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SUMMARY

Ferroptosis is a type of regulated cell death driven by
the iron-dependent accumulation of oxidized poly-
unsaturated fatty acid-containing phospholipids.
There is no reliable way to selectively stain ferrop-
totic cells in tissue sections to characterize the
extent of ferroptosis in animalmodels or patient sam-
ples. We address this gap by immunizing mice with
membranes from lymphoma cells treated with the
ferroptosis inducer piperazine erastin and screening
�4,750 of the resultingmonoclonal antibodies gener-
ated for their ability to selectively detect cells under-
going ferroptosis. We find that one antibody, 3F3
ferroptotic membrane antibody (3F3-FMA), is
effective as a selective ferroptosis-staining reagent.
The antigen of 3F3-FMA is identified as the human
transferrin receptor 1 protein (TfR1). We validate
this finding with several additional anti-TfR1 anti-
bodies and compare them to other potential
ferroptosis-detecting reagents. We find that anti-
TfR1 and anti-malondialdehyde adduct antibodies
are effective at staining ferroptotic tumor cells inmul-
tiple cell culture and tissue contexts.

INTRODUCTION

Ferroptosis is a regulated form of cell death that involves the

accumulation of lethal phospholipid peroxides and is sup-

pressed by iron chelators and lipophilic antioxidants (Stockwell
Cell R
This is an open access article under the CC BY-N
et al., 2017). Ferroptosis is often characterized by the loss of ac-

tivity of glutathione peroxidase 4 (GPX4), which is the major

protein in animals that can reduce lipid hydroperoxides in a

membrane phospholipid context (Yang et al., 2014).

Ferroptosis induction has been suggested to have potential as

an anti-cancer therapeutic strategy. Unlike apoptosis, which

many cancer cells can evade, ferroptosis is lethal to many tumor

cells that have become dependent on the suppression of ferrop-

tosis for their survival, including some of the most drug-resistant

and aggressive cancer cells, such as persister cells, and cells

that have undergone epithelial-mesenchymal transition (EMT)

(Hangauer et al., 2017; Viswanathan et al., 2017). Thus, triggering

ferroptosis may open up new therapeutic avenues for treating

drug-resistant cancers (Hangauer et al., 2017).

Ferroptosis is implicated in numerous human diseases and

pathologies. It has been suggested that ferroptosis plays a role

in the progression of degenerative diseases of the kidney, heart,

liver, and brain (Feng and Stockwell, 2018); stroke, Alzheimer

disease, Huntington disease (HD), and Parkinson disease are

among the candidates for neurodegenerative diseases that

may involve ferroptosis (Weiland et al., 2019).

To identify the extent to which ferroptosis occurs in specific

pathological and physiological contexts, it is useful to identify re-

agents that selectively label cells undergoing ferroptosis. Three

hallmarks of ferroptosis, oxidation of polyunsaturated fatty

acid-containing phospholipids (PUFA-PLs), accumulation of

redox-active iron, and loss of lipid peroxide repair capacity,

have been used as criteria tomeasure the extent to which ferrop-

tosis occurs (Dixon and Stockwell, 2019). First, the fluorescent

probes C11-BODIPY and Liperfluo are used as indicators of lipid

peroxidation. BODIPY-C11 indicates the production of reactive

oxygen species (ROS) in a lipophilic environment through a
eports 30, 3411–3423, March 10, 2020 ª 2020 The Author(s). 3411
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change in the fluorescence of the probe; it is sensitive to reactive

species formed from hydroperoxides, but not to hydroperoxides

themselves (Drummen et al., 2002). Liperfluo directly reacts with

lipid hydroperoxides to form fluorescent Liperfluo-OX, which can

be detected at long wavelengths (Yamanaka et al., 2012). Sec-

ond, several probes can quantitatively determine the relative

abundance and the ratio of ferrous (Fe2+) to ferric (Fe3+) iron.

Third, the loss of lipid peroxide repair is commonly determined

by the abundance or enzymatic activity of GPX4, or its key co-

substrate, glutathione. However, these experiments are techni-

cally challenging, are limited to biochemical assays, and cannot

be used in fixed tissue sections. Thus, there is no robust method

available to analyze tissue sections from human patients and an-

imal models to determine the extent to which cells are specif-

ically undergoing ferroptosis.

A ferroptosis-specific antibody would facilitate examining the

consequences of ferroptosis in a variety of contexts, including in

tissue sections, as well as cells in culture. Several antigens have

been proposed as potential indicators of ferroptosis. For

example, PTGS2 mRNA, encoding cyclooxygenase-2 (COX-2),

was the most upregulated gene in BJeLR cells upon treatment

with either erastin or RSL3 in a survey of 83 oxidative stress

genes (Yang et al., 2014). CHAC1 mRNA (cation transport regu-

lator homolog 1), an endoplasmic reticulum (ER) stress-response

gene, was found to be upregulated upon the inhibition of system

xc
�, the transmembrane cystine-glutamate antiporter, which im-

ports cystine into cells (Dixon et al., 2014). qRT-PCR is used to

measure the mRNA level of PTGS2 and CHAC1 in cells. Howev-

er, detecting ferroptosis using antibodies against the proteins

encoded by these genes has proved challenging; moreover,

CHAC1mRNA is primarily upregulated by system xc
� inhibitors,

but not by other ferroptosis inducers, and PTGS2 is upregulated

in specific contexts.

Acyl-coenzyme A (CoA) synthetase long-chain family member

4 (ACSL4) was found to be required for ferroptotic cell death

(Dixon et al., 2015; Doll et al., 2017; Yuan et al., 2016). The

expression of ACSL4was downregulated in ferroptosis-resistant

cells compared to ferroptosis-sensitive cells (Yuan et al., 2016).

However, it is not established that the expression level of ACSL4

changes for ferroptosis-sensitive cells undergoing ferroptosis

(M€uller et al., 2017).

MDA (malondialdehyde) and 4-HNE (4-hydroxynonenal) are

aldehyde secondary products of lipid peroxidation. Antibodies

against these species and their protein adducts are candidate fer-

roptosismarkers. The 1F83 anti-MDA adduct antibodywas raised

to target malondialdehyde-modified proteins (Yamada et al.,

2001). It has been used as a ferroptosis marker in tissue sections

from a mouse lymphoma xenograft model (Zhang et al., 2019).

However, MDA adducts are also markers of oxidative stress and

may not be specific for ferroptosis compared to other oxidative

stress contexts. Therefore, additional specific antibodies that

differentiate between ferroptosis and oxidative stress are needed.

Here, we report the production of an untargeted pool of mono-

clonal antibodies from the spleens of mice that were challenged

with the membrane fractions of cells induced to undergo ferrop-

tosis with piperazine erastin (PE), an erastin analog and system

xc
� inhibitor. After screening �4,750 monoclonal antibodies by

flow cytometry, 672 antibodies were selected as candidate
3412 Cell Reports 30, 3411–3423, March 10, 2020
staining reagents. Additional screening resulted in the selection

of the 3F3 anti-ferroptotic membrane antibody (3F3-FMA) as a

potential ferroptosis-specific staining reagent. We validated

the selectivity of 3F3-FMA by treating cells with ferroptosis in-

ducers and inhibitors and in a comparison with two apoptosis in-

ducers. We also tested the 3F3-FMA antibody in several cancer

cell lines and identified the antigen of 3F3-FMA as transferrin re-

ceptor protein 1 (TfR1). TfR1 imports iron from the extracellular

environment into cells, contributing to the cellular iron pool

required for ferroptosis (Yang and Stockwell, 2008). We found

that 3F3-FMA staining was localized to the plasma membrane

and to a perinuclear region associated with the Golgi and the en-

dosomal recycling compartment (ERC) by co-localization with

organelle markers. We compared 3F3-FMA staining with the

staining pattern of three other anti-TfR1 antibodies and anti-

MDA, anti-4-HNE, and anti-ACSL4 antibodies to assess their

specificity and scope of applications. We found that anti-TfR1

3B8 2A1, anti-TfR1 H68.4, anti-MDA 1F83, and anti-4-HNE

ab46545 could detect ferroptotic cells in culture by immunofluo-

rescence. Flow cytometry was sensitive enough to detect the

difference between RSL3-treated and DMSO-treated cells for

all tested antibodies. The 3F3-FMA and anti-TfR1 H68.4 anti-

bodies were effective in western blotting. Anti-TfR1 3B8 2A1

and anti-MDA 1F83 antibodies provided robust results in xeno-

graft tumor sections. In summary, these findings suggest that

anti-TfR1 antibodies, including 3F3-FMA, can be used to label

cells undergoing ferroptosis in cell culture and tissue samples.

A combination of anti-TfR1 and anti-MDA antibodies is proposed

to detect ferroptotic cells in diverse contexts. The discovery of

TfR1 as a ferroptosis marker also implies that TfR1 plays a key

role in ferroptosis, shedding new light on the mechanism of

iron mobilization during ferroptosis.

RESULTS

Screen of 672 Monoclonal Antibodies Generated by
Injecting Mice with PE-Induced Membrane Fractions
To identify a reliable and specific ferroptosis marker, we started

with the generation of an untargeted pool of monoclonal anti-

bodies by injecting mice with ferroptotic membrane fractions.

Suspension OCI-LY7 cells (DLBCL, diffuse large B cell lym-

phoma cells) were incubated with PE, a class 1 ferroptosis

inducer, for 19 h at 37�C. An increase in lipid peroxidation,

confirmed by a fluorescent change in C11-BODIPY, was used

as an indicator of ferroptosis to select this time point and con-

centration (Figure 1A). Ferroptotic cells were then lysed, homog-

enized, and centrifuged to obtain purified total membrane and

plasma membrane fractions (see Method Details). The purified

total membrane and plasma membrane were confirmed using

organelle markers by western blot (Figure 1B).

