also Figure S6.
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paradigm similar to that described above but extended the
timing of treatment to 6 h (Figure 6l). Remarkably, we found
that even administration of Tat SelPep 6 h after onset of ICH
could enhance behavioral recovery (Figures 6J, 6K, S7J,
and S7K).

Intraperitoneal Injection of Tat SelPep Reduces Infarct
Volume following Focal Ischemia

Since we observed that pharmacological selenium was protec-
tive against GPX4-dependent and -independent insults in vitro
including excitotoxicity, we next performed experiments to eval-
uate whether Tat SelPep could be protective in vivo in a rodent
model of ischemic stroke where ferroptotic pathways have
been implicated (Dixon et al., 2012; Yigitkanli et al., 2013). A fila-
ment suture was used to occlude the middle cerebral artery for
45 min, and after 2 h of reperfusion, a single dose of Tat
SelPep (12 pg/g), Tat (12 ng/g), or vehicle alone was delivered
via intraperitoneal injection (Figure 7A). Tat SelPep but not Tat
alone significantly reduced infarct volume (n = 16; p < 0.05;
ANOVA; mean + SEM; Tat SelPep reduced infarct volume by
49.2% = 3.79% compared to saline) with a clinically relevant
therapeutic window (Figures 7B and 7C; Aarts et al., 2002;
Cook et al., 2012; Hill et al., 2012). Prior studies have highlighted
the role that 12/15 lipoxygenase and its lipid metabolites play in
ischemic stroke raising the possibility that GPX4-dependent
and -independent mechanisms are responsible for Tat SelPep-
mediated neuroprotection from ischemia (Yigitkanli et al., 2013;
Pekcec et al., 2013).

Our in vivo findings are consistent with a model in which Tat
SelPep is driving a TFPA2c and Sp1-dependent homeostatic
transcriptional response to counteract reactive lipids and cell
death in rodent models of hemorrhagic or ischemic stroke to
improve significant functional recovery with a clinically relevant
window post-treatment.

DISCUSSION
While selenium was discovered over 200 years ago (Berzelius,

1818), only recent data have established its indispensability for
the function of prosurvival proteins, specifically GPX4, associ-

ated with ferroptosis (Ingold et al., 2018). Our findings extend
this essential physiological perspective on selenium biology to
suggest that pharmacological selenium supplementation, even
in the absence of nutritional deficiency (Figures 2D, 5C, and
6E), has an unexpected ability to drive adaptive transcription to
counter ferroptosis (and other stresses) and protect neurons.
Knowledge of how to drive GPX4 expression pharmacologically
in the brain and other organs has clear therapeutic implications
for hemorrhagic stroke, and possibly other CNS and non-CNS
conditions associated with ferroptotic death (e.g., Parkinson’s
disease and liver ischemia; Bellinger et al., 2011; Friedmann An-
geli et al., 2014; Hauser et al., 2013). It may also have implica-
tions for diseases associated with ER stress (e.g., ALS; Saxena
et al., 2009) and excitotoxicity (e.g., ischemia; Goldberg and
Choi, 1993; Sattler et al., 1999; Dixon et al., 2012; Yigitkanli
et al., 2013).

The ability of GPX4 and other selenoproteins to be selectively
induced by ferroptotic stimuli suggests that the stress-induced
increase in the transcription of a number of putative, “antioxi-
dant” selenoproteins is an adaptive homeostatic, but insufficient
response to prevent cell death in the face of ferroptotic insults.
As Se supplementation has been previously shown to load sele-
nocysteine proteins co-translationally (Ingold et al., 2018; Raff-
erty et al., 1998; Rusolo et al., 2013), we examined the effect of
Se supplementation on this response. As expected, Se supple-
mentation led to protection in the face of ferroptotic insults.
What was unexpected was that Se supplementation could drive
transcription of a host of selenoproteins. Detailed promoter anal-
ysis of the anti-ferroptotic gene, GPX4, identified TFAP2c and
Sp1 as driving transcription in response to ferroptotic stimuli or
Se supplementation. A model emerges that TFAP2c and Sp1
sense pharmacological changes in cellular “selenium” or sele-
nocysteine and act sequentially to activate GPX4 transcription
and a cassette of other genes that form a selenome. It is formally
possible that increases in selenoprotein levels represent a way
for cells to compensate for increased free and potentially toxic
selenium, or selenocysteine, by increasing its incorporation
into selenoproteins, where its redox reactivity can be homeo-
statically controlled. It also suggests that the set point for
GPX4 levels in any cell could be set via transcriptional regulation

Figure 6. Tat SelPep (SelP Domain Peptide Linked to a Tat Transduction Domain) Possessed a Wider Therapeutic Window In Vitro Than Se,
and Systemic SelPep Treatment Improved Functional Outcomes following ICH via an Sp1-Dependent Pathway with a Therapeutic Window of
at Least6 h

(A) Concentration response of Se-induced protection from hemin (80 uM)-induced death. At 10 pM Se, toxicity was observed in the presence and absence of
hemin (n = 5; p < 0.05; t test; data shown in mean + SEM).

(B and C) Concentration response of Tat SelPep-induced protection from hemin- (80 uM, B) or HCA- (5 mM, C) induced death. Parallel experiments with Tat Cys
(where selenocysteines are mutated to cysteine) showed that Tat Cys is far less potent than Tat SelPep (n = 5; p < 0.05; ANOVA; mean + SEM).

(D) Live(green)/Dead (red) assay of neurons 16 h after vehicle (control) or hemin (80 uM) treatment with Tat SelPep (1 uM; n = 3 independent cultures) or a Tat
control only (1 uM, n = 3). Scale bar, 50 um.

(E) Protective concentrations of Tat SelPep (1 uM), like Se, induced selenoprotein mRNAs in primary cortical neurons in an Sp1-dependent manner. (n = 5;
p < 0.05; ANOVA; mean + SEM).

(F-H) Tat SelPep enhances recovery when delivered 2 h after hemorrhagic stroke onset in a Sp1-dependent manner. (F) Experimental paradigm involving
infection with AAV8 constructs encoding mutant Sp1 or GFP two weeks prior to induction of ICH into the mouse striatum. 2 h following ICH, Tat SelPep (12 ng/g),
Tat (12 ng/g), or vehicle alone were delivered intraperitoneally and tape removal (G) or the corner test (H) were performed (n = 16; p < 0.05; ANOVA; mean + SEM).
(I-K) Experimental paradigm for evaluating Tat SelPep delivered after stroke onset in treating ICH (l). ICH was followed by an intraperitoneal injection of Tat
(12 pg/g) or Tat SelPep (12 pg/g) 6 h later and then every day for 7 days post-injury. Tat SelPep but not Tat alone reduces sensory neglect (J, tape removal task,
n=16; p < 0.05; ANOVA; mean + SEM; day 14 Tat SelPep improves outcome by 96% + 5%) and spatial neglect (K, corner task, n = 16; p < 0.05; ANOVA; mean +
SEM; day 14 Tat SelPep improves outcome by 95% + 7%) 14 days after ICH.

See also Figure S7.
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Figure 7. Tat SelPep Reduces Infarct Volume following Acute Ischemic Stroke with a Therapeutic Window of at Least 2 h

(A-C) Tat SelPep (12 pg/g) but not Tat (12 ug/g) control, reduced infarct volume in a model of ischemic stroke. (A) Middle cerebral artery occlusion (MCAO) in
one hemisphere for 45 min. Saline, Tat, or Tat SelPep were given via intraperitoneal injection 2 h after MCAOQ occlusion. (B) Representative images of TTC staining
in brain sections at 24 h post-injury. Infarction area is indicated in white color with black outline. (C) Infarct volume measured in cortex, striatum, and whole
hemisphere (cortex+striatum), corrected by contralateral structure. Tat SelPep showed significant reduction in infarct volume in cortex and whole hemisphere
compared to saline and Tat controls (n = 12; p < 0.05; ANOVA; mean + SEM; Tat SelPep reduced infarct volume by 49.2% + 3.79% compared to saline).

by selenium availability, implying that the sensitivity to ferroptotic
stimuli in any tissue, including cancer cells (Dixon et al., 2012;
Viswanathan et al., 2017), could be determined by the amount
of free selenium (or selenocysteine) that is delivered into the cell.

The ability of Se or TFAP2¢/Sp1 to drive a cassette of genes
raises the possibility that these genes are activated as part of
a coordinated stress response to compensate for ferroptotic
or other stresses (e.g., ER stress and excitotoxicity). Se-induced
significant changes in the expression of 238 genes including the
mitochondrial and nuclear forms of GPX4 (Figures 3 and S4).
Expression of mitochondrial and nuclear GPX4 isoforms are
driven by distinct promoters and could have distinct roles in
regulating signaling in distinct death paradigms as previously
suggested (Hauser et al., 2013; Savaskan et al., 2007a,
2007b). A recent study from our lab demonstrated that nuclear
ALOX5 mediates cell death following ICH (Karuppagounder
et al.,, 2018) raising the possibility that nuclear GPX4 is the
necessary isoform induced by Se to counteract lipid peroxida-
tion and prevent cell death seen in ICH. Of course, other lipox-
ygenase (ALOX12 and 15) with distinct subcellular localizations
have been implicated in ischemic stroke (Dixon et al., 2012;
Yigitkanli et al., 2013) suggesting that depending on the clinical
condition that GPX4 may mediate protection from distinct sub-
cellular sites.

Nutritional selenium is preferentially targeted to the brain and
testes (in men) under conditions where selenium is rate limiting

14 Cell 177, 1-18, May 16, 2019

in the body (Brown and Burk, 1973; Schomburg and Schweizer,
2009). Indeed, removal of the testes in male mice that are genet-
ically deficient in selenoprotein enzymes abrogates neurodeve-
lopmental and neurodegenerative effects of selenium deficiency
(Pitts et al., 2015). To overcome the nutritional targeting of sele-
nium in the whole body to achieve pharmacological levels of Se
in the brain, we injected Se directly into the ventricular system
and found elevated GPX4 message specifically in this organ
and reduced ferroptotic death and improved functional recovery
following ICH in mice (Figure 5). However, we found that Se sup-
plementation in vitro and in vivo has a parabolic dose response
curve, raising concerns not only about the mode of delivery,
but the ultimate safety of this approach. To overcome this chal-
lenge, we developed a peptide (Tat SelPep), which possesses a
Tat transduction domain linked to six amino acids in the C-termi-
nal domain of SelP. This peptide not only possesses a wide ther-
apeutic window in vitro and in vivo, but also can induce GPX4
expression in a number of organs that were tested including
the brain, heart, and liver (Figures 6 and S7B). In vivo studies
showed that the salutary effects of Tat SelPep are inhibited
by forced expression of a dominant-negative Sp1, consistent
with the notion that Tat SelPep, like Se, drives transcription of
GPX4 via a Sp1-mediated pathway (Figure 6). The ability to drive
expression of the GPX4 and other genes of the selenome in any
organ of the body offers a host of potential therapeutic opportu-
nities for conditions where GPX4 deficiency is associated with
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cell death or dysfunction (Stockwell et al., 2017). Moreover, it
offers a way to supplement Se in the whole body with less
concern for toxicity (Burk and Hill, 2015; Jones et al., 2017).
Our studies also suggest that agents that disarm transcription
of GPX4 and other genes of the selenome might be a mechanism
to potentiate tumor kill in response to ferroptosis inducers such
as erastin (Dixon et al., 2012; Yang et al., 2014; Yu et al., 2015).
Overall, these studies describe a novel transcriptional mode of
regulation for Se in controlling cell death in vitro and in vivo
with potentially broad nutritional (Jones et al., 2017) and thera-
peutic implications.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit anti-GPX4 (Immunofluorescence)
Rabbit anti-GPX4 (Immunoblot)
Rabbit anti-Sp1

Mouse anti-NeuN

Mouse anti-TFAP2c

Rabbit Igg

Mouse anti-TFAP2d

Rabbit anti-TFAP2a

Rabbit anti-Histone H3

Mouse anti-Histone H3

Mouse anti-Histone H4

Rabbit anti-COX 4

Lifespan Biosciences
Lifespan Biosciences
EMD Millipore

EMD Millipore

Santa Cruz

Santa Cruz

Abcam

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

Cat#LS-B14362

Cat#LS-B1596; RRID:AB_2263528
Cat#07-645; RRID:AB_310773
Cat#MAB377; RRID:AB_2298772
Cat#SC12762; RRID:AB_667770
Cat#SC2027; RRID:AB_737197
Cat#ab169153

Cat#3208; RRID:AB_2056341
Cat#4499; RRID:AB_10544537
Cat#3638; RRID:AB_1642229
Cat#2935; RRID:AB_1147658
Cat#4850; RRID:AB_2085424

Bacterial and Virus Strains

DH5a Invitrogen Cat#18265-017
High efficiency 5« E.coli New England Bioscience Cat#C29871
Adenoviral ddGPX4 This paper/viraquest N/A
Adenoviral Sp1 Ryu et al., 2003 N/A
Adenoviral mutant Sp1 This paper/viraquest N/A
Adenovirus GPX4-L D. Spitz/Viraquest N/A
Adenovirus CAT This paper/viraquest N/A
Adenovirus SOD2 This paper/viraquest N/A
Adenovirus TFAP2c Kulak et al., 2013 N/A
AAV8-eGFP Vector Biolabs Cat# 7061
AAV8-CMV Null Vector Biolabs Cat# 7077
AAV8-esyn-GPX4 This paper/Vector Biolabs N/A
AAV8-esyn-mSp1 (mutant Sp1) This paper/Vector Biolabs N/A
Chemicals, Peptides, and Recombinant Proteins

Sodium Selenite Sigma Aldrich Cat#S5261
Collagenase Type VII-S Sigma Aldrich Cat#C2399
ToPro-3 lodide (642/661) Invitrogen Cat#T3605
Fluoro Jade B EMD Milipore Cat#AG 310
MK801 Sigma Aldrich Cat#M107
Hemin Sigma Aldrich Cat#H9039
Actinomycin-D Sigma Aldrich Cat#A1410
L-homocysteic acid Sigma Aldrich Cat#H9633
Erastin Selleck Chemicals Cat#S7424
Trimethoprim (TMP) Sigma Aldrich Cat#T7883
N-acetyl-cysteine Sigma Aldrich Cat#A7250
FIN56 Sigma Aldrich Cat#SML1740
Nonidet P40 Substitute Affymetrix Cat#9002-93-1
Thapsigargin Sigma Aldrich Cat#T9033
Tunicamycin Sigma Aldrich Cat# T-7765

1-hydroxy-7-azabenzotriazole (HOAt)

Advanced ChemTech

Cat# RC8208
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
2-Chlorotrityl chloride resin Advanced ChemTech Cat#SC5055
Z-VAD-FMK Enzo Life Sciences Cat#AXL-260-020-M001
RSL3 Cayman Chemical Cat#19288
Triisopropylsilane (98%) Acros Organics Cat#214920500
N,N’-diisopropylcarbodiimide Chem-Implex Int’l Cat#00110
1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b] Oakwood Chemical Cat#023926

pyridinium 3-oxid hexafluorophosphate (HATU)

Tat (GRKKRRQRRRPQ) Schwarze et al., 1999 N/A

Tat-SelPep (GRKKRRQRRRPQUKUNLN) This paper N/A

Tat-Cys (GRKKRRQRRRPQCKCNLN) This paper N/A

Ndel New England Biosciences Cat#R0111S

BamHI New England Biosciences Cat#R0136S

Hindlll New England Biosciences Cat#R0104S

XBal New England Biosciences Cat#R0145T

Critical Commercial Assays

EZ-Magna ChIP Assay Kit Millipore Cat# 17-408
NucleoSpin RNA Il Kit Clontech Cat#740955-250
TagMan RNA to Ct 1-step kit Applied Biosystems Cat#4392656

MTT Assay Kit Promega Cat#G4100

Live/Dead Assay Kit Thermo Fisher Scientific Cat#L.3224

Dual Luciferase Assay Kit Promega Cat#E1980

DeadEnd Fluorometric TUNEL system Promega Cat#G3250

MiRNeasy Kit QIAGEN Cat#217004

RiboZero Gold Kit lllumina Cat#MRZG1234
Quant-iT PicoGreen Assay Life Technologies Cat#p7589

Qiaquick Gel Extraction Kit QIAGEN Cat#28704

Quick T4 DNA Ligase Kit New England Biolabs Cat#M2200

Fast lon Plasmid Maxi Kit IBI Scientific Cat# 1B47125
Deposited Data

RNA Sequencing of primary cortical neurons treated with This paper https://www.ncbi.nlm.nih.gov/geo/,
selenium and HCA GEO: GSE126787

Raw western blots, WGCNA data, time lapse cell death videos, This paper https://www.mendeley.com/; https://
TUNEL staining, additional siRNA data, Z-VAD-FMK data and doi.org/10.17632/2jsgwzh3zz.1
behavior scatterplots.

Experimental Models: Cell Lines

Mouse: HT22 Neuroblast Cell Line EMD Millipore Cat#SCC129

Human: HT1080 Fibrosarcoma Cell Line ATCC Cat#CCL-121

Experimental Models: Organisms/Strains

CD1 Pregnant mice (15 days into pregnancy) Charles River N/A

Male C57BL/6 Mice Charles River N/A
Oligonucleotides

Complete list of primers and oligonucleotides used can be found This Paper N/A

in Table S3

Recombinant DNA

GPX4 promoter reporter (—1 to —4000 bp) This paper/viraguest N/A

GPX4 promoter reporter (—1763 to —1189 bp) This paper/viraguest N/A

GPX4 promoter reporter (—1763 to —1189 bp) binding mutations This paper/viraquest N/A
pTK-renilla plasmid Promega Cat#E2261
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

Prism 6 Graphpad https://www.graphpad.com/
Axiovision Software Carl Zeiss https://www.zeiss.com/
ImageJ NIH https://imagej.nih.gov/ij/
Image Studio ver. 5.2 LI-COR https://www.licor.com/

rna-STAR
Salmon

Go Elite
Zen Black/Blue

Dobin et al., 2013
Patro et al., 2017

Zambon et al., 2012
Carl Zeiss

https://github.com/alexdobin/STAR
https://salmon.readthedocs.io/en/

latest/index.html

http://www.genmapp.org/go_elite/

https://www.zeiss.com/

Other

Fetal Bovine Serum (FBS)
Horse Serum
Penicillin-Streptomycin
GS21

Life Technologies

Life Technologies
Thermo Fisher Scientific
MTI-Globalstem

Cat#16140-071
Cat#26050-088
Cat# 15140122
Cat#GSM-3100

MEM Non-essential amino acids Thermo Fisher Scientific Cat#11140050

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Rajiv R.
Ratan (rrr2001@med.cornell.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal Models

All mice and procedures were approved by the Institutional Animal Care and Use Committee of Weill Cornell Medical College and
were in accordance with the guidelines established by the National Institutes of Health (NIH) and Animal Research: Reporting of
In Vivo Experiments (ARRIVE). All mice were housed in a pathogen-free facility on a 12-hour light/dark cycle from 6am to 6pm
and provided ad libitum access to food and water. Animals used in in vivo studies were 8-10 week old Male C57BL/6 mice (Charles
River). Primary neuronal cultures were obtained from embryonic day 15 pups (mixed gender) from 8-12 week old pregnant Female
CD1 mice (Charles River). Animals used for in vivo and in vitro experiments were all healthy prior to experiments and had not been
used for previous procedures or drug treatments.

Immature primary cortical neuronal cultures

Primary cortical neurons were obtained from embryonic (E15) CD1 mice (mixed gender) under sterile conditions. Cortices were
dissected, washed in PBS, homogenized in papain (Worthington Biochemical) for 20 min in a 37°C waterbath. Cells were plated
in minimum essential medium containing 10% fetal bovine serum (FBS; Life Technologies), 5% horse serum (Life Technologies),
and 1% penicillin/streptomycin (Thermo Fisher Scientific) in 96-well plates, 6-well plates, or 10-cm dishes coated with poly-D-lysine
(PDL; Sigma Aldrich). Neurons were maintained at 37°C with 5% CO, for 24 hours after plating prior to experiments. Cells were vali-
dated as neurons from visual morphology and positive expression of neuronal markers (NeuN). Immature cultures are sensitive to
glutamate/L-homocysteic acid (HCA)-induced ferroptosis. This cell death is independent of ionotropic glutmate receptors, which
do not fully develop until much later in vitro (> 10 days). HCA-induced death in immature neuronal cultures is insensitive to
MK801 (an ionic glutamate receptor antagonist; Sigma Aldrich) but is rescued by supplemental cyst(e)ine. Cells were plated at a den-
sity of 1 million cells/ml.