Female 20-week-old mice were immunized with these

membrane fractions. Following a 12-week boosting protocol,

splenocytes were isolated and electrofused with a myeloma

fusion partner to generate hybridoma cells (Alkan, 2004).

Approximately 4,750 antibodies to unknown antigens were

purified and evaluated in a high-throughput screen (Figure 1C).

A total of 672 antibodies showed increased intensities in

imidazole-ketone-erastin (IKE)-treated cells by flow cytometry



Figure 1. Screen of 672 Monoclonal Anti-

bodies Generated by Infecting Mice with

PE-Induced Membrane Fractions

(A) Cells were confirmed to be undergoing ferrop-

tosis by using the fluorescent probe C11-BODIPY

as a lipid ROS indicator. Blue represents DMSO-

treated cells. Red represents PE-treated cells.

(B)Western blot confirmation of plasmamembrane

and total membrane by organelle markers. The

presence of plasmamembrane was determined by

anti-sodium potassium ATPase antibody, cytosol

by anti-glyceraldehyde 3-phosphate dehydroge-

nase (GAPDH), ER by anti-PDI, and nuclei by anti-

histone H3.

(C) A flowchart illustrating the screen from �4,750

unknown target antibodies to 3F3-FMA by flow

cytometry, immunofluorescence, and high-con-

tent image analysis.

(D) 3F3-FMA is shown as an example of cherry

picking and high-content-analysis. There was an

increased number of cells, which had >3 spots in

cytoplasm in RSL3-induced ferroptosis. *p% 0.05.

Data plotted are mean ± SEM.

See also Figure S1.
(IKE is a system xc
� inhibitor, similar to PE). Then, 156 of these

antibodies showed increased fluorescence intensities in RSL3-

treated cells by high-content analysis. We selected 71 anti-

bodies through visual inspection to remove false positives. After

cherry picking and retesting the 71 hits, 3 hits stood out, in which

cells showed >3 bright spots in the cytoplasm or overall higher

cytoplasmic intensity, over 5 replicates. Image analysis of 3F3-

FMA is provided as an example (Figures 1D and S1).

3F3-FMA Is Identified and Validated as a Ferroptosis-
Detecting Antibody
We verified the three candidate hits on a larger scale by immuno-

fluorescence using confocal microscopy. We used RSL3 in an

initial validation experiment because it is the most potent

inducer, requiring low concentrations and short incubation

times. Thirty percent of HT-1080 cells died after a 4-h incubation

with 1 mM RSL3. 3F3-FMA was the only antibody of these three

candidates showing reliable differences in staining during RSL3-

induced ferroptosis. During ferroptosis, 3F3-FMA stained with

greater intensity the cell boundaries, and intracellular puncta

became brighter (Figure 2A). To further validate 3F3-FMA as

detecting ferroptotic cells, we added the ferroptosis inhibitor

ferrostatin-1 (fer-1), together with RSL3 (Figure 2A) or IKE

(Figure S2A). The staining by 3F3-FMA in IKE + fer-1-treated cells

was similar to DMSO-treated cells, which is consistent with 3F3-

FMA being able to detect cells undergoing ferroptosis and its

target antigen being suppressed by fer-1 treatment.
Cell Re
Quantification of membrane fluores-

cence intensity was subsequently used

to evaluate the difference in membrane-

localized antigens. We tested five addi-

tional ferroptosis inducers—IKE, erastin,

ferroptosis inducer 56 (FIN56), ferroptosis

inducer endoperoxide (FINO2) and
tBuOOH—and found that the same changes in 3F3-FMA stain-

ing were observed (Figure 2B). To test whether 3F3-FMA could

differentiate ferroptosis from apoptosis, we used staurosporine

(STS) to induce apoptosis and a cleaved caspase-3 antibody

as a marker of apoptosis. Accumulation of 3F3-FMA staining

on the cell surface was not detected in response to STS treat-

ment, indicating that the staining changes detected by 3F3-

FMA were specific to ferroptosis over apoptosis (Figure 2C).

To further test the ferroptosis specificity of 3F3-FMA, campto-

thecin was used to induce apoptosis in HT-1080 cells, with

cleaved poly (ADP-ribose) polymerase (PARP) antibody used

as an apoptosis marker. Similar to STS-treated cells, there was

no significant increase in 3F3-FMA accumulation on the cell sur-

face, further indicating that this accumulation is specific to

ferroptosis.

Next, we expanded this study to other cancer cell lines. We

evaluated A-673 (human muscle sarcoma) cells, SK-BR-3 (hu-

man breast cancer) cells, Huh-7 (hepatocyte-derived carcinoma)

cells, and SK-LMS-1 (human leiomyosarcoma) cells, which are

sensitive to ferroptosis. Again, we found that 3F3-FMA staining

concentrated at the cell boundaries and became brighter upon

ferroptosis induction (Figure 2D). The data indicate that the

3F3-FMA antibody can be used as a ferroptosis marker using

immunofluorescence microscopy of the cells in culture.

Similar to apoptosis, nuclear shrinkage under ferroptosis was

also consistently observed, with a 17% decrease in nuclear size

(Figure S2B). We validated this finding by immunofluorescence
ports 30, 3411–3423, March 10, 2020 3413



Figure 2. Identification of 3F3-FMA as a Ferroptosis Marker Using Various Cell Death Inducers and Different Cell Lines
(A) HT-1080 cells (human fibrosarcoma cells) were incubated with 1 mMRSL3 or 1 mMRSL3 + 5 mMFer-1 for 4 h. 3F3-FMA showed a significantly different pattern

upon RSL3-induced ferroptosis, but not with fer-1 co-treatment. Nuclei were stained with DAPI (blue). 3F3-FMA was stained with Alexa Fluor 594 (red). White

(legend continued on next page)
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(Figure S2C). The extent of shrinkage depended on the kind of in-

ducers and incubation time. The nuclei shrank by 27% upon a 4-

h incubation with 1 mM RSL3, 12% upon an 8-h incubation with

10 mM IKE, 21% upon an 8-h incubation with 15 mMerastin, 17%

upon an 8-h incubation with 10 mM FIN56, and 49% upon an 8-h

incubation with 15 mM FINO2. This provides another reliable

morphological feature of ferroptosis.

The Antigen of 3F3-FMA Is TfR1
Next, we aimed to identify the antigen of 3F3-FMA using immu-

noprecipitation (IP) and mass spectrometry. We incubated 3F3-

FMAwith anHT-1080 cell lysate overnight. Magnetic beadswere

added and washed, and bead-immobilized proteins were

analyzed by mass spectrometry. TfR1 had the highest confi-

dence identification as the target antigen at 63%, with 32 exclu-

sive unique peptides, 48 exclusive unique spectra, and 53%

amino acid coverage (Figure 3A). We further validated this anti-

gen by small interfering RNA (siRNA) knockdown: siRNAs target-

ing TfR1 versus NT (non-targeting) siRNAs were transfected into

HT-1080 cells and incubated for 48 h. After an additional 24 h,

cells were fixed and stained with 3F3-FMA. In siTfR1-transfected

cells, there was no detectable staining by 3F3-FMA, supporting

the conclusion that the target antigen is TfR1 (Figure 3B).

Next, we aimed to better localize 3F3-FMA staining within

cells. We co-localized 3F3-FMA with Tom20 (a mitochondria

marker), PDI (an ER marker), and GM130 (a Golgi marker) using

2 secondary antibodies with different excitation and emission

wavelengths. We found that 3F3-FMA staining was not visible

in mitochondria or the ER (Figure S3). 3F3-FMA staining was

instead located primarily in the region around the Golgi (Fig-

ure 3C), which is also associated with the ERC. In untreated con-

ditions, most of the staining remained in the Golgi/ERC region

(see bright dots shown by green arrows), but when ferroptosis

took place, these puncta moved out of the Golgi/ERC region

(Figure 3C). We further determined that these puncta moved to

the plasma membrane by co-staining 3F3-FMA or TfR1 3B8

2A1 antibodies with a wheat germ agglutinin (WGA) Alexa Fluor

633 conjugate, a commonly used reagent to label glycoproteins

for imaging the plasma membrane (Figure 3D). We monitored

translocation by examining multiple time points upon the induc-

tion of ferroptosis by RSL3 and co-staining TfR1 with a Golgi
arrows indicate the differences. The quantification of membrane intensities of 3F3-

% 0.0001, ns, p > 0.05 (one-way ANOVA). Data plotted are mean ± SEM. Each d

(B) HT-1080 cells (human fibrosarcoma cells) were incubated with 10 mM IKE for 8

tBuOOH for 8 h. 3F3-FMA showed a reproducible staining pattern upon IKE-ind

ferroptosis. Nuclei were stained with DAPI (blue). 3F3-FMA was stained with Ale

membrane intensities of 3F3-FMA is shown at bottom (IKE n = 113 and 129; erasti

49). ****p % 0.0001 (2-tailed t test). Data plotted are mean ± SEM. Each dot repr

(C) HT-1080 cells (human fibrosarcoma cells) were incubated with 1 mMstaurospo

and cleaved PARP antibody were used to mark the induction of apoptosis. The

Nuclei were stained with DAPI (blue). 3F3-FMA was stained with Alexa Fluor 594 (

n = 53; DMSO n = 166; camptothecin n = 91) and overall intensity of cleaved caspa

Data plotted are mean ± SEM. Each dot represents 1 cell.

(D) A-673 cells, SK-BR-3 cells, Huh-7 cells, and SK-LMS-1 cells were incubated w

were stained with DAPI (blue). 3F3-FMAwas stained with Alexa Fluor 594 (red). W

of 3F3-FMA is shown at right (A-673 n = 70 and 16; SK-BR-3 n = 65 and 33; Huh-7

plotted are mean ± SEM. Each dot represents 1 cell.

See also Figure S2.
marker. Increased accumulation of TfR1 protein in the plasma

membrane and decreased localization in the Golgi/ERC region

were observed during the course of RSL3 treatment (Figure 3E).