Mature primary cortical neuronal cultures

For mature cultures, cortices from E15 CD1 mice (mixed gender) were processed the same as immature cultures and plated on PDL
coated plates in Neurobasal media (Life Technologies) containing 1x GS21 (MTI-Globalstem, 1x Glutamax (Life Technologies) and
5% BSA. Every three days 50% media was changed and cells were allowed to mature for 13 days before experimentation. Neurons
were identified from visual morphology. Mature neurons were sensitive to glutamate-induced excitotoxicity as cell death was
completely inhibited by MK801 treatment. Cells were plated at a density of 100,000 cells/ml.
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Cultured cell lines

HT22 murine hippocampal cells were immortalized from embryos of unknown sex via expression of a SV40 T-antigen. These cells
were cultured at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM), 10% FBS, and 1% penicillin/streptomycin
(4 mg/ml; Sigma Aldrich). HT1080 human fibrosarcoma cells (Male) were cultured at 37°C in DMEM, 10% FBS, 10% MEM non-
essential amino acids (Thermo Fisher Scientific) and 1% penicillin/streptomycin. Experiments were conducted at a cell density of
60%-80%. Both cell lines were authenticated by visual morphology and sensitivity to HCA (HT22) and Erastin (HT1080)-induced
toxicity. Cell lines used for experiments were passaged no more than 25 times. Plates used for culturing both cell lines were
uncoated.

METHOD DETAILS

Collagenase-induced mouse model of ICH

All surgeries were conducted under aseptic conditions by a skilled animal surgeon. To induce a hemorrhagic stroke model in mice,
male C57BL/6 mice (8 to 10 weeks of age) were anesthetized with isoflurane (2 to 5%) and placed on a stereotaxic frame. During the
procedure, the animal’s body temperature was maintained at 37°C with a homeothermic blanket. Using a nanomite syringe pump
(Harvard Apparatus) and a Hamilton syringe, 1 uL of collagenase (0.075 IU; Sigma Aldrich) was infused into the right striatum at a
flow rate of 0.120 pl/min. Relative to the bregma point, the stereotaxic coordinates of the injection were as follows: lateral, —0.20;
anteroposterior, 0.62; and dorsoventral, —0.40. In control animals, 1 uL of saline was infused. The animals were randomized to saline
volume control (APP Pharmaceuticals) or collagenase (ICH) groups. The identity of the mice that received vehicle or Se was masked
to surgeons who performed the ICH. The identity was revealed after all the data was collected on all animals and the code revealed by
a member of the team not involved in surgeries or drug preparation. Proper postoperative care was observed until the animals were
completely recovered, specifically placing the animals in a heated cage (37°C) for 1-3 hours post injury and providing soft pellets in
the home cage (Grossetete and Rosenberg, 2008; Tang et al., 2004; Karuppagounder et al., 2016).

Intracerebroventricular injection of sodium selenite

Using a nanomite syringe pump and Hamilton syringe, 3 uL of either sodium selenite treatment (1-5 uM; Sigma Aldrich; dissolved in
saline) or vehicle control (saline only) was infused directly into the ventricles at a rate of 0.120 pl/min 2 hours after collagenase infu-
sion. The injection site relative to the bregma point was lateral, —0.05; anteroposterior, 0.12 and dorsoventral, —0.25. Surgeon was
blinded to treatment and control groups.

Intraperitoneal injection for tat peptides

Treatment groups of saline, Tat or Tat SelPep (dissolved in saline) was given to mice 2-6 hours after ICH and every day for 7 days by
intraperitoneal injection at a total volume of 0.1ml per animal. Peptides were given in a blinded manner at doses of 4-12 ng/g.

Stereotaxic administration of adeno-associated viral vectors into the striatum

All surgeries were conducted under aseptic conditions by a surgeon skilled in mouse operation. For each mouse, 2 uL of AAV8
[1 x 10" genomic copies (GCs)] was injected into the right striatum at a flow rate of 0.120 pl/min using a nanomite syringe pump
through a Hamilton syringe. By contrast, control mice received 2 uL injections (1 x 10'® GCs) of AAV8-eGFP or AAV8 CMV Null
(Vector Biolabs). All mice received two injections at the following stereotaxic coordinates (all positions are relative to bregma): injec-
tion 1: posterior, 0.10; lateral, —0.15; dorsoventral, —0.35; injection 2: posterior, 0.03; lateral, —0.25; dorsoventral, —0.33. The needle
was left in place for 5 min after the injection was complete and withdrawn at a rate of 1 mm/min. All mice injected with either AAV8
were subjected to collagenase-induced ICH 14 days later (following the ICH procedure described. Proper postoperative care was
taken until the animals recovered completely.

Behavioral analysis

The corner task assessed the integrated sensorimotor function in both stimulation of vibrissae (sensory neglect) and rearing (motor
response; Schallert et al., 2000; Karuppagounder et al., 2016). Mice were placed between two cardboard pieces forming a corner
with a 30° angle. While maintaining the 30° angle, the boards were gradually moved toward the mouse until the mouse approached
the corner, reared upward, and turned 180° to face the open end. The direction (left or right) in which the mouse turned around was
recorded for each trial. Ten trials were performed for each mouse. The adhesive tape removal task in mice was performed by placing
adhesive tape on the planter region of the forward paw (right and left) of mice. The mouse was placed in a novel cage. The time from
which the tape was applied to when the mouse successfully removed it was recorded for each paw. A maximum of 300 seconds for
each paw was allowed. Behavior testing was done for 16 independent animals per study group, based on power calculations of 0.99
power (two-tailed test). Between experiments, animals were housed in home cages in pathogen-free facility.

Experimental ischemic model (filament MCAO method)

All surgeries were conducted under aseptic conditions by a skilled, mouse surgeon. Male mice were anesthetized with isoflurane
(5% induction, and 2% maintenance). A 2 cm incision was opened in the middle of the anterior neck. The right common carotid
was temporarily ligated with 6-0 silk (Ethicon Inc.). Right unilateral MCAO was accomplished by inserting a Silicon rubber-coated
monofilament (Doccol Corporation) into the internal carotid artery via the external carotid artery stump. Adequacy of MCAO was
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confirmed by monitoring cortical blood flow at the onset of the occlusion with a laser Doppler flowmetry probe affixed to the skull (Peri-
flux System 5010; Perimed, Sweden). Animals were excluded if mean intra-ischemic laser Doppler flowmetry was > 30% pre-ischemic
baseline. Transient focal cerebral ischemia was induced in mice for 45 minutes by reversible MCAO in the right brain hemisphere under
isoflurane anesthesia followed by 24 hours of reperfusion following the procedure established in Bodhankar et al. (2015). Body tem-
perature was controlled at 36.5 + 0.5°C throughout MCAO surgery with warm water pads and a heating lamp. After 45 minutes of oc-
clusion, the occluding filament was withdrawn to allow for reperfusion and the incision was closed with 6-0 surgical sutures (ETHICON,
Inc). 0.5 mL prewarmed normal saline was given subcutaneously to each mouse after surgery. Mice were then allowed to recover from
anesthesia and were survived for 24 hours after initiation of reperfusion. Following 2 hours of reperfusion, animals were given either
saline, Tat or Tat SelPep (dissolved in saline) by intraperitoneal injection. The surgeon was blinded to treatment groups.

Infarct Volume Analysis

The individual performing the infarct volume analysis was blinded to treatment group. Mice were euthanized, and brains were
collected at 24 hours of reperfusion for 2,3,5-triphenyltetrazolium chloride histology (Sigma, St. Louis, MO). The 2-mm brain sections
were incubated in 1.2% 2,3,5-triphenyltetrazolium chloride (TTC) for 15 minutes at 37°C, and then fixed in 10% formalin for 24 hours.
Infarction volume was measured using digital imaging and images were analyzed using Sigma Scan Pro 5.0 Software (Systat, Inc,
Point Richmond, CA). To control for edema, infarct volume (cortex, striatum, and hemisphere) was determined by subtraction of
the ipsilateral noninfarcted regional volume from the contralateral regional volume. This value was then divided by the contralateral
regional volume and multiplied by 100 to yield regional infarction volume as a percent of the contralateral. Infarct volume was
conducted on 12 independent brains per treatment group.

Immunocytochemistry

For immunocytochemical experiments in the brain, appropriate numbers of control mice with unilateral hemorrhagic stroke and
selenium-treated mice with induced unilateral hemorrhagic stroke were perfused with 4% paraformaldehyde (PFA; Sigma Aldrich)
in PBS for 15 minutes to fix their brains. The brains were isolated and post-fixed for 1h in 4% PFA at 7 days post ICH. After cryopro-
tection in a sucrose gradient, coronal sections were cut at 30 um. For cell cultures, HT22 cells were plated on an 8 well glass slide
and were fixed with 4% PFA 24 hours after treatment (siRNA, adenovirus or sodium selenite). Immunocytochemistry was conducted
on > 3 independent brains per group and > 3 independent cultures per group.

Free-floating brain sections or cell cultures were blocked for 1h in a PBS solution containing 3% bovine serum albumin (Sigma
Aldrich), and 0.5% Triton X-100 (Bio-Rad Laboratories). Primary antibodies were diluted in a PBS solution containing 3% bovine
serum albumin (Sigma Aldrich) and applied for 12 hours at 4°C and followed by three washes with PBS. Tissue was then incubated
for 1 hour in the appropriate secondary antibody, conjugated to Alexa 488 (1:1000; green fluorescence, Life Technologies), Alexa 568
(1:1000; red fluorescence, Life Technologies); for nuclear labeling ToPro was added to the mixture (1:15000, far red fluorescence,
Invitrogen) in a PBS solution containing 3% bovine serum albumin (Sigma Aldrich). In multi-labeling experiments, sections were
incubated in a mixture of primary antibodies, followed by a mixture of secondary antibodies under same conditions as above. After
staining, the sections were flat mounted on a superfrost plus microscope slide (Thermo Fisher Scientific) and coverslipped using
Vectashield mounting medium (H-1000, Vector Laboratories). The coverslip was sealed in place with nail polish.