This translocation was further confirmed by fixing cells without

permeabilization. We found that the 3F3-FMA antibody could

stain the plasma membrane in cells fixed without permeabiliza-

tion, confirming membrane translocation of the TfR1 antigen

(Figure 3F). The translocation of the 3F3-FMA antigen was

consistent with the antigen being in the extracellular or trans-

membrane domains of TfR1 (Aisen, 2004).

TfR1 is the main regulator of iron uptake in cells. After binding

to iron-loaded transferrin, TfR1 is enclosed within clathrin-

coated endocytic vesicles and internalized by cells. Iron is then

released due to endosomal acidification. Apotransferrin and its

receptor are sorted in the ERC/Golgi and to some extent trans-

ported back to the cell surface. It was therefore consistent with

the known trafficking of TfR1 that we observed the 3F3-FMA an-

tigen at the plasma membrane and in the Golgi/ERC region.

Use of TfR1 Antibodies and Other Potential Ferroptosis-
Staining Reagents for Immunofluorescence
In addition to 3F3-FMA, we acquired three other anti-TfR1

antibodies. Our goal was to test whether these antibodies had

staining changes similar to those of 3F3-FMA, thereby further

validating TfR1 as the 3F3-FMA antigen. An additional goal

was to compare these anti-TfR1 antibodies to see whether one

has advantages over others. To find the most specific and reli-

able ferroptosis marker, we also compared these TfR1 anti-

bodies with anti-MDA, anti-4-HNE, and anti-ACSL4 antibodies,

which have been explored as molecular markers of ferroptosis.

RSL3 was used to induce ferroptosis in this comparison. We

found an increase in membrane intensities for anti-TfR1 3B8

2A1 and anti-TfR1 H68.4 (Figure 4A), but not for anti-TfR1

D7G9X (Figure S4A). This was not unexpected, as these anti-

bodies have different target sequences within TfR1.

Next, we compared other potential ferroptosis-staining re-

agents—anti-MDA 1F83, anti-MDA ab6463, anti-4-HNE

ab46545, and anti-ACSL4 sc-365230 antibodies. We found

that anti-MDA 1F83 and anti-4-HNE ab46545 were capable of

staining HT-1080 cells during RSL3-induced ferroptosis (Fig-

ure 4B). We saw an increase in intensities at the plasma
FMA is shown at right (DMSO n = 107; RSL3 n = 96; RSL3 + Fer-1 n = 123). ****p

ot represents 1 cell.

h, 15 mM erastin for 8 h, 10 mM FIN56 for 8 h, 15 mM FINO2 for 8 h, and 100 mM

uced, erastin-induced, FIN56-induced, FINO2-induced, and tBuOOH-induced

xa Fluor 594 (red). White arrows indicate the differences. The quantification of

n n = 68 and 92; FIN56 n = 68 and 86; FINO2 n = 59 and 30; tBuOOH n = 73 and

esents 1 cell.

rine (STS) for 6 h and 2 mMcamptothecin for 24 h. Cleaved caspase-3 antibody

staining pattern of 3F3-FMA during apoptosis was different from ferroptosis.

red). The quantification of membrane intensity of 3F3-FMA (DMSO n = 71; STS

se-3 (n = 7) and cleaved PARP (n = 7) is shown at right. *p% 0.05, ***p% 0.001.

ith 1 mMRSL3 for 4 h. The same pattern as with 3F3-FMAwas observed. Nuclei

hite arrows indicate the differences. The quantification of membrane intensities

n = 63 and 61; SK-LMS-1 n = 149 and 139). ****p% 0.0001 (2-tailed t test). Data
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Figure 3. The Target of 3F3-FMA Is TfR1, Which Is Located in the Golgi and the Plasma Membrane

(A) IP-mass spectrometry (MS) result of human TfR1 sequence. Yellow represents the identified sequences. Green indicates modified amino acids (M, oxidation

of methionine; N, deamination of asparagine). The sequence coverage was 53%.

(B) siTfR1 or siNT 10 mMwere combined with lipofectamine RNAiMAX in Opti-Memmedia for 48 h. Then, HT-1080 cells were re-seeded in regular medium for an

additional 24 h. Cells were incubated with 1 mMRSL3 for 4 h and then were fixed, permeabilized, and stained for DAPI (nuclei, blue) and 3F3-FMA (red). No 3F3-

FMA was detected upon siRNA knockdown of transferrin receptor. siNT was used as a control. The white arrows indicate absence.

(legend continued on next page)
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membrane with these antibodies. However, the anti-MDA

ab6463 antibody and the anti-ACSL4 sc-365230 antibody were

not effective under these conditions (Figure S4A). In summary,

3F3-FMA and some other anti-TfR1 antibodies, the anti-MDA

1F83 antibody, and the anti-4-HNE ab46545 antibody can be

used as ferroptosis markers using immunofluorescence in cell

culture.

We then tested these antibodies for their ability to detect STS-

induced apoptosis to see whether they could differentiate fer-

roptosis from apoptosis. An anti-cleaved-caspase-3 antibody

was used to verify the induction of apoptosis (Figure 2C). Unlike

in the case of ferroptosis, we found that anti-TfR1 antibody stain-

ing did not accumulate on the cell surface during apoptosis.

Consistent with the formation of apoptotic bodies, TfR1 was

detected outside intact cells during apoptosis (Figure 4C). Quan-

tification did not show an increase in the intensities of anti-TfR1

antibody staining in the plasmamembranes, but rather showed a

slight decrease. Neither membrane-localized anti-MDA staining

nor anti-4-HNE staining increased during apoptosis, indicating

that both of these antibodies could differentiate ferroptosis

from apoptosis (Figure 4C).

We also tested anti-TfR1 3B8 2A1, anti-TfR1 H68.4, anti-MDA

1F83, and anti-4-HNE ab46545 antibodies in camptothecin-

induced apoptosis; a cleaved PARP antibodywas used to detect

the induction of apoptosis (Figure 2C). We found that, as with

STS-induced apoptosis, TfR1 did not accumulate on the cell

surface; there was rather a decrease in membrane intensity

(Figure S4B). The membrane intensity of anti-MDA 1F83 and

anti-4-HNE ab46545 antibodies did not change in camptothe-

cin-treated cells. This indicates that anti-TfR1 antibodies,

together with anti-MDA 1F83 and anti-4-HNE ab46545, are

effective in differentiating ferroptosis from apoptosis.

Next, we sought to test whether these antibodies could differ-

entiate between ferroptosis and more general oxidative stress

that does not lead to ferroptosis. We incubated HT-1080 cells

with 1 mM H2O2 for 4 h to test whether anti-TfR1 antibodies and

other potential ferroptosis-staining reagents could differentiate

ferroptosis from H2O2-induced cell death, which has been sug-

gested to be a necrotic death associated with oxidative stress.

We did not observe increased membrane intensities for anti-

TfR1 antibodies, including 3F3-FMA, TfR1 3B8 2A1, and TfR1

H68.4 (Figure S4C). However, we did see increased cellular inten-

sities of anti-MDA 1F83 and anti-4-HNE ab46545 antibodies in

H2O2-treated cells (Figure S4C). Therefore, in the HT-1080 cell
(C) HT-1080 cells were incubated with 1 mMRSL3 for 4 h and then were fixed, perm

FMA. 3F3-FMA co-localized with the Golgi complex. The white arrows indicate o

ditions.

(D) HT-1080 cells were incubated with 1 mMRSL3 for 4 h and then were fixed and s

TfR1 3B8 2A1 (green). 3F3-FMA and TfR1 3B8 2A1 co-localized with the plasm

overlap.

(E) HT-1080 cells were incubated with 1 mMRSL3 for 4 h and collected at 0-, 0.5-,

with DAPI (nuclei, blue), GM130 (Golgi, green), and 3F3-FMA. The white arrows

arrows indicate the overlap area with the Golgi region. More membrane-located

membrane intensities of 3F3-FMA and co-localization of the Golgi marker GM130

Data plotted are mean ± SEM. Each dot represents 1 cell.

(F) HT-1080 cells were incubated with 1 mMRSL3 for 4 h or 5 mM IKE for 18 h and t

permeabilization, 3F3-FMA stained the cell surface clearly for cells undergoing f

See also Figure S3.
context, anti-TfR1 antibodieswere able to differentiate ferroptosis

from H2O2-induced oxidative stress and necrotic death, but anti-

MDA and anti-4-HNE antibodies were not.

Application of TfR1 Antibodies in Flow Cytometry and
Western Blotting and Comparison with Other
Ferroptosis-Staining Reagents
To explore the scope of applications for these antibodies, anti-

TfR1, anti-MDA, and anti-4-HNE antibodies were evaluated us-

ing flow cytometry and western blotting. We found that all of

these antibodies showed increased staining intensities in

RSL3-treated HT-1080 cells by flow cytometry (Figure 5A).

Compared to C11-BODIPY, which is a sensor of lipid peroxida-

tion, anti-TfR1 H68.4, anti-MDA ab6463, and anti-4-HNE

ab46545 antibodies showed distinct differences between

DMSO-treated and RSL3-treated cells. We also found that

3F3-FMA showed a decreased intensity in STS-induced

apoptosis, indicating that 3F3-FMA can differentiate ferroptosis

from apoptosis by flow cytometry (Figure 5B).

In western blotting, an increased intensity of the bands blotted

by 3F3-FMA and anti-TfR1 H68.4 antibodies was detected in

both RSL3-induced and IKE-induced ferroptosis, indicating an

increased level or accessibility of cellular TfR1 proteins, not

just a change in localization (Figure 5C). We tested whether the

mRNA level of TfR1 changed during ferroptosis using qPCR;

we did not observe any difference, indicating that the amount

of TfR1 transcript was not affected during ferroptosis (Figure 5D)

and that the IRP-IRE system is likely not altered during ferropto-

sis. We hypothesize that the increase in TfR1 protein level by

western blot is due to the upregulation of translation, downregu-

lation of proteolysis, and/or increased accessibility to the

antibodies.

Applications of TfR1 Antibodies in Mouse Xenograft
Tumor Tissues and Comparison with Other Potential
Ferroptosis-Staining Reagents
We then tested 3F3-FMA together with other anti-TfR1 anti-

bodies, as well as anti-MDA and anti-4-HNE antibodies inmouse

xenograft tumor tissue sections. The preparation of human B cell

lymphoma xenograft tissue samples was described previously

(Zhang et al., 2019). Briefly, 6-week-old NCGmice were injected

with 10 million SU-DHL-6 cells subcutaneously. The mice were

treated after the tumor size reached 100 mm3. Mice were ran-

domized into treatment groups and dosed with vehicle and
eabilized, and stained with DAPI (nuclei, blue), GM130 (Golgi, green), and 3F3-

verlap. The green arrows indicate the bright dots of 3F3-FMA in normal con-

tained with DAPI (nuclei, blue), WGA (plasmamembrane, red), and 3F3-FMA or

a membrane during RSL3-induced ferroptosis. The white arrows indicate the

1-, 2-, 3-, and 4-h time points. Cells were then fixed, permeabilized, and stained

indicate the accumulation of TfR1 in the plasma membrane, while the green

TfR1 and less Golgi-region-located TfR1 were observed. The quantification of

and 3F3-FMA are shown at bottom. ****p% 0.0001; ns, p > 0.05 (2-tailed t test).

hen were fixed and stained with DAPI (nuclei, blue) and 3F3-FMA (red). Without

erroptosis. The white arrows indicate the boundaries.
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Figure 4. 3F3-FMA, Anti-TfR1 3B8 2A1, Anti-TfR1 H68.4, Anti-MDA 1F83, and Anti-4-HNE Antibodies Can Be Used as Ferroptosis Markers by

Immunofluorescence

(A) HT-1080 cells were incubated with 1 mMRSL3 for 4 h and then were fixed, permeabilized, and stained with DAPI (nuclei, blue), 3F3-FMA, anti-TfR1 3B8 2A1, or

anti-TfR1 H68.4 antibodies (red). The white arrows indicate differences. The quantification of membrane intensities of anti-TfR1 antibodies is shown at bottom

(3F3-FMA n = 107 and 96; TfR1 3B8 2A1 n = 32 and 9; TfR1 H68.4 n = 22 and 13). ****p % 0.0001 (2-tailed t test). Data plotted are mean ± SEM. Each dot

represents 1 cell.

(B) HT-1080 cells were incubated with 1 mMRSL3 for 4 h and then were fixed, permeabilized, and stained with DAPI (nuclei, blue), anti-MDA 1F83 antibody (red),

and anti-4-HNE ab46545 antibodies (green). The white arrows indicate differences. The quantification of membrane intensities of the antibodies is shown at

bottom (MDA 1F83 n = 35 and 73; 4-HNE ab46545 n = 33 and 26). ****p % 0.0001 (2-tailed t test). Data plotted are mean ± SEM. Each dot represents 1 cell.

(C) HT-1080 cells were incubated with 1 mM STS for 6 h and then were fixed, permeabilized, and stained with DAPI (nuclei, blue), 3F3-FMA (red), anti-TfR1 3B8

2A1 (red), anti-TfR1 H68.4 (red), anti-MDA 1F83 (red), and anti-4-HNE ab46545 antibodies (green). The white arrows indicate the stain outside intact cells. The

quantification ofmembrane intensities of the antibodies is shown at bottom (3F3-FMA n= 71 and 53; TfR1 3B8 2A1 n = 103 and 63; TfR1 H68.4 n = 93 and 80;MDA

1F83 n = 81 and 71; 4-HNE ab46545 n = 56 and 69). ns, p > 0.05 (2-tailed t test). Data plotted are mean ± SEM. Each dot represents 1 cell.

See also Figure S4.
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Figure 5. Anti-TfR1, Anti-MDA, and Anti-4-

HNE Antibodies Were Effective in Flow Cy-

tometry Applications, While 3F3-FMA and

TfR1 H68.4 Antibodies Were Effective in

Western Blot Applications

(A) HT-1080 cells were treated with DMSO or 1 mM

RSL3 for 4 h. Cells were then harvested and

stained with 1st and 2nd antibodies or C11-BODIPY

without permeabilization. Approximately 15,000

cells were recorded and gated. RSL3-treated cells

had increased intensities for 3F3-FMA, TfR1 3B8

2A1, TfR1 H68.4, MDA 1F83, MDA ab6463, and 4-

HNE ab46545. C11-BODIPY, a probe for lipid

peroxidation was used as a metric.

(B) HT-1080 cells were treated with DMSO or 1 mM

STS for 6 h. Cells were then harvested and stained

with 1st and 2nd antibodies without permeabiliza-

tion. Approximately 50,000 cells were recorded

and gated. STS-treated cells had decreased in-

tensities of 3F3-FMA staining.

(C) HT-1080 cells were treated with 1 mM RSL3 for

2 h and 10 mM IKE for 4 h. Cells were collected at

multiple time points, as shown. Cells were then

lysed, stained with 1st and 2nd antibodies, and

detected using western blot. 3F3-FMA and TfR1

H68.4 were used as TfR1 antibodies. An increased

amount of TfR1 protein was observed during fer-

roptosis. GAPDH was used as a control.

(D) HT-1080 cells were treated with 1 mM RSL3 or

10 mM IKE for 8 h. cDNAs were generated from

total RNA collected and purified from cells. Two

sets of TfR1 primers were used to quantify the

amount of cellular TfR1 transcripts. CHAC1 was

used as a positive control. The level of TfR1

mRNAs did not increase during ferroptosis. Blot-

ting of TfR1 proteins using TfR1 H68.4 antibody is

shown side by side. RSL3-treated western blot, 4

and 8 h, were not harvested due to an insufficient

number of viable cells.
40 mg/kg IKE once daily by IP for 14 days. Three hours after the

final dose, mice were euthanized with CO2 and tumor tissue was

dissected, frozen, fixed, and sectioned to make slides (Fig-

ure 6A). We found that anti-TfR1 3B8 2A1, anti-TfR1 H68.4,

and anti-MDA 1F83 showed significant increases in staining in-

tensities in IKE-treated xenograft tissue samples; however,

3F3-FMA did not detect its antigen in these samples (Fig-

ure 6B)—this may require the optimization of fixation conditions

for 3F3-FMA use in DLBCL xenograft tissue sections. Anti-MDA

ab6463 and anti-4-HNE ab46545 showed increased intensities

in IKE-treated samples as well, but to a lesser extent (Figure 6B).

Next, we generated HCC (hepatocellular carcinoma) mouse

xenograft tissue samples by injecting 6-week-old NCG mice

with 5 million human Huh-7 HCC cells. After 3 weeks, mice

were dosed with vehicle or 50 mg/kg IKE once daily by IP for

2 days. Three hours after the final dose, mice were euthanized

with CO2 and tumor tissue was dissected, frozen, fixed, and
Cell Re
sectioned to make slides (Figure 6A).

Only 3F3-FMA, anti-TfR1 3B8 2A1, and

anti-MDA 1F83 antibodies showed

increased intensities in these IKE-treated
HCC samples (Figure 6C). We validated that tumor cells, but

not infiltrating immune cells, were stained in both of thesemouse

xenograft tissue samples using the cell markers CD20, CD8/45,

and GPC3 (Figure S5). Overall, anti-TfR1 3B8 2A1 and anti-MDA

1F83 showed the strongest increases in both samples and are

recommended as robust ferroptosis markers for frozen tissue

xenograft samples.

We were also interested in determining whether 3F3-FMA

could be used to detect TfR1 in normal tissues. We evaluated

3F3-FMA staining in post-mortem human brain tissues. We

compared the level of staining in HD and control human brain

tissues. The expression of TfR1 in brain tissue was apparently

low, as evidenced by a lack of signal, and we did not detect

any differences between the control group and the HD group

(Figure S6A). We also evaluated 3F3-FMA in normal mouse liver

frozen tissue samples. We detected a robust signal for 3F3-FMA

in this tissue. This suggests that human TfR1 expression may be
ports 30, 3411–3423, March 10, 2020 3419



Figure 6. Comparison of TfR1 Antibodies and Other Potential Ferroptosis-Staining Reagents in Mouse Xenograft Tumor Tissue Samples

(A) An illustration of the preparation of the mouse xenograft tumor and IKE dose.

(B) B cell lymphoma tumor tissues were fixed in 4% paraformaldehyde (PFA) for 24 h, perfused in 30% sucrose for 24 h, and stained with 1st and 2nd antibodies.

Anti-TfR1 3B8 2A1, anti-TfR1 H68.4, and anti-MDA 1F83 showed a significant difference in intensities between vehicle and IKE treatments, 3F3-FMA showed no

difference, and anti-MDA ab6463 and anti-4-HNE ab46545 showed slight differences. Controls without primary antibody staining are shown at right. The

quantification of overall intensity of the antibodies is shown at bottom (n = 7). ****p% 0.0001, ***p% 0.001, **p% 0.01, *p% 0.05, and ns, p > 0.05 (2-tailed t test).

Data plotted are mean ± SEM. Each dot represents 1 image.

(C) HCC tumor tissues was fixed in 4% PFA for 24 h, perfused in 30% sucrose for 24 h, and stained with 1st and 2nd antibodies. 3F3-FMA, anti-TfR1 3B8 2A1, and

anti-MDA 1F83 showed differences in intensities between vehicle and IKE groups, while other antibodies did not. Controls without primary antibody staining are

shown at right. The quantification of overall intensity of the antibodies is shown at bottom (n = 7). ****p% 0.0001, **p% 0.01, and ns, p > 0.05 (2-tailed t test). Data

plotted are mean ± SEM. Each dot represents 1 image.