The primary antibodies used in this study were the following: rabbit anti-GPX4 (1:800, LSBio), rabbit anti-Sp1 (1:300, EMD
Millipore), and mouse anti-NeuN (1:1000, EMD Millipore). The samples were processed in the same mixtures of antibodies and
imaged under Nikon Eclipse Ti-U confocal microscope using with a 20x water objective (0.75N.A.) and 60x oil objective (1.4N.A.).
All sections were imaged under identical acquisition conditions, including: laser intensity, photomultiplier amplification, and Z stack
step size. All images were processed and analyzed using Imaged software. Fluorescence quantification were taken only from NeuN
positive cells. Treatment conditions were masked during imaging and treatments were only revealed after completion of analysis.
TUNEL staining
Slice or culture preparation (fixation), and imaging was similar to what was described in antibody treatment. In this study we used
DeadEnd Fluorometric TUNEL staining (Promega) using the protocol described by manufacturer. Briefly, following fixation, tissue
and cell cultures were permeabilized with 0.2% Triton-X in PBS for 5 minutes and washed 5 times with PBS. Tissue/cultures were
equilibrated for 5 minutes at room temperature in equilibration buffer (provided in kit). Slides were then labeled with TdT reaction
mix (containing TdT nucleotide) for 60 min at 37°C. The TdT reaction was then stopped and slides were washed and counterstained
with ToPro. TUNEL staining was conducted on 3 independent brains per group and 3 independent cultures per treatment group.

Fluoro-jade Staining

Neurodegeneration in mice following collagenase-induced intracerebral hemorrhage was assessed by staining with Fluoro-jade B
(EMD Miillipore) and carried out according to supplier’s protocol. Briefly, control mice and ICH mice (xICV Se) were sacrificed
7 days post ICH and brains processed according to the same protocol as the immunocytochemical experiments. Floating brain
sections were immersed in a graded series of alcohol (50%), 70% and 100% ethanol for 5 min each; Sigma Aldrich) solutions. Floating
sections are then immersed in a 0.06% potassium permanganate (KMnO4 in distilled water) solution for 15 minutes. Sections were
washed with double distilled (ddH,O) before being immersed in a 0.001% Fluoro-jade staining solution (Fluoro-jade B in ddH,0) for
20 minutes with gently shaking in the dark. Sections were then washed with ddH,O and mounted on coated slides (TruBond 380;
Fisher Scientfic) and dried at room temperature overnight in the dark. Fluoro-jade B staining was examined within perihematoma

Cell 177, 1-18.e1-e11, May 16, 2019 e5



Cell

Please cite this article in press as: Alim et al., Selenium Drives a Transcriptional Adaptive Program to Block Ferroptosis and Treat Stroke, Cell
(2019), https://doi.org/10.1016/j.cell.2019.03.032

or hematoma regions using a fluorescence microscope (Zeiss Axiovert). Quantitation of Fluoro-jade B staining was performed using
Imaged software. Fluoro-jade staining was conducted on a minimum of 12 independent brains per group and Fluoro-jade positive
cells were counted in the entire brain.

Hematoma Volume Measurement

To determine if treatments reduced hematoma volume mice (xICV Se) were sacrificed 24h after ICH; the brains were removed and
flash frozen in Freeze’ IT (Fisher Scientific). Coronal sections were sliced at 30 um and placed directly on a glass slide. To quantify
hematoma volume, sections were digitized at standardized coronal levels. A blinded user would measure the contours and
hematoma from left and right hemisphere from each section. Hematoma volume and swelling were measured and calculated using
Axiovision software (Carl Zeiss). Hematoma measurements were conducted on at least 5 independent brains per group and
hematoma volume was measured throughout the brain.

Quantitative real-time PCR

Total RNA was prepared from either cell cultures or tissue using the NucleoSpin RNA Il kit (Clontech) according to the manufacturer’s
protocol. Duplex real-time PCR reactions were performed with gene expression assays using 6-carboxyfluorescein—labeled probes
(Applied Biosystems) for genes of interest. Primers used were: CAT, SOD2, GPX1, GPX4 (Exon 1a, 1b); SELP, TXNRD1, GPX3, SELK,
MSRB1, SELW, GIT1, EIF3c, URB2, ATF4, NSMF and Sp1 (exon 2-3 and exon 5-6; Thermo Fisher Scientific). All expression levels
were normalized to B-actin gene expression, which was determined with a VIC-labeled probe (Applied Biosystems). Probes with
sample mRNA were prepared with TagMan RNA to Ct 1-step kit (Applied Biosystems) in accordance to manufacturer’s instructions.
All experiments were performed using a Quant 6 Real-Time PCR System (Applied Biosystems) and up to 40 cycles in accordance to
the 1-step gPCR protocol (Applied Biosystems). Replications from minimum 4 independent tissue samples or cell cultures were used
for gPCR.

In vitro ICH model

Cell death was induced in primary cortical neurons and hippocampal HT22 cells by treatment with hemin (dose response 10 to 250uM
at 16 hours; Sigma Aldrich). Stock solution for hemin was dissolved in 0.1M NaOH. For the neuroprotection studies, cells were treated
with 80uM hemin (LDsg) in the presence of designated agents or sodium selenite (Sigma Aldrich) dissolved in ddH,0. Cell viability was
analyzed 16 hours after treatment. Cells were then washed in pre-warmed PBS (37°C) and assessed by MTT assay as per manufac-
turer’s instructions (Promega). Briefly, neuronal cells are incubated for 2h in MTT reagent (5ul per 100ul media; 1 hour for mature
cortical cultures, HT22 and HT1080). This was followed by 1 hour incubation on a shaker of detergent reagent (5ul per 100l media;
Stop Solution) in the dark at room temperature. The fidelity of MTT assays in measuring viability was verified by calcein-AM/ethidium
homodimer-1 staining in PBS (Live/Dead assay, Thermo Fisher scientific) as per the manufacturer’s instructions. The transcription
inhibitor actinomycin-D (Sigma Aldrich) was dissolved in Dimethyl sulfoxide (DMSO; Sigma Aldrich) and used in immature neuron
studies only. A minimum of 3 independent cell cultures were used for in vitro ICH.

In vitro model of ferroptosis in neurons

Primary cortical neurons, and HT22 hippocampal neuroblast cells were exposed to 5mM L-homocysteic acid (HCA; Sigma Aldrich)
dissolved in MEM no phenol (Thermo Fisher Scientific), a structural analog of glutamate, to induce oxidative stress—induced cell
death by blocking the X¢- transporter as previously described (Ratan et al., 1994b). Sodium selenite (Sigma Aldrich), dissolved in
ddH,O was applied to the media at varying concentrations. The time of addition of glutamate or HCA varied depending on experi-
mental design; 24 hours after treatment with HCA, the cells were rinsed with warm PBS, and cell viability was assessed by MTT assay
(Promega) or calcein-AM/ethidium homodimer-1 staining (Live/Dead assay, Thermo Fisher Scientific). Similarly, other known ferrop-
tosis inducers, RSL3 (Cayman Chemical), FIN56 (Sigma Aldrich) or erastin (Selleck Chemicals) dissolved in DMSO, were used to
induce cell death in primary cortical neurons and HT1080 cells (erastin only). A minimum of 3 independent cell culture experiments
were performed with studies involving ferroptosis of cells in vitro.

In vitro model of excitotoxicity

Excitotoxicity was induced by glutamate (Sigma Aldrich) treatment in media at 100uM in HBSS buffer for 1 hour at 37°C, followed by a
restoration of the media at 37°C for 24 hours. The glutamate receptor antagonist, MK801 (10uM; Sigma Aldrich) was used as a pos-
itive control and added immediately after glutamate treatment (similarly with Se treatment). Cell viability was assessed by MTT assay
(Promega). Excitotixicity studies were conducted on 3 independent cultures.

In vitro model of ER stress-induced death

Mouse primary cortical neurons were cultured as previously described. Thapsigargin (Sigma Aldrich) or Tunicamycin (Sigma Aldrich)
were dissolved in DMSO to a stock concentration of 1mM. Final concentrations of 1um of thapsigargin or 3um of tunicamycin were
added to immature primary cortical neurons 24 hours after they were plated and cell death was assessed (by MTT assay) 24 hours after
thapsigargin or tunicamycin treatment. The non-selective caspase inhibitor, Z-VAD-FMK (0.01-100um; Enzo Life Sciences) was added
with ER stressors to verify that cell death was caspase dependent. ER stress studies were replicated in 4 independent cultures.
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In vitro cell death time-lapse measurements
Mouse primary cortical neurons were cultured in glass bottom optically optimized plates. After 24 hours incubation cells were treated
with erastin (5uM) or hemin (100um) to induce ferroptosis. Imaging of individual neurons was performed sequentially over time. Prior
to imaging, neurons were treated with ethidium homodimer to detect cells whose plasma membrane had been breached. Ethidium
homodimer only fluoresces when it interacts with DNA. Neurons were maintained in a 37°C with 5% CO, chamber during imaging.
Imaging was conducted on 4 independent cell cultures. Dead cells were imaged using a Zeiss LSM880 confocal microscope with a
non-contact 10x/0.45NA objective using Zen Black/Blue software (Carl Zeiss). Each well was imaged at 3 locations every 30 minutes,
for 16 hours. Cells were excited with a 561 nm laser, and Ethidium homodimer fluorescence was detected within a bandpass of 570 —
758 nm. The same laser line was also used to acquire Differential Interference Contrast (DIC) images on the transmitted light path, in
order to capture the morphology of the cells over the imaging period. Imaging was conducted at Microscopy and Image Analysis
Core of Weill Cornell Medicine.

Using ethidium homodimer as a cell death marker, blinded counting of cells were done at each time point and combined into a
Kaplan Meier survival curve (Imaged for counts and Graphpad Prisim for curve). Curves were compared statistically using Log-
Rank (Mantel-Cox test) to determine significant changes in survival.

Chromatin immunoprecipitation

The ChIP assays were performed with the EZ-Magna ChIP assay kit (Millipore) as per the manufacturer’s instructions. For each
condition 40 million cells were used and replicated in 4 independent cell cultures. Primary cortical cells were cross-linked with
1% PFA (in PBS) at 37°C for 7 minutes and then washed with glycine stop solution (125mM glycine in PBS) and PBS alone. Cells
are scraped in a solution of ice cold PBS with protease inhibitors (Roche, 1 tablet/50ml) and phenylmethylsulfonyl fluoride (PMSF;
100mM; Sigma Aldrich). Samples are then sonicated using the Bioruptor (Diagenode) at 4°C for 30 seconds on and 30 seconds
off for 1 hour. Genomic targets were immunoprecipitated with 5mg of rabbit Sp1 (Milipore), TFAP2¢c (Santa Cruz) or rabbit IgG (Santa
Cruz, Sc-2027) antibody. Quantitation of immunoprecipitated genomic DNA regions was performed with real-time PCR using the
SYBR Green Master Mix kit (QIAGEN) on a Quant 6 Real-Time PCR System (Applied Biosystems) with primers specific to the pro-
moter region of GPX4 were:

Human: Forward 5'- CTGTACAGGGGTCAAAGTCCA-3' and Reverse 5'- CCCACATCTTGGCTTCCAACT-3’
Mouse: Forward 5'-CTGCTCTTCCAGAGGTCCTG-3' and Reverse 5'-GAGGTGTCCACCAGAGAAGC-3'.

Plasmid amplification

Agar plates were made by adding 1 packet of LB Broth with agar (Sigma Aldrich) to 500mL of ddH20 and then sterilized by autoclave.
After autoclaving, broth was allowed to cool to 55°C and 500uL of 50mg/mL carbenicillin was added (Sigma Aldrich). LB broth without
agar (Sigma Aldrich; L7658) was prepared in a similar manner with the exception that it was divided in 250ml aliquots and stored in
liquid form.

Plasmids from DNA were generated and amplified according to the following protocol. Approximately 4l of plasmid DNA plus
50uL of competent cells (New England Biolabs or Invitrogen) were mixed on ice for 30 minutes, followed by heat shock at 42°C
for 30 seconds, and then back to ice for 2 minutes. SOC medium (New England Biolabs) was added to the cells and shaken 37°C
for 1 hour at 750 rpm. Under sterile conditions 5uL of carbenicillin (Sigma Aldrich) was added to the surface of the agar plates, fol-
lowed by spreading of the competent cells with plasmid of interest (with ampicillin resistance). Plates were incubated overnight at
37°C and colonies collected the next day.

Colonies were mixed thoroughly in 5ml LB broth without agar (but with carbanicillin) for 1hr and then transferred to 250ml LB Broth
(without agar) plus carbenicillin. LB Broth (without agar) was placed on a shaker at 200 rpm at 37°C overnight. Samples were centri-
fuged and 5a E.coli cells were processed for maxiprep. For maxiprep, we followed the protocol described in Fast lon Plasmid Maxi Kit
(IBI Scientific). All plasmid amplification experiments were conducted under sterile conditions to avoid contamination.

Response Element Screening

To determine region of the promoter region required for regulation of GPX4 by ferroptotic stimuli with or without selenium exposure,
a —1 to —4000bp promoter region of GPX4 was cloned in to the pGL3basic (Promega) luciferase backbone (Viraquest). Restriction
enzyme sites were added as part of the sequence or added to the sequence roughly 1000 base pairs apart. Restriction enzymes were
used (New England Biolabs; Ndel R0111S; BamHI R0136S; Hindlll R0104s) to cut various sizes of the promoter region and then these
varying sizes were ligated to the luciferase backbone in the pGL3basic vector (Figure S5A). The resulting promoter-reporter plasmids
were incubated for 1 hour with NEBuffer (New England Biolabs) and specific restriction enzymes to cut at the site of interest. Samples
were separated on electrophoresis gel and the sequence of interest (determined by predicted size) was extracted using Qiaquick gel
extraction kit (QIAGEN), following the recommended protocol. The plasmid of interest was then blunted using blunting buffer, blunt-
ing enzyme and DNTP (New England Biolabs) and incubated for 15min followed by 10min inactivation at 70°C. The ends of the
plasmid construct of interest was ligated using Quick T4 DNA ligase kit (New England Biolabs) and plasmid was amplified via max-
iprep. Region —1763 to —1189bp of the GPX4 promoter was cloned in to pGL3basic backbone. At —1468 there is a XBal restriction
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enzyme site (NEB, R0145T). Mutations in promoter region were developed by synthesizing this region with G/C to A/T mutations in the
binding region of binding site 1, 4, and 5; and then ligating that region to the luciferase. All sequences were verified by DNA
sequencing either at Cornell University’s sequencing core or at Viraguest, Inc.

Cell based luciferase Assays

HT22 neuroblasts were co-transfected using Lipofectamine 2000 kit (Life Technologies) as per the manufacturer’s instructions, with
GPX4 promoter-reporter sequences and a pTK-renilla plasmid (Promega) to control for transfection efficiency. Transfected cells
were incubated for 24 hours prior to exposure to pharmacological or molecular manipulations. Control luciferase activity was
measured using a pTK-PGL3 backbone construct. Luciferase activity was quantified after 12 hours of treatment (treatment proced-
ures described earlier) using a dual luciferase assay kit (Promega) and bioluminometer (MDS Analytical Technologies). Each lucif-
erase construct was experimentally examined in 4 independent, parallel cultures.

Use of adenvirus infection for modulating gene expression

Primary cortical neurons or HT22 were infected with adenovirus by replacing media with warm HBSS at a multiplicity of infection
(MOQI) of 60 for 1 hour. After infection, HBSS was replaced with warm media. Cells were examined for changes in gene expression
12 hours after transduction. Adenovirus vectors encoding a CMV promoter followed by ddGPX4, GPX4 alone (adGPX4), Sp1 (adSp1),
mutant (mSp1), Catalase (CAT) or superoxide dismutase 2 (SOD2) genes were engineered by Viraquest, Inc. The mSp1 construct had
3 zinc finger DNA binding site deletions from the native Sp1 gene (Lee et al., 1997). Adenoviral TFAP2c (adTFAP2c) was engineered
by the viral core at University of lowa. ddGPX4 sequence contains a previously published destabilization domain (Ilwamoto et al.,
2010) bound to GPX4. ddGPX4 is stabilized in cells by applying Trimethoprim (TMP; Sigma Aldrich, dissolved in DMSQ) to the bathing
media.

siRNA to reduce levels of target genes

Molecular depletion of GPX4 was achieved using lipofectamine RNAimax (Thermo Fisher Scientific) transfection of specific siRNAs
against GPX4 into primary cortical neurons. Transfection was done via modifications of the RNAiMax protocol. Briefly, siRNA and
RNAimax lipofectamine were incubated in Opti-MEM (Thermo Fisher Scientific). The siRNA concentrations used for cortical neurons
were 6-fold greater than what the industry protocol recommended, however, the lipofectamine concentration remained the same.
Cells were treated with siRNA plus lipofectamine mixture for 12-24 hours before treatment or collection for verification of message
reduction. Three distinct sequences of siRNAs were used independently to validate target specificity of effects (Thermo Fisher Sci-
entific; GPX4 Exon 5,6; Exon 4; Exon 3). Sp1 siRNA was used to validate specificity of Sp1 antibody staining forimmunofluorescence
studies (Thermo Fisher Scientific). Scrambled siRNA was used as a control (Thermo Fisher Scientific). Molecular depletion was vali-
dated by both gPCR or immunoblot in 3 independent cultures. 50uM of N-acetyl-cysteine (NAC; Sigma Aldrich), which has no effect
on steady-state GPX4 mRNA levels, was used to ensure survival of siGPX4 transfected cells so protein and mRNA could be collected.
MTT and live/dead assays were also conducted in 3 independent cultures.

Protein extraction and immunobloting

Whole Cell Protein Extraction

Prior to protein collection, primary cortical neuronal cultures were washed with 4°C PBS and collected in 4°C PBS. Cells were centri-
fuged at 1000xg and PBS was removed. Under cold conditions triton 1% Triton X-100 lysis buffer was added in the presence of the
protease inhibitors (Sigma Aldrich), PMSF, MG132 (Sigma Aldrich), and sodium orthovanadate (Sigma Aldrich) according to the man-
ufacturer’s protocol. Cells were incubated for 10 minutes on ice, while also lightly shaken every 5 minutes. Cells were then centrifuged
at 21,000 x g and supernatant containing soluble cell protein was used for immunoblotting.

Nuclear Extraction

Primary cortical neurons were collected in 4°C PBS and centrifuged as described in whole cell extraction. Cytoplasmic buffer (10mM
HEPES, 10mM KCI, 2mM MgCl, and 0.1 mM EDTA in ddH,0; all reagents from Sigma Aldrich) with protein degradation inhibitors was
added to the cell pellet and incubated on ice for 20 minutes; with light tapping of the tube every 5 minutes. Then 10% of nonidet p40
substitute (Affymetrix) was added to the cytoplasmic buffer (25ul per 200ul of buffer) and incubated on ice for 5 minutes. Following
incubation, samples were centrifuged at 4°C at 3000 x g for 5 minutes to separate cytoplasmic component from nuclei. Supernatant
was then removed and pellet containing nuclei were lysed in nuclear buffer (50mM HEPES, 50mM KCI, 300mM MgCl,, 0.1 mM EDTA
and 10% glycerol by volume in ddH,0) with protein degradation inhibitors. Samples were then rocked at 4°C for 30 minutes and then
centrifuged at 10,000xg for 10 minutes. Supernatant was used for nuclear fraction.