See also Figure S6.
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Table 1. Summary of Different Results for All Antibodies

Application

Antibody

3F3-FMA TfR1 3B8 2A1 TfR1 H68.4 TfR1 D7G9X MDA 1F83 MDA ab6463 4-HNE ab46545 ACSL4 sc-365230

IF in cell culture U U U X U X U X

Flow cytometry U U U NA U U U NA

Lymphoma tissue X U U NA U U U NA

HCC tissue U U U NA U X X NA

Eight antibodies were evaluated in cell culture IF (immunofluorescence), flow cytometry, and two mouse xenograft tumor tissue samples by immuno-

fluorescence. Anti-TfR1 3B8 2A1 and anti-MDA 1F83 performed well in all of the samples.
low in normal human brain tissue and higher in normal mouse

liver, such that it may be feasible to detect ferroptosis in human

brains and mouse livers in some disease contexts, if TfR1 abun-

dance increases substantially in disease contexts.

Finally, we sought to test whether 3F3-FMA could be used

in paraffin-embedded tissue samples, which are historically

more abundant and accessible than fresh frozen tissues. We

evaluated 3F3-FMA staining in mouse glioblastoma (GBM)

paraffin-embedded tissue samples, to see whether the

increased TfR1 that has been observed in many tumors would

render 3F3-FMA staining detectable in this setting over the low

signal evident in normal brain tissue. 3F3-FMA was indeed

able to recognize mouse TfR1 protein in these tumor samples,

suggesting that future studies could evaluate TfR1 levels as a fer-

roptosis marker in mouse, and possibly human, GBM samples

(Figure S6B).

DISCUSSION

We assessed 3F3-FMA, together with three commercially avail-

able anti-TfR1 antibodies and four additional potential ferropto-

sis-staining reagents, in different assays (immunofluorescence,

flow cytometry, and tissue sections; Table 1). Overall, the 3F3-

FMA, anti-TfR1 3B8 2A1, and anti-MDA 1F83 antibodies per-

formed well in mouse xenograft model tissue samples and in

both immunofluorescence and flow cytometry applications. We

propose that researchers can use a combination of these anti-

TfR1 and anti-MDA 1F83 antibodies as ferroptosis markers to

stain human and mouse tissue sections, which will aid in

research on the role of ferroptosis in disease.

The discovery of TfR1 accumulation on the cell surface as a

feature of ferroptosis is significant. Nonetheless, specificity is a

potential limitation of using anti-TfR1 antibodies as ferroptosis

markers. We found, however, that anti-TfR1 antibodies could

differentiate ferroptosis from apoptosis; other cell death forms,

including necroptosis, autophagic death, and pyroptosis, have

not been tested. It was reported previously that uptake of extra-

cellular iron by a TfR1-dependent iron transport mechanism was

required in hydroperoxide-induced 20,70-dichlorodihydrofluores-
cein (DCFH) oxidation and endothelial cell apoptosis (Tampo

et al., 2003). Treatment with an anti-TfR1 antibody also dramat-

ically inhibited iron uptake, intracellular oxidant formation, and

doxorubicin-induced apoptosis (Kotamraju et al., 2002). Further

validation of the specificity of anti-TfR1 antibodies is therefore

needed across diverse contexts before we can be certain of its

suitability as a specific marker of ferroptosis.
In addition to the potential use of TfR1 as a ferroptosis marker,

future studies may examine why TfR1 accumulation on the cell

surface occurs during ferroptosis. One hypothesis we had was

that the internalization machinery is disrupted during ferroptosis.

To test this hypothesis, we examined epidermal growth factor re-

ceptor (EGFR) localization because EGFR uses the same cla-

thrin-mediated endocytosis process as TfR1 and is internalized

in the presence of EGF. We found, however, that EGFR was still

internalized in the presence of EGF during ferroptosis, indicating

that clathrin-mediated endocytosis is not disrupted during fer-

roptosis (Figure S7). Therefore, we hypothesize that recruitment

of TfR1 to the plasma membrane during ferroptosis is related to

altered iron metabolism, not to the disruption of trafficking. This

may occur through a positive feedback cycle between iron up-

take and ferroptotic death.

A further direction for the future is the study of the role of TfR1

in ferroptosis. It was reported previously that cells with knock-

down of TfR1 became more resistant to erastin-induced cell

death (Yang and Stockwell, 2008) and that siTfR1 RNAi signifi-

cantly inhibited serum-dependent necrosis, which was subse-

quently determined to be ferroptosis (Gao et al., 2015). These

results indicate that decreased iron uptake caused by the knock-

down of TfR1 is implicated in ferroptosis. However, the cellular

iron pool is also controlled by an iron storage protein complex

consisting of ferritin heavy chain 1 (FTH1) and ferritin light chain

(FTL) (Harrison and Arosio, 1996). The precise role of TfR1 and

the related iron metabolism pathway in ferroptosis remains to

be determined.

TfR1 is abundantly expressed and involved in the progression

of several cancers, including brain cancers, breast cancers, co-

lon cancers, and liver cancers, suggesting that TfR1 may be a

potential therapeutic target (Daniels et al., 2012). The increased

need for iron uptake leads to the high expression of TfR1,

because iron is required for tumor cell proliferation (Marques

et al., 2016). However, the upregulation of iron uptake by TfR1

also augments the labile redox-active iron pool, which is needed

for ferroptosis. Therefore, how iron metabolism is regulated

between tumor progression and ferroptotic tumor suppression

remains to be defined. More research is needed to define the

relation between TfR1 expression, iron metabolism, ferroptosis

sensitivity, and cancer progression.

In summary, we began with a pool of antibodies with unknown

targets generated from membrane fractions of cells undergoing

ferroptosis. The 3F3-FMA antibody was found to mark ferrop-

totic cells, and its antigen was identified as TfR1. Additional

anti-TfR1 antibodies and other potential ferroptosis staining
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reagents were assessed by immunofluorescence, flow cytome-

try, western blotting, and tissue samples. Ultimately, 3F3-FMA,

the anti-TfR1 3B8 2A1 antibody, and the anti-MDA 1F83 anti-

body performed well across immunofluorescence, flow cytome-

try, and tissue-staining applications. We recommend using

these antibodies to detect cells undergoing ferroptosis in diverse

contexts in the future.
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Other
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LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Brent R.

Stockwell (bstockwell@columbia.edu).

All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer

Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines includeOCI-LY7 (obtained fromDSMZ), HT-1080 (obtained fromATCC), A-673 (this lab), SK-BR-3 (this lab), SK-LMS-1 (this

lab) and Huh-7 (this lab). HT-1080 cells were grown in DMEM with glutamine and sodium pyruvate (Corning 10-013) supplemented

with 10%heat-inactivated fetal bovine serum (FBS) (Life Technologies, 10437036) 1%non-essential amino acids (Thermo Fisher Sci-

entific, 11140076) and 1%penicillin-streptomycin mix (pen-strep) (Thermo Fisher Scientific, 15140148). OCI-LY7 cells were grown in

RPMI-1640 (ATCC 30-2001) supplemented with 10% FBS and 1% Pen-Strep. A-673 cells were grown in ATCC-formulated Dulbec-

co’s Modified Eagle’s Medium (ATCC 30-2002) supplemented with 10% FBS and 1% Pen-Strep. SK-BR-3 cells were grown in

ATCC-formulated McCoy’s 5a MediumModified (ATCC 30-2007) supplemented with 10% FBS and 1% Pen-Strep. SK-LMS-1 cells

were grown in ATCC-formulated Eagle’s Minimum Essential Medium (ATCC 30-2003) supplemented with 10% FBS and 1% Pen-

Strep. Huh-7 cells were grown in DMEM, low glucose, pyruvate (Thermo Fisher Scientific 11885084) supplemented with 10%

FBS and 1% Pen-Strep. All cell lines were maintained in a humidified environment at 37�C and 5% CO2 in an incubator.
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The animal studies reported in this manuscript adhere to the ARRIVE guidelines. All animal study protocols were approved by the

Columbia University Institutional Animal Care and Use Committee (IACUC). NOD-Prkdcem26Cd52Il2rgem26Cd22/NjuCrl (NCG) mice

(Charles River, strain code 572) (male and female, 5-weeks of age) were acclimated after shipping for > 3 days before beginning ex-

periments. Mice were fed a standard diet (PicoLab 5053) and maintained with no more than 5 mice per cage.

Five human HD and five unaffected control brain tissue samples are from the NIH NeuroBioBank at the Harvard Brain Tissue

Resource Center, the University of Maryland, Baltimore, MD, VA_LA, the University of Pittsburgh, and the University of Miami

from the caudate nucleus. The age, the sex and the developmental stage are listed as follows:
Origin Sample Type Sample Name Age Sex

Harvard Huntington’s Grade 3 AN13346 47 M

Maryland Huntington’s Grade 3 4511 78 F

Maryland Huntington’s Grade 2 5199 67 M

VA-LA Huntington’s Grade 2-3 3167 57 M

VA-LA Huntington’s Grade 3 4518 49 M

Maryland Control 5697 67 M

PITT Control 13108 57 M

Miami Control HCTYO 49 F

Miami Control HCT15HAO 70 M

Miami Control HCT15HAU 65 M
METHOD DETAILS

Generation of PE-induced membrane fractions
6 L of media (1% Pen-Strep 10% FBS and 89% RPMI with L-glutamine) containing 400 million OCI-LY7 (DSMZ Cat# ACC-688,

RRID:CVCL_1881) cells/L were treated with 5 mM PE (piperazine erastin). Cells were incubated for 19 h at 37�C, then production

of lipid ROSwas confirmed using BODIPY-C11 by flow cytometry. Ferroptotic cells were pelleted in a ThermoFisher Scientific Sorvall

Legend RT+ centrifuge at 218 x g for 10min at 25�C. Cells were re-suspended in 1mL lysis buffer with a pan-protease inhibitor, lysed

using a dounce homogenizer. �70% cell lysis was confirmed by microscopy. The pellet containing the nuclear fraction and unlysed

cells was obtained by centrifuging at 700 x g for 10min at 4�C. The supernatant was spun at 700 x g for 10min at 4�C. The supernatant
was then transferred to a new tube and placed in centrifuge at 10,000 x g for 45 min at 4�C. The pellet consisting of total membrane

was re-suspended in upper phase solution from Plasma Membrane Protein Extraction Kit (Abcam, Cat# ab65400). The lower phase

solution from Plasma Membrane Protein Extraction Kit (Abcam, Cat# ab65400) was added and mixture was incubated on ice for

5 min. The mixture was spun at 1000 x g for 5 min at 4�C. The upper phase was collected and diluted with 5x volume of H2O and

incubated on ice for 10 min. The mixture was spun at 17,000 x g for 15 min at 4�C and pellet composed of plasma membrane

was collected. Fractions were confirmed by western blot.