Mitochondrial Extraction

Using the cytoplasmic supernatant collected from the nuclear extraction described earlier, supernatant was centrifuged at 12,500xg
for 8 minutes at 4°C to obtain crude mitochondria (pellet) and cytoplasm (supernatant). Crude mitochondria was then resuspended in
3% Ficoll PM 400 (Sigma Aldrich), layered in to 6% Ficoll PM 400 (Lai and Clark, 1979) and centrifuged at 11,500xg for 30 minutes at
4°C. The pellet was suspended in isolation buffer (0.25M sucrose, TmM EGTA, 10mM Tris-HCI, pH7.4) with protein degradation in-
hibitors and centrifuged at 11,500xg for 10 minutes at 4°C. Pellet was resuspended in small amount of resuspension buffer and this
was used as pure mitochondria.
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Immunoblotting

Protein concentrations of samples were quantified using Bradford (whole cell extraction; Bio-Rad Laboratories) or DC assay (frac-
tions; Bio-Rad Laboratories). Protein samples were diluted in Laemmli buffer (Boston Bioproducts) and heated to 95°C for 5 minutes.
All samples were electrophoresed under reducing conditions on NUPAGE Novex 4%-12% Bis-Tris polyacrylamide gels (Invitrogen)
before being transferred onto a nitrocellulose membrane (Bio-Rad). Membranes were immersed in blocking media (LI-COR Odyssey
blocking buffer) for 1 hour. Primary antibodies were treated overnight in blocking media (LI-COR Biosciences). The primary anti-
bodies used in this study were the following: rabbit anti-GPX4 (1:1000, LSBio); rabbit anti-Sp1 (1:1000, EMD Millipore); mouse
anti-TFAP2c (1:500, Santa Cruz); mouse TFAP2d (1:500, Abcam); rabbit TFAP2a (1:500, Cell Signaling Technology); rabbit histone
H3 (1:1000, Cell Signaling Technology; mouse, cell signaling technology); mouse histone H4 (1:1000, Cell Signaling Technology); rab-
bit Cox IV (1:1000, Cell Signaling Technology); mouse anti-actin (1:10000, Sigma Aldrich), and rabbit anti-actin (1:10000, Sigma Al-
drich). Secondary antibodies were mixed in blocking buffer and treated on membrane for 1 hour incubation at room temperature on a
shaker. Secondary antibodies used in this study were IRDye-680 or IRDye-800 (LI-COR Biosciences; 1:10,000 dilution). All proteins
were detected using an Odyssey infrared imaging system (LI-COR Biosciences). Densitometry was measured on Image Studio ver.
5.2 (LI-COR Biosciences). Samples for immunoblotting were obtained from > 3 independent animals or cell cultures.

RNA Sequencing and Weighted Gene Co-Expression Network Analysis

Library Preparation, Alignment and Quantification

Primary cortical neurons were collected following 6 hours of treatments with control (no treatment), 5mM HCA and/or 1uM Se from 4
independent cultures. Approximately 50-100ng of RNA was isolated from each sample using the miRNeasy kit with no modifications
(QIAGEN). For each RNA sample, RNA quality was initially quantified using the RNA Integrity Number (RIN) on an Agilent Bioanalyzer
(Agilent Genomics). We used rRNA depletion with the RiboZero Gold kit (lllumina) to prepare the library. RNA was depleted from
500ng total RNA with the Ribo-Zero Gold kit (Epicenter). Subsequent steps followed the lllumina Stranded TruSeq protocol to
generate standard fragment sizes (100-300bp, mean 150bp). After this protocol was followed, libraries were quantified with the
Quant-iT PicoGreen assay (Life Technologies) and validated on an Agilent 2200 TapeStation system. Libraries were prepared at
the core facility at UCLA and sequenced on HiSeq 4000 platform. 100bp paired-end reads were mapped to mouse GRCm38 genome
build using Gencode M10 (Ensembl v85) annotations using rna-STAR (Dobin et al., 2013). We used bias-aware quantification of
genes and transcripts using Salmon (Patro et al., 2017). RNA-seq data generated in this study is available on NCBI GEO
(GSE126787).

Differential Gene Expression

DGE expression analysis was performed with expression levels normalized for gene length, library size, and G+C content (referred to
as ‘normalized FPKM’) using the CQN package in R. A linear model framework was used to assess differential expression in log,[-
normalized FPKM] values for each gene between the selenium/HCA treated and untreated samples accounting for RIN, RNA con-
centration and sequencing biases in each sample. Significant results are reported at FDR < 0.05.

WGCNA

The R package weighted gene co-expression network analysis (WGCNA) was used to construct co-expression networks using
normalized data after adjustment to remove variability from technical covariates. We used the biweight midcorrelation to assess cor-
relations between log,[adjusted FPKM] and parameters for network analysis are previously described (Parikshak et al., 2016). For
supervised WGCNA, protein encoding transcripts of GPX4 were taken from Ensemble v85 and each transcript was compared be-
tween control and Se treated. Consensus networks were formed based on genes correlated with GPX4-001 transcript (mitochondrial
transcript) at absolute correlation > 0.5. GO term enrichment analysis was performed using GO elite (v1.2.5; Zambon et al., 2012),
with 10,000 permutation and results are presented as enrichment Z scores. We presented all the top molecular and biological func-
tions for the supervised WGCNA.

Inductively coupled plasma mass spectrometry

Approximately 24 hours after Se and/or Hemin treatment in vitro (8 independent cultures per group) or ICH and/or Se injection in vivo
(3 independent animals per group), primary neuronal cells or whole striatum were washed 3 times in PBS for optimal removal of the
contaminating elements before acid digestion and inductively coupled plasma mass spectrometry (ICP-MS) analysis. A sample of
10% of the total cells were taken for protein quantification by Bradford assay (Bio-Rad Laboratories). The remaining sample was
frozen at —80°C and sent to the University of Nebraska-Lincoln Spectroscopy core facility for ICP-MS. Samples were digested
with 70% w/v nitric acid overnight and loaded onto a 96-well plate after 20-fold dilution with 2% nitric acid containing 50 ppb Ga
as internal standard. The elemental analysis was carried out by ICP-MS with an Agilent Technologies ICP-MS 7500cx (Santa Clara,
CA) coupled to an SC/DX-4 high-throughput autosampler (Elemental Scientific Inc., Omaha, NE). The SC-Fast sample introduction
system was modified to allow analysis of 100ul samples by using a microperipump (MP-2) to push the carrier/chase solution (2%
nitric acid)

A second microperipump (MP-1) was used to rinse the sample loop and load the samples onto the injection loop within 8-10 sec-
onds. The instrument operated in Collision/reaction mode with a 3.5 ml/min flow of hydrogen gas and 1.5ml/min of helium gas for
elimination of polyatomic and Ar derived interferences. The argon carrier flow was set at 0.9L/min and argon make-up flow at
0.15L/min, RF power of 1,500W, sample depth = 8mm. The analysis method was optimized for 18 elements (7Li, 11B, 23Na,
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24Mg, 31P, 34S, 39K, 40Ca, 55Mn, 56Fe, 59Co, 60Ni, 63Cu, 66Zn, 75As, 78Se, 95Mo and 111Cd) also with 71Ga as the internal
standard. Calibrations were performed prior to and after analyzing the samples. The instrument performance during the runs was
verified by spiking a blank with 10% of the standard stock mix (QCS 10).

HIV-Tat Peptide Synthesis for Drug Delivery

Materials

Solvents for peptide synthesis were purchased from Fisher Scientific (Pittsburgh, PA). Fmoc-amino acids were purchased from RS
Synthesis (Louisville, KY). 2-Chlorotrityl chloride resin SS (100-200 mesh) and 1-hydroxy-7-azabenzotriazole (HOAt) were purchased
from Advanced ChemTech (Louisville, KY). Triisopropylsilane (98%) was purchased from Acros Organics (Pittsburgh, PA). N,N’-
diisopropylcarbodiimide was purchased from Chem-Implex Int’l Inc. (Wood Dale, IL). 1-[Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) was purchased from Oakwood Chemical (N. Estill, SC). All other
chemicals were purchased from either Sigma Aldrich (Milwaukee, WI) or Fisher Scientific (Pittsburgh, PA). Mass spectral analysis
was performed on an Applied Biosystems QTrap 4000 hybrid triple-quadrupole/linear ion trap liquid chromatograph-mass spectrom-
eter (SciEx, Framingham, MA).

Peptide Syntheses

Fmoc-Selenocysteine(pMeOBzl)-OH was synthesized as reported previously (Hondal and Raines, 2002) and used to synthesize the Sec-
containing peptide: Gly-Arg-Lys-Lys-Arg-Arg-Gin-Arg-Arg-Arg-Pro-GIn-Sec-Lys-Sec-Asn-Leu-Asn (GRKKRRQRRRPQUKUNLN).
Fmoc-amino acids were used to synthesize the following control peptide: Gly-Arg-Lys-Lys-Arg-Arg-Gin-Arg-Arg-Arg-Pro-Gin
(GRKKRRQRRRPQ). Both peptides were synthesized using solid-phase synthesis as described below. Peptides were synthesized
on a 0.1 mmol scale using a glass vessel that was shaken with a model 75 Burrell wrist action shaker. Each batch used 300 mg of
2-chlorotrityl chloride resin SS (100-200 mesh, AdvancedChemtech). The firstamino acid in the sequence was added directly to the resin
via shaking for 1 hour at room temp in 10 mL of 2% N-methylmorpholine and 98% dichloromethane. Unreacted resin was successively
capped using methanol; 10 mL of 80% dichloromethane/10% methanol/10% N-methylmorpholine, shaken 15 minutes at room
temperature. Subsequent amino acid couplings were performed using a 2-fold excess of both Fmoc-amino acid and HOAt, and 2%
v/v N-methylmorpholine (for all amino acids except Sec), or 2-fold excess of both Fmoc-Sec(pMeOBzl)-OH and HATU, and 1% v/v
N,N-diisopropylcarbodiimide (for Sec only), in 10 mL of dichloromethane or dimethylformamide (DMF) solvent. Preactivation of the amino
acid was not performed to minimize the racemization of L-selenocysteine. These coupling conditions are essentially the same as those of
Barany and co-workers, which were likewise used to minimize racemization of cysteine (Han et al., 1997). Couplings were deemed
complete by ninhydrin testing after allowing the reaction to proceed for 1 hour. Removal of the Fmoc group between couplings was
achieved via two 10 min agitations with a20% piperidine/80% DMF mixture, fully covering the resin and rinsing between each deblocking
step four times with DMF. Success of deblocking was monitored qualitatively using a ninhydrin test (Kaiser et al., 1970). Removal of the
final Fmoc protecting group completed the peptide synthesis.

Cleavage of the peptides from resin, along with deprotection of the side chain protecting groups, was done via a 2 hour reaction
using a cleavage cocktail consisting of a 96% trifluoroacetic acid (TFA)/2% triisopropylsilane/2% water mixture (Harris et al., 2007;
Schroll et al., 2012). For the selenocysteine containing peptide, 0.4 mmol 2,2’-Dithiobis(5-nitropyridine) (DTNP) was included in
the cleavage cocktail. This reaction mixture with DTNP removes the pMeOBzI protecting group from selenocysteine, replacing it
with 5-nitropyridine (Harris et al., 2007; Schroll et al., 2012). Following cleavage and deprotection, the resin was washed with TFA
and DCM to remove any additional peptide, after which the volume of the cleavage solution was reduced by evaporation with nitro-
gen gas. The cleavage filtrate was then pipetted into cold, anhydrous diethyl ether, where the peptides were observed to precipitate.
Centrifugation at 3000rpm on a clinical centrifuge (International Equipment Co., Boston, MA) for 10 minute pelleted the peptide,
which was followed by two additional wash-precipitation cycles using TFA to dissolve the pellet and diethyl ether for precipitation.
Peptides were then dissolved in a minimal amount of water and lyophilized. Stock solutions of peptides were dissolved in ddH,O and
applied to media in vitro or given via intraperitoneal injection in vivo.

Tat Cys synthesis

Tat Cys (GRKKRRQRRRPQCKCNLN) was synthesized by Bachem.

Analysis by Mass Spectrometry

Peptides were directly infused with a guard column at 10 pL I/min into a 100 uL I/min mobile phase flow consisting of 50/50 water/
acetonitrile with 0.1% formic acid. The mobile phase flow was introduced into an Applied Biosystems QTrap 4000 hybrid triple-quad-
rupole/linear ion trap liquid chromatograph-mass spectrometer operating in positive ESI mode. Mass spectra were collected in linear
ion trap mode, scanning from m/z 200-1500.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data in figure legends are presented as mean + SEM values. The exact value of the sample size (n) are given in each figure legends
and represents either the number of animals used in vivo or the number of cell clones/numbers of separate cultures used in vitro. In
cell viability (MTT assay) experiments each replicate (n value in figure legends represent each replicate) was done in 3 wells (of a
96 well plate) for the purposes of reproducibility and lowering variation. Power calculations for experiments were conducted
using G*Power Calculator (University of Dusseldorf). GraphPad Prism 6 and Microsoft excel 2016 were used for all statistical
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analyses. We evaluated normality by Kolomogorov-Smirnov test and variance by homogeneity using Levene test. For normally
distributed data with homogeneous variance, we used Student’s t test if 2 groups were compared or one-way analysis of variance
(ANOVA,) followed by bonferroni posthoc test if two independent variables were compared. For not normally distributed results and or
non-homogeneous variance, we used the Kruskal-Wallis test followed by Dunns post hoc test.

DATA AND SOFTWARE AVAILABILITY
RNA-sequencing data are available under Gene Expression Omnibus ID GEO: GSE126787 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE126787). Unaltered immunoblots, complete WGCNA, differential gene expression, synchronized cell death

videos, siRNA data, additional TUNEL staining, Z-VAD-FMK data and scatterplots for all behavioral data are available at Mendeley
data repository https://doi.org/10.17632/2jsgwzh3zz.1 (https://doi.org/10.17632/2jsgwzh3zz.1).
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Figure S1. Forced Expression of GPX4 or Addition of Se Protects Neurons from Ferroptotic Stressors, Related to Figures 1 and 2

(A) ICH modeling in vivo shows TUNEL labeling, one feature of ferroptosis. TUNEL staining (green) of brain section from a mouse 7 days after collagenase injection
into the striatum (ICH model). Insert shows ToPro (blue) and/or TUNEL positive cells (green). Scale bar 50uM.

(B) Kaplan-Meier curve of individual neuron death up to 16 h following hemin or erastin treatment, which both induce ferroptosis in vitro (n = 4; Mantel-Cox test;
p < 0.05).

(C) Time course of changes in GPX4 mRNA expression (measured by qPCR) in cortical neurons following exposure to Hemin (80uM), HCA (5mM) or Se (1uM).
P values indicate the time when GPX4 mRNA is significantly increased (n = 3; p < 0.05; t test; data shown as mean + SEM).

(D and E) Validation that ddGPX4 levels can be stabilized by varying concentrations of trimethoprim, which neutralizes the destabilization domain. Increased
ddGPX4 protein levels can protect neurons from HCA-induced ferroptosis. (D) Quantification of GPX4 protein levels as measured by immunoblot in neurons
infected with the adenovirus encoding ddGPX4 1h after TMP (10uM) treatment (n = 4; p < 0.05; t test; mean + SEM). (E) Live(green)/Dead (red) imaging of GFP
(control) or (ddGPX4) treated with TMP (10uM) following exposure to 5mM HCA (n = 3). Scale bar, 50pm.

(legend continued on next page)



(F) GPX4 message can be increased in striatum by using an AAV8 encoding GPX4 under the control of the synapsin 1 promoter. Relative GPX4 mRNA expression
from qPCR of mouse striatum collected 14 days after transduction with AAV8-synapsin-GFP or AAV8-synapsin-GPX4 (n = 4; p < 0.01; t test; mean + SEM).
(G) Forced expression of GPX4 in vivo decreases degenerating neurons following ICH. Quantification of number of Fluoro-jade positive cells in or near the
hematoma at 14 days post ICH in mice infected with AAV8-synapsin-GFP or AAV8-synapsin-GPX4. Expression was driven selectively in neurons via a portion of
the synapsin promoter encoded in AAV8 (n = 12; p < 0.01; t test; mean + SEM).

(H) Forced expression of GPX4 in vivo has no effect on hematoma size. Quantitation of hematoma size 24 hours after ICH in mice infected with AAV8 GFP or GPX4
in the striatum reveals that GPX4 does not inhibit collagenase activity (n = 7; p > 0.05; t test; mean + SEM).

(I and J) Selenium (Se) protects against HCA-induced ferroptosis in primary cortical neurons. (l)Viability measured by MTT reduction 24h following exposure to
5mM HCA and varying concentrations of Se (n = 8; p < 0.05; t test; mean + SEM). (J) Live(green)/dead (red) assay of primary cortical neurons following 24h HCA
(5mM) treatment + 1uM Se (n = 3). Scale bar, 50pum.

(K and L) Se increases selenoprotein mRNA expression and GPX4 expression in primary cortical neurons. (K) gPCR measurements of mRNAs for select sele-
noproteins from neurons treated + Se (1uM) for 6h (n = 4; p < 0.05; t test; mean + SEM). (L) Immunoblot of GPX4 protein following 8h HCA (5mM), hemin (80uM) or
Se (1uM) treatment (n = 3; p < 0.05; ANOVA; mean + SEM).
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Figure S2. Molecular Depletion of GPX4 (via siRNA Targeting exon 3) Inhibits Se-Dependent Protection following HCA or hemin Treatment,
Both of which Lead to Cell Death with Features of Ferroptosis, and These Results Demonstrate that GPX4 Is Required for Se-Dependent
Protection against Cell Death, Related to Figure 2

(A and B) Validation of GPX4 siRNA. Short interfering RNAs were used to deplete GPX4 mRNA (siGPX4, measured by qPCR; n = 4; p <0.01; ANOVA; mean + SEM)
and protein (immunoblot, n = 3; p < 0.01; ANOVA; mean + SEM). siScr represents control scrambled siRNA. Cells were exposed to 50uM NAC which prevents
steady-state cell death due to GPX4 reduction, but does not affect susceptibility to HCA or hemin-induced death. Data for additional targeted exons shared on
Mendeley data repository https://doi.org/10.17632/2jsgwzh3zz.1

(C) NAC (50 uM) does not interfere with siGPX4 (exon 3). Relative GPX4 mRNA expression (measured by gPCR) at 8 hours following Si GPX4 (n = 3; p < 0.01;
ANOVA; mean + SEM).

(legend continued on next page)


https://doi.org/10.17632/2jsgwzh3zz

(D) NAC (50 uM) blocks steady state cell death but does not protect against ferroptosis. Viability (MTT assay) of neurons treated with NAC (50 uM) HCA (5mM) or
Hemin (80uM) for 24 and 16h, respectively (n = 3; p > 0.05; ANOVA; mean + SEM).

(E) Live (green)/dead (red) assay of primary cortical neurons showed that Se-induced protection from hemin (80 pM) or HCA (5mM)-induced death was abrogated
by reduction in GPX4 levels. Scale bar = 50um (n = 3 independent cultures). siRNA to GPX4 targets sequences in exon 3.
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Figure S3. Selenium Does Not Protect against GPX4 Inhibitor RSL3 but Does Protect against FIN56, which Targets GPX4 or Squalene
Synthetase (related to Figure 2), and Se Drives Transcription of GPX4 in HT1080 Cancer Cells and Protects against Erastin-Induced

Ferroptosis, Related to Figure 3

(A) Selenium fails to protect against GPX4 inhibitor RSL3. Viability measured in cortical neurons (by MTT reduction) with various concentrations of the GPX4
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inhibitor, RSL3 (0-5 uM), with Se (1uM), Tat (1uM) or Tat SelPep (1uM; n = 3; p > 0.05; ANOVA; mean + SEM).

(B) Selenium protects against FIN56, an inhibitor of squalene synthetase and GPX4 activity. Viability (MTT assay) measured in cortical neurons (MTT reduction) of
various concentrations of ferroptosis inducer Fin56 (0-5 uM), treated with Se (1uM), Tat (1uM) or Tat SelPep. Se/Tat SelPep can protect between 1-5 uM of FIN56

(n = 3; p < 0.05; ANOVA; mean + SEM).

(C) Live(green)/Dead(red) assay of fibrosarcoma cell line (HT1080) treated 24h with erastin (1uM) with or without Se (1uM; n = 3 independent cultures). Scale

bar, 20pm.

p<0.05 p<0.05 p<0.05

(legend continued on next page)
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(D) Levels of a spectrum of mMRNAs for putative antioxidant enzymes (measured by gPCR) in neurons following 6h treatment with vehicle or erastin (5pM) with or
without Se (1uM; n = 3; p < 0.05; ANOVA; mean + SEM).

(E and F) Selenium plus HCA or selenium plus hemin increases message of mitochondrial and nuclear isoforms of GPX4. Levels of GPX4 transcript including exon
1a (containing a mitochondrial targeting sequence) or exon 1b (containing nuclear targeting sequence) of GPX4 (qPCR) following 6h treatment of HCA (5mM) with
or without Se (1uM; n = 3; p < 0.05; ANOVA; mean + SEM).