Purification of monoclonal antibodies and generation of 3F3-FMA
Murine monoclonal antibodies (including clone FH3F3) were generated at the Fred Hutchinson Antibody Technology Core Facility in

Seattle Washington. Briefly, female 20-week-old mice (of various strains) were immunized with ferroptotic membrane fractions (see

previousMethods). Following a 12-week boosting protocol, splenocytes were isolated from four high-titer mice and electrofusedwith

a myeloma fusion partner to generate hybridoma cells. Approximately 4,750 hybridomas positive for IgG secretion were then iden-

tified and isolated using a ClonePix2 colony picker (Molecular Devices, CPII). Primary screening of the 4,750 clones was performed

by indirect flow cytometry of ferroptotic LY-7 cells (with 5 mM IKE treatment for 19 h at 37�C, fixed with 0.01% formaldehyde in PBS

for 15 min at 22�C, permeabilized in FACS buffer with 0.5% v/v Tween-20 detergent). Clones showing fluorescent staining �4-fold

over background levels (irrelevant primary antibody plus secondary antibody) were isolated for culture and frozen as the ‘‘Primary

Clone Archive.’’ Clone 3F3 was further identified within the Primary Clone Archive by fluorescent staining and high-content image

analysis. Clone 3F3 was then subcloned by limiting dilution-CPII colony picking. Small-scale antibody productions in serum-free me-

dium (GIBCO Hybridoma SFM) were carried out followed by affinity chromatography (AKTA Pure, MabSelectSuRe) to obtain �5 mg

of purified IgG1 from subclones 3F3a and 3F3h.

High-content screening and analysis
Automation

Plate and liquid handling was performed using a HTS platform system composed of a Sciclone G3 Liquid Handler from PerkinElmer

(Waltham, MA, USA), a MultiFloTM Dispenser (Biotek Instruments, Bad Friedrichshall, Germany) and a CytomatTM Incubator (Thermo
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Fisher Scientific, Waltham, MA, USA) (Schorpp and Hadian, 2014). Cell seeding and assays were performed in black 384-well

CellCarrier-384 Ultra Microplates (PerkinElmer, 6057300). Image acquisition and image-based quantification was performed using

an Operetta�/ColumbusTM high-content imaging platform (PerkinElmer, USA).

High-Content Screening assay
For screening with five technical replicates, HT-1080 cells were washed with PBS, trypsinized, and resuspended in cell culture me-

dium. The cell suspension (2,000 cells in 50 ml per well) was dispensed into collagen (Sigma-Aldrich, St. Louis, MA, USA) pre-coated

384-well plates (PerkinElmer 384-well CellCarrierUltraTM). 24 h after seeding, medium was exchanged to medium containing 0.3 mM

RSL3 (1 mM stock solution) dissolved in 100% dimethyl sulfoxide (DMSO) or DMSO alone. 50 ml medium with 0.3 mM RSL3/DMSO

was added per well. The cells were then incubated (37�C; 5% CO2) for 2.5 h prior to fixation and antibody staining. After incubation,

the medium was removed and cells were washed with PBS, fixed with 4% PFA for 10 min and washed again with PBS. After per-

meabilizing (0.5% Tween-20) for 10min and blocking (1%BSA in PBS) for 2 h, cells were incubated with primary antibody in blocking

solution (1:20) overnight at 4�C. The following secondary antibody was applied for 1 h at room temperature: anti-mouse Alexa488

(1:500, Invitrogen). Cells were again washed with PBS and then stained with Hoechst 33342 and Phalloidin-TRITC for 1 h at room

temperature in the dark and then extensively washed with PBS. Finally, plates were recorded using the automated Operetta�micro-

scope with the 20 x high NA objective for high-resolution images (PerkinElmer, USA). For quantification, three images of each

condition were recorded using three channels (Hoechst, Alexa488, TRITC). This resulted in at least 100 cells for each condition in

all wells. Quantification of cell number, cytoplasmic intensity, nucleus intensity, and spot number per cell was performed using Co-

lumbus Software (PerkinElmer, USA).

Image analysis
Multiparametric image analysis was performed using Columbus Software 2.8.0 (PerkinElmer). Hoechst signal was used to detect all

cell nuclei. Phalloidin-TRITC was used to determine the cytoplasmic region to the corresponding nucleus. Moreover, we applied a

filter to remove border objects (nuclei that cross image borders) and cells with extremely small nuclei (dead cells). In a next step, we

calculated the morphology and Alexa488 fluorescence intensity in each cell region (nucleus and cytoplasm). In addition, we

performed spot detection in the cytoplasm and used morphology and intensity for each spot to define ‘‘big spots.’’ Each spot

was detected as a small region within the corresponding image by having a higher intensity than its surrounding area. Furthermore,

we selected cells with three or more ‘‘big spots’’ in the cytoplasm and calculated the percentage of ‘‘positive’’ cells in each well.

Finally, a hit was defined if the ratio of cytoplasmic intensity and/or the ratio of cells with more than 3 spots was > 1 in at least 3

of 5 plates after RSL3 treatment. An illustration on the automated detection method using the Hoechst, phalloidin-TRITC- and

Alexa488 antibody- signal is presented in Figure S1.

Immunofluorescence (IF)
HT-1080 (ATCC Cat# CRL-7951, RRID:CVCL_0317), A-673, SK-BR-3, SK-LMS-1 and Huh-7 cells were treated with 1 mMRSL3 for 4

h, 15 mMerastin for 8 h, 10 mM IKE for 8 h, 15 mMFINO2 for 8 h, 10 mMFIN56 for 8 h, 100 mM tBuOOH for 8 h, 1 mMstaurosporine (STS)

for 6 h, 2 mM camptothecin (CPT) for 24 h, 1 mM RSL3 + 5 mM Fer-1 for 4 h and 10 mM IKE + 5 mM Fer-1 for 8 h on poly-lysine-coated

coverslips (Sigma Aldrich P4832) in 24-well plate. Medium was removed and the cells were gently washed with PBS2+ (PBS with

1 mM CaCl2 and 0.5 mM MgCl2) twice. The cells were fixed and permeabilized by adding 200 mL/well of 4% paraformaldehyde

(PFA) in PBS with 0.1% Triton X-100 (PBT), and incubated at room temperature for 18 min. The cells were then washed with PBT

three times. Then the cells were blocked with 5% goat serum (ThermoFisher 50197Z) in PBT for 1 h at room temperature. The cells

were incubatedwith purifiedmousemonoclonal antibodies (1:5 dilution), mousemAb3F3-FMA (1:500 dilution), Transferrin Receptor/

CD71 Monoclonal Antibody, Clone: H68.4, Invitrogen (Thermo Fisher Scientific Cat# 13-6800, RRID:AB_2533029, 1:250 dilution),

Cd71 (D7G9X) XP� Rabbit mAb (Cell Signaling Technology Cat# 13113, RRID:AB_2715594, 1:100 dilution), CD71 (3B8 2A1) (Santa

Cruz Biotechnology Cat# sc-32272, RRID:AB_627167, 1:50 dilution), Tom20 (FL-145) (Santa Cruz Biotechnology Cat# sc-11415,

RRID:AB_2207533, 1:250 dilution), anti-PDI antibody [RL90] - ER Marker (Abcam Cat# ab2792, RRID:AB_303304, 1:100 dilution),

anti-Gm130 (D6B1) XP� Rabbit mAb (Cell Signaling Technology Cat# 12480, RRID:AB_2797933, 1:3200 dilution), anti-malondialde-

hyde antibody (Abcam Cat# ab6463, RRID:AB_305484, 1:400 dilution), anti-4-hydroxynonenal antibody (Abcam Cat# ab46544,

RRID:AB_722493, 1:50 dilution), anti-ACSL4 antibody (F-4) (Santa Cruz Biotechnology Cat# sc-365230, RRID:AB_10843105, 1:50

dilution), mouse mAb 1F83 (1:100 dilution), which recognizes the malondialdehyde-(MDA)-lysine adduct 4-methyl-1,4-dihydropyri-

dine-3,5-dicarbaldehyde (MDHDC) (Yamada et al., 2001), in PBT with 1% BSA and 5% goat serum overnight at 4�C. The cells were

washed with PBT for 5 min three times. The cells were incubated with goat anti-mouse IgG (H+L) Highly Cross-Adsorbed Secondary

Antibody, Alexa Fluor 594 (Thermo Fisher Scientific Cat# A-11032, RRID:AB_2534091, 1:200 dilution) or goat anti-rabbit IgG (H+L)

Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (Thermo Fisher Scientific Cat# A-11034, RRID:AB_2576217, 1:200

dilution) at room temperature for 1 h. The cells were washed with PBT for 5 min three times. ProLong Diamond anti-fade mountant

with DAPI (ThermoFisher P36962) was added to stain the nucleus. All images were captured on a Zeiss LSM 800 confocal micro-

scope at Plan-Apochromat 63x/1.40 oil DIC objective with constant laser intensity for all samples. When applicable, line-scan anal-

ysis was performed on representative confocal microscopy images using Zeiss LSM software to qualitatively visualize fluorescence

overlap.
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Quantification method
The quantification of the intensity of antibodies was analyzed using CellProfiler 3.1.8 (Carpenter et al., 2006) (CellProfiler Image Anal-

ysis Software, RRID:SCR_007358). Nuclei were first identified as primary objects using global minimum cross entropy strategy. Cy-

toplasms were then identified as secondary objects based on primary objects by propagation using global minimum cross entropy

strategy. The plasma membranes were identified as the outermost 5 pixels of cytoplasm. Then mean intensities and size areas of

nuclei, cytoplasm and plasma membranes were measured and reported. Graphs were created in Prism 7.