(G) GPX4 expression in cells is highest in the nucleus and the perinuclear area. Immunofluorescence of GPX4 protein (red) following 8 hours of vehicle, Se (1uM),
24h adenoviral GPX4 (ad; 50 MOI) or 24h GPX4 siRNA + Nac (50uM) treated HT22 cells. Scale bar, 25um; inset, 200um (n = 3 independent cultures). Graph depicts
quantitation of fluorescence (n = 100 cells; p < 0.05; ANOVA; mean + SEM).
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Figure S4. Se Induces a Broad Transcriptional Response Leading to GPX4-Independent Protection from ER Stress-Induced Apoptosis or
Excitotoxicity, Related to Figure 3

(A) Hub genes in brown module from unsupervised WGCNA analysis, which was most downregulated by Se from supervised WGCNA analysis.

(B) Heatmap of module eigengene-traits upregulated and downregulated by 6h Se treatment in cortical neurons based on unsupervised WGCNA analysis.
(C-F) Modules significantly upregulated and downregulated used to identify genes involved in ER stress and excitotoxicity. (C-D) Module eigengene and net-
works significantly upregulated by Se (Royal Blue and Dark Red) based on unsupervised WGCNA. Genes linked to protection from ER stress (apoptosis) or
excitotoxicity highlighted in red (n = 4). (E) Module eigengene and network (Blue) are significantly downregulated by Se (n = 4). (F) gPCR validation of genes
potentially involved in ferroptosis, excitotoxicity and ER stress (apoptosis) that are upregulated by 6h Se (1uM) in primary cortical neurons (n = 4; p < 0.05; t test;
mean + SEM). URB2 is negative control.

(legend continued on next page)




(G and H) Forced expression of GPX4 fails to protect against ER stress or excitotoxicity. (C) Survival (MTT) assay of immature primary cortical neurons (2 DIV)
overexpressing GFP (control) or GPX4 via adenoviral transduction following 16h of tunicamycin (3uM; ER stress) treatment (n = 4; p > 0.05; t test; mean + SEM).
(D) Survival (MTT) assay of mature cortical neurons (13 DIV) infected with adenovirus encoding GFP (control) or GPX4 following 24h of glutamate (100uM;
excitotoxicity) or erastin (1uM; ferroptosis) treatment (n = 4 p > 0.05 for glutamate, p < 0.01 for erastin; t test; mean + SEM).
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Figure S5. Se Induces a Transcriptional Response Mediated by TFAP2c and Sp1 to Regulate GPX4, Related to Figure 4

(A and B) Unbiased identification of transcription factors controlling GPX4. (A) Restriction enzyme sites for GPX4 promoter-reporter constructs. (B) Luciferase
activity from distinct promoter-reporter constructs of the GPX4 gene following 6h of HCA (5mM) or Hemin (80uM) with or without Se (1uM) treatment (n = 5;
p < 0.05; ANOVA; mean + SEM).
(C-F) Immunoblot of Sp1 and TFAP2c from nuclear extracts of primary cortical neurons at 4h and 6h post HCA (5mM) and/or Se (1uM; n = 4; ANOVA; mean +
SEM) exposure. Infection of cortical neurons with an adenovirus encoding TFAP2c or Sp1 for 24 hours was used as positive control.

(G) TFAP2c overexpression increases protein levels of Sp1 in the nuclear fraction of a population of cortical neurons. Immunoblot of Sp1 expression in nuclear
extracts from cortical neurons 24h after adenoviral overexpression of GFP or TFAP2c (n = 3; p < 0.05; t test; mean + SEM).

(legend continued on next page)



(H) TFAP2 isoforms (a,b,d) are not expressed in neurons. Immunoblot to verify absence of expression of TFAP2a or TFAP2d over a wide dynamic range of protein
loading in neurons. Arrows point to expected migration site for these isoforms, which cannot be detected at protein level (n = 3).

(I) Chromatin Immunoprecipitation (ChIP) using an antibody to TFAP2c or Sp1 to monitor occupancy at the GPX4 promoter after exposure to hemin (80pM) with or
without Se (1uM) treatment (n = 3: p < 0.05; ANOVA; mean + SEM).

(J) Validation of expression of Sp1 or DNA binding mutant of Sp1 (mSp1; lacking DNA binding domain in exon 5) (measured by gPCR, n = 4; p < 0.05; ANOVA;
mean + SEM).

(Kand L) TFAP2c or Sp1 overexpression protects against HCA or hemin toxicity. (K) Viability (MTT assay) in neurons with forced expression of TFAP2c¢ following
24h HCA (5mM) treatment (n = 4; p < 0.05; t test; mean = SEM). (L) Viability (MTT assay) of neurons with forced expression of TFAP2c, Sp1 or mSp1 following 16h
of hemin (80uM) exposure (n = 4; p < 0.05; t test; mean + SEM).

(M) RNA levels of putative antioxidant genes from cortical neurons (measured by gPCR) with forced expression of GFP or mSp1 following 6h Se (1uM) treatment
(n = 3; ANOVA; mean + SEM).

(N) Viability (measured by MTT assay) 24h after erastin (5uM) exposure with or without Se (1puM) treatment in neurons with forced expression of GFP (Control) or
mSp1 (n = 4; p < 0.01; ANOVA; mean + SEM).
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Figure S6. ICV Injection of Se Improves Recovery following Brain Hemorrhage without Inhibiting Collagenase Activity and Initial Hematoma
Size, Related to Figure 5

(A) ICV injection of Se does not influence the size of the hematoma induced by collagenase injection. Light microscopy of brain sections 24h following ICH with or
without Se (2.5uM; top) and (bottom) quantification of hematoma size (n = 5; p > 0.01; ANOVA; mean + SEM).

(B and C) ICH does not reduce steady-state selenium levels. (B)ICP-MS measurements of selenium levels in saline volume control or ICH mice with or without
2.5uM Se injection in striatum 24 hours following injury onset (n = 8; p < 0.01; ANOVA; mean + SEM). (C) ICP-MS measurements of selenium levels normalized to
protein concentration in cortical neurons treated with or without 80uM hemin and/or Se (n = 3; p < 0.01; ANOVA; mean + SEM).

(D) Validation of Sp1 antibody for immunofluorescence studies (red) in HTT22 cells; vehicle, 6h Se treated, infected with adenovirus encoding Sp1 or exposed for
24h with Sp1 siRNA (n = 3 independent cultures). Scale bar, 100pm. Quantified immunofluorescence intensity shown in panel below (n = 100 cells; p < 0.01;
ANOVA; mean + SEM).

(E and F) Quantification of changes in GPX4 and Sp1 in neurons after ICH in vivo in the presence and absence of selenium. (E) Quantification of GPX4 immu-
nofluorescence intensity in slices from mouse brain 7 days post ICH with or without Se (2.5uM) ICV injection (left panel). Binned normalized frequency of

(legend continued on next page)



distribution of neurons based on intensity level (right panel; n = 3 animals & 100 neurons; p < 0.01; ANOVA; mean + SEM). (F) Quantitation of Sp1 immunoflu-
orescence intensity in neurons (excluding Sp1 expression in non-neuronal cells) from slices of mouse brain 7 days post ICH with or without Se (2.5uM) ICV
injection (left panel) and binned normalized frequency of neurons expressing Sp1 (right panel; n = 3 animals & 100 neurons; p < 0.01; ANOVA; mean + SEM).
(G) GPX4 protein is induced following ICH. Immunoblots from brain lysates of animals injected with vehicle control or collagenase into the striatum. Striatal lysates
were collected 24h after ICH (n = 3).
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Figure S7. Systemic Injection of Tat SelPep Is Sp1 Dependent and Has a Therapeutic Window of 6 h, Related to Figure 6

(A) Live(green)/Dead (red) assay of primary cortical neurons following HCA (5mM) treatment with or without 1uM Tat SelPep (n = 3 independent cultures). Scale
bar, 75um.

(B) Systemic injection of Tat SelPep increases GPX4 message in multiple organs. Striatum (Brain), cortex (Brain), heart or liver GPX4 mRNA (measured by gPCR)
24h following IP injection of Tat SelPep (4-12ug/g; n = 5; p < 0.01; t test; mean + SEM).

(C-G) Tat SelPep improves outcomes when given systemically 2h after ICH. (C) Collagenase-induced ICH followed at 2h by intraperitoneal injection of Tat (12ng/
g) or Tat SelPep (12ng/g) and then every day for 7 days post injury. Saline volume control was also injected in a group instead of collagenase. Behavioral
measurements were made prior to and 1, 3, 7 and 14 days after hemorrhagic stroke and tissue was collected and processed at 14 days for analysis. (D-E)
Tat SelPep, but not Tat alone reduced sensory neglect (D; n = 16; p < 0.05; ANOVA; mean + SEM) and spatial neglect (E; n = 16; ; p < 0.01; ANOVA; mean + SEM).
(F-G) Tat SelPep reduces number of degenerating neurons when given 2h post ICH with no effect on hematoma size. (F) Quantification of Fluoro-jade positive
cells near hematoma at 14 days post ICH in mice given intraperitoneal injections of Tat or Tat SelPep 2 hour post injury, followed by daily injections for 7 days
(12ng/g; n = 12; p < 0.01; ANOVA; mean + SEM). (G) Quantification of hematoma size 24 hours after ICH, with Tat or Tat SelPep given 2 hours after ICH (n = 6;
p > 0.05; ANOVA; mean + SEM).

(H and I) Tat SelPep protection given systemically 2 hours post ICH is Sp1-dependent. (H) Quantification of fluoro-jade positive cells near hematoma at 14 days
post ICH in mice given daily injections of Tat or Tat SelPep with overexpression of mSp1 or CMV Null in striatum by AAV8 transduction (12ug/g; n = 12; p < 0.01;
ANOVA; mean + SEM). (I) Quantitation of hematoma size 24h after ICH in mice overexpressing GFP or mSp1 in striatum and given IP injection of Tat or Tat SelPep
(12pg/g) 2h after ICH (n = 6; p > 0.05; ANOVA; mean + SEM).

(J and K) Tat SelPep given systemically up to 6h ICH reduces number of degenerating neurons. (J) Quantification of fluoro-jade positive cells near hematoma at
14 days post ICH in mice given intraperitoneal injections of Tat or Tat SelPep 6h post injury, followed by daily injections for 7 days (12ug/g; n = 16; p < 0.01;
ANOVA; mean + SEM). (K) Quantitation of hematoma size 24h after ICH in mice given IP injection of Tat or Tat SelPep 6h after ICH (n = 9; p > 0.05; ANOVA;
mean + SEM).
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