Immunoprecipitation-mass spectrometry (IP-MS)
HT-1080 cells were seeded in DMEM (Corning 10-013-CM) and 10%Hi-FBS with 1% penicillin and streptomycin (PS) with 1%MEM

Non-Essential Amino Acids Solution (100X) (Thermo Fisher Scientific 11140-076) 16 h prior to use. DMSOor 1 mMof RSL3was added

and incubated for 4 h. Following treatment, the medium was aspirated from each dish and cells were washed twice with PBS. Cells

were lysed with 70 ml lysis buffer (RIPA buffer from ThermoFisher, cat. 89900, 1 mM EDTA, 1 mM PMSF, 1X HaltTM protease inhibitor

cocktail from ThermoFisher, cat. 78430 and 1X HaltTM phosphatase inhibitor cocktail from ThermoFisher, cat. 78426). Unlysed cells

and debris were pelleted for 15 min at 16,000 x g at 4�C. The samples were incubated with 10 mg of 3F3-FMA overnight at 4�C with

shaking. The next day, Thermo Scientific Pierce Protein AGMagnetic Beads (Thermo Fisher Scientific 88802) were washed with TBS

with 0.05% Tween 20 (wash buffer) and then were incubated with sample/antibody mixture for 1 h with mixing. The beads were

collected with a magnetic stand and then washed with wash buffer for three times. The beads were used for mass spectrometry.

Trypsin digestion was performed overnight at 37�C. Supernatants were collected and dried down in a speed-vac, and peptides

were dissolved in a solution containing 3% acetonitrile and 0.1% formic acid. Peptides were desalted with C18 disk-packed

stage-tips. Desalted peptides were injected onto an EASY-Spray PepMap RSLC C18 50 cm x 75 mm column (Thermo Scientific),

which was coupled to the Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). Peptides were eluted with a non-linear

110min gradient of 5%–30%buffer B (0.1% (v/v) formic acid, 100%acetonitrile) at a flow rate of 250 nl/min. The column temperature

wasmaintained at a constant 50�Cduring all experiments. Thermo Scientific Orbitrap Fusion Tribridmass spectrometer was used for

peptideMS/MS analysis. Survey scans of peptide precursors were performed from 400 to 1575m/z at 120K FWHM resolution (at 200

m/z) with a 23 105 ion count target and amaximum injection time of 50 ms. The instrument was set to run in top speedmode with 3 s

cycles for the survey and the MS/MS scans. After a survey scan, tandem MS was performed on the most abundant precursors ex-

hibiting a charge state from 2 to 6 of greater than 5 3 103 intensity by isolating them in the quadrupole at 1.6 Th. CID fragmentation

was applied with 35%collision energy and resulting fragments were detected using the rapid scan rate in the ion trap. The AGC target

for MS/MSwas set to 13 104 and the maximum injection time limited to 35ms. The dynamic exclusion was set to 45 s with a 10 ppm

mass tolerance around the precursor and its isotopes. Monoisotopic precursor selection was enabled.

MS data analysis
Raw mass spectrometric data were analyzed using MaxQuant v.1.6.1.0 (Cox and Mann, 2008) (MaxQuant, RRID:SCR_014485) and

employed Andromeda for database search (Cox et al., 2011) at default settingswith a fewmodifications. The default was used for first

search tolerance and main search tolerance: 20 ppm and 6 ppm, respectively. MaxQuant was set up to search the reference Human

proteome database downloaded from Uniprot. MaxQuant performed the search trypsin digestion with up to 2 missed cleavages.

Peptide, Site and Protein FDR were all set to 1% with a minimum of 1 peptide needed for Identification but 2 peptides needed to

calculate a protein level ratio. The following modifications were used as fixed carbamidomethyl modification of cysteine, and oxida-

tion of methionine (M), Deamination for asparagine or glutamine (NQ) and acetylation on N-terminal of protein were used as variable

modifications. MaxQuant combined folder was uploaded in scaffold for data visualization.

siRNA knockdown assay
10 mMsiRNAswas combinedwith 250 mL of Opti-MEM serum-freemedia (Life Technologies 31985-070) in one tube. 6 mL of Lipofect-

amine RNAiMAX (Thermo Fisher Scientific 13778150) was combined with 250 mL of Opti-Mem media in another tube. They were

equilibrated at r.t. for 5 min. Then two tubes were combined, transferred into 6-well plate and incubated at 37�C for 20 min. 0.25

million HT-1080 cells were then added to 6-well plate and incubated for 48 h. Cells were reseeded in regular media for additional

24 h. Then regular IF procedure was conducted.

Flow cytometry and analysis
Cells were re-suspended in 500 mL HBSS containing 2 mM C11-BODIPY (BODIPY 581/591 C11) (Thermo Fisher Scientific, D3861)

and incubated at 37�C for 15 min. Cells were pelleted and resuspended in HBSS strained through a 35 mm cell strainer (Fisher Sci-

entific 08-771-23). Fluorescence intensity was measured on the FL1 channel with gating to record live cells only (gate constructed

from DMSO treatment group). A minimum of 10,000 cells were analyzed per condition. Analysis was performed using FlowJo

software.

HT-1080 cells were treated with DMSO or 1 mM RSL3 for 4 h. The cells were harvested by 0.25% Trypsin-EDTA (1X) (Invitrogen

25200-114) and washed with HBSS once. The cells were re-suspended in 5% goat serum (ThermoFisher 50197Z) for 30 min on

ice. The cells were incubated with mAb 3F3-FMA (1:500 dilution), Transferrin Receptor/CD71 Monoclonal Antibody, Clone: H68.4,

Invitrogen (Thermo Fisher Scientific Cat# 13-6800, RRID:AB_2533029, 1:250 dilution), CD71 (3B8 2A1) (Santa Cruz Biotechnology
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Cat# sc-32272, RRID:AB_627167, 1:50 dilution), anti-malondialdehyde antibody (AbcamCat# ab6463, RRID:AB_305484, 1:400 dilu-

tion), anti-4-hydroxynonenal antibody (AbcamCat# ab46544, RRID:AB_722493, 1:50 dilution), andmousemAb 1F83 (1:100 dilution),

which specifically recognizes the malondialdehyde-(MDA)-lysine adduct 4-methyl-1,4-dihydropyridine-3,5-dicarbaldehyde

(MDHDC) (Yamada et al., 2001) for 1 h on ice. The cells were washed with HBSS for 5 min three times by centrifugation. The cells

were incubated with goat anti-mouse IgG (H+L) secondary antibody, Alexa Fluor� 488 conjugate (Thermo Fisher Scientific Cat#

A-11001, RRID:AB_2534069, 1:200 dilution) or goat anti-rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor

488 (Thermo Fisher Scientific Cat# A-11034, RRID:AB_2576217, 1:200 dilution) for 30 min on ice. The cells were washed with HBSS

twice by centrifugation, then re-suspended in HBSS strained through a 35 mmcell strainer (Fisher Scientific 08-771-23). Fluorescence

intensity was measured on the FL1 channel with gating to record live cells only (gate constructed from DMSO treatment group). A

minimum of 10,000 cells were analyzed per condition. Analysis was performed using FlowJo software (FlowJo, RRID:SCR_008520).

Western blot
HT-1080 cells were seeded in DMEM (Corning 10-013-CM) and 10%Hi-FBS with 1% penicillin and streptomycin (PS) with 1%MEM

Non-Essential Amino Acids Solution (100X) (Thermo Fisher Scientific 11140-076) 16 h prior to use. DMSO, 1 mM RSL3 or 10 mM IKE

were added and incubated for 2 h and 4 h respectively. Following treatment, themediumwas aspirated from each dish and cells were

washed twicewith PBS. Cells were lysedwith 70 ml lysis buffer (RIPA buffer from ThermoFisher, cat. 89900, 1mMEDTA, 1mMPMSF,

1X HaltTM protease inhibitor cocktail from ThermoFisher, cat. 78430 and 1X HaltTM phosphatase inhibitor cocktail from Thermo-

Fisher, cat. 78426). Unlysed cells and debris were pelleted for 15 min at 16,000 x g at 4�C. Samples were separated using

SDS-PAGE and transferred to a polyvinylidene difluoride membrane. Transfer was performed using the iBlot2 system (Invitrogen).

Membranes were treated with Li-COR Odyssey blocking buffer for at least 1 h at r.t., then incubated with mouse mAb 3F3-FMA

(1:500 dilution), Transferrin Receptor/CD71 Monoclonal Antibody, Clone: H68.4, Invitrogen (Thermo Fisher Scientific Cat#

13-6800, RRID:AB_2533029, 1:250 dilution), Cd71 (D7G9X) XP� Rabbit mAb (Cell Signaling Technology Cat# 13113,

RRID:AB_2715594, 1:100 dilution), CD71 (3B8 2A1) (Santa Cruz Biotechnology Cat# sc-32272, RRID:AB_627167, 1:50 dilution) in

a 1:1 solution of PBS-T (PBS with 0.1% Tween 20) and Li-COR odyssey blocking buffer overnight at 4�C. Following three 5 min

washes in PBS-T, the membrane was incubated with secondary antibodies, goat anti-rabbit or goat anti-mouse IgG antibody con-

jugated to an IRdye at 800CW (LI-COR Biosciences Cat# 926-32211, RRID:AB_621843, 1:3000 dilution) and Alexa Fluor 680 goat

anti-mouse IgG (H+L) (Thermo Fisher Scientific Cat# A-21058, RRID:AB_2535724, 1:3000 dilution) in a 1:1 solution of PBS-T and

Li-COR Odyssey blocking buffer for 1 h at r.t. Following three 5 min washes in PBS-T, the membrane was scanned using the

Li-COR Odyssey Imaging System.

qPCR
HT-1080 cells were seeded in 6-well plates at a density of 400k cells/well and incubated overnight. The following day, IKE or RSL3

were diluted into wells from stock solutions and treated for indicated time periods. Following treatment, cells were rinsed in cold PBS,

trypsinized, and pelleted in Eppendorf tubes. RNA was isolated from cell pellets using QIAGEN’s RNeasy extraction kit, following

manufacturer’s instructions (QIAGEN). RNA quantity and quality was evaluated by a nanodrop spectrophotometer (Thermo Fisher

Scientific). cDNA was generated from 2 mg of total RNA, which was then diluted ten-fold and used as a template in qPCR reactions

on a Viia7 Real-Time system. Gene specific primers were used as follows: TfR1 FWD: 50 ACCATTGTCATATACCCGGTTCA 30; TFR1
RV: 50 CAATAGCCCAAGTAGCCAATCAT 30; GAPDH FW: 50 CTCCAAAATCAAGTGGGGCG 30; GAPDH RV: 50 ATGACGAA

CATGGGGGCATC 30.

Animal models
B cell lymphoma mouse xenograft model

B cell lymphoma mouse xenograft model was generated by injecting 6-week-old NCG mice with 10 million SU-DHL-6 cells subcu-

taneously. The mice were treated after the tumor size reached 100 mm3. Mice were separated randomly into treatment groups of 3

and dosed with vehicle and 40mg/kg IKE once daily by IP for 14 days. 3 h after the final dosage, mice were euthanized with CO2, and

tumorswere dissected, frozen on dry ice, and stored at�80�C. All experiments using animals were performed according to protocols

approved by the Institutional Animal Care and Use Committee (IACUC) at Columbia University, NY, USA.

Hepatocellular carcinoma (HCC) mouse xenograft model
Hepatocellular carcinoma (HCC) mouse xenograft tissue samples were generated by injecting 6-week-old NCG mice (2 male and

2 female per group) with 5 million human Huh-7 HCC cells subcutaneously. After three weeks, mice were dosed with vehicle or

50 mg/kg IKE once daily by IP for 2 days. 3 h after the final dosage, mice were euthanized with CO2. Tumors and liver tissues

were dissected, frozen on dry ice, and stored at �80�C. All experiments using animals were performed according to protocols

approved by the Institutional Animal Care and Use Committee (IACUC) at Columbia University, NY, USA.

Murine glioma model
All procedures were performed according to the Columbia University Medical Center Institutional Animal Care and Use Committee.

Murine glioma cell lines were created from tumor bearing mice. These tumors were generated by injection of a PDGF-IRES-Cre
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retrovirus into the subcortical white matter of mice with floxed PTEN and/or p53 (Sonabend et al., 2013). After mice reached end

stage, the tumors were dissociated and primary cell cultures were created. These cells harbored the specificmutations of the original

tumors, and could be re-injected to form gliomas in c57/B6 mice with high fidelity. Briefly, mice between the age of 6-8 weeks

received 50,000 murine glioma cells through stereotactic injection after being anesthetized with a ketamine/xylazine cocktail

(87.5mg/12.5mg w/w). After cessation of toe-pinch reflex, the scalp was shaved and cleaned with serial use of betadine and 70%

ethanol swabs. An incision was made and the skull was exposed. A burr hole was created, 2 mm anterior, 2 mm lateral and 2 mm

deep to the right of the bregma. The cells were injected into the subcortical white matter over a period of 3 minutes (0.333 uL/

min). Once the injection ceased, the needle was left in place for 1 minute before being slowly withdrawn. After tumor developed,

brains were harvested and fixed in 4% paraformaldehyde and embedded in paraffin. 5 micron sections were made for staining.

Immunohistochemistry (IHC)
Lymphomamouse xenograft tumor tissues were prepared by Dr. Yan Zhang, HCCmouse xenograft tumor tissues were prepared by

Dr. Presha Rajbhandari. Tumor tissues were fixed in 4% paraformaldehyde (PFA) for 24 h at 4�C followed by washing with PBS three

times. The tissues were perfused in 30% sucrose for 24 h at 4�C for cryo-protection. The samples were embedded in OCT cryostat

sectioning medium, and then moved directly into a cryostat. After equilibration of temperature, frozen tumor tissues were cut into

5 mm thick sections. Tissue sections were mounted on to poly-L-lysine coated slides by placing the cold sections onto warm slides.

Slides were stored at �80�C until staining. For staining, slides were warmed to room temperature followed by washing with PBS

twice. A hydrophobic barrier pen was used to draw a circle on each slide. The slides were permeabilized with PBS with 0.4% Triton

X-100 (PBT) twice before non-specific-binding blocking by incubating the sections with 10% goat serum (ThermoFisher 50197Z)

for 30 min at room temperature. The sections were separately incubated with mouse mAb 3F3-FMA (1:500 dilution), Transferrin Re-

ceptor/CD71Monoclonal Antibody, Clone: H68.4, Invitrogen (Thermo Fisher Scientific Cat# 13-6800, RRID:AB_2533029, 1:250 dilu-

tion), CD71 (3B8 2A1) (Santa Cruz Biotechnology Cat# sc-32272, RRID:AB_627167, 1:50 dilution), anti-malondialdehyde antibody

(Abcam Cat# ab6463, RRID:AB_305484, 1:400 dilution), anti-4-hydroxynonenal antibody (Abcam Cat# ab46544, RRID:AB_722493,

1:50 dilution), mouse mAb 1F83 (1:100 dilution), which specifically recognizes the malondialdehyde-(MDA)-lysine adduct 4-methyl-

1,4-dihydropyridine-3,5-dicarbaldehyde (MDHDC) (Yamada et al., 2001), CD20 (Abcam Cat# ab194970, 1:400 dilution), GPC3

(Thermo Fisher Scientific Cat# PA5-47256, RRID: AB_2608607, 1:500 dilution), CD8 (Cell Signaling Technology Cat# 85336S,

1:300 dilution), and CD45 (Cell Signaling Technology Cat# 13917S, 1:500 dilution) overnight at 4�C in humidified chambers. Sections

were washed with PBT for three times before incubating with goat anti-mouse IgG (H+L) Highly Cross-Adsorbed Secondary Anti-

body, Alexa Fluor 594 (Thermo Fisher Scientific Cat# A-11032, RRID:AB_2534091, 1:1000 dilution) or goat anti-Rrabbit IgG (H+L)

Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (Thermo Fisher Scientific Cat# A-11034, RRID:AB_2576217, 1:1000

dilution) at room temperature for 1 h. Slides were then washed twice with PBT three times. ProLong Diamond antifade mountant

with DAPI (ThermoFisher P36962) was added onto slides, which were then covered with the coverslips, sealed by clear fingernail

polish and observed under confocal microscopy. All images were captured on a Zeiss LSM 800 confocal microscope at Plan-Apo-

chromat 63x/1.40 Oil DIC objective with constant laser intensity for all analyzed samples. The intensity above threshold of the

fluorescent signal of the bound antibodies was analyzed using NIH ImageJ software (ImageJ, RRID:SCR_003070). Data were

expressed as fold change comparing with the vehicle.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses include one-way ANOVA and two-tailed t test. Software used include Columbus Software 2.8.0, CellProfiler 3.1.8,

Prism, Version 7.0 andMaxQuant v.1.6.1.0. Statistical details of experiments can be found in the figures and figure legends, including

the statistical tests used, exact value of n, what n represents, definition of center, and dispersion and precision measures.

DATA AND CODE AVAILABILITY

The mass spectrometry proteomic data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.

proteomexchange.org) via the PRIDE (Vizcaı́no et al., 2013) partner repository with the dataset identifier PXD017425.
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SUPPLEMENTAL FIGURE AND LEGENDS 

 

 

Figure 1S. High-content analysis of 3F3-FMA, Related to Figure 1. 
A. HT-1080 cells were seeded in 384-well plates and treated with 0.3µM RSL3 for 2.5 

h. Then the cells were fixed with 4% PFA, permeabilized with 0.5% Tween-20 and 

stained with primary antibody and secondary antibody. The cells were then stained 

with Hoechst 33342 (nuclei detection) and Phalloidin-TRITC (cytoplasmic region 

detection) prior to recording by automated Operetta® microscope. Multiparametric 

image analysis was performed using Columbus Software 2.8.0 (PerkinElmer). The cell 
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population for analysis was selected by detection and segmentation of nuclei and 

corresponding cytoplasm. Border objects and small cells were removed from analysis. 

The cells highlighted green in graph 6 were selected for further analysis. 

B. Selected cells from (A) and the corresponding cell regions were used for Alexa488 

intensity and spot detection. For 3F3-FMA, the number of cells with more than 3 spots 

in the cytoplasm (green cells in graph 3) were quantified.  

  

  

Figure S2. Nuclei are smaller in ferroptotic cells, Related to Figure 2. 
A. HT-1080 cells were incubated with 10 μM IKE +/- 5 μM fer-1 for 8 h. Nuclei were 

stained with DAPI (blue) and 3F3-FMA with Alexa Fluor 594 secondary in red. 3F3-

FMA showed a significantly different pattern in IKE-treated cells, but not upon Fer-1 

co-treatment. White arrows indicate sample differences. Quantification of membrane 

intensities of 3F3-FMA is shown (DMSO, n = 68; IKE, n = 145; IKE + Fer-1, n = 98). 

**** indicated p value ≤ 0.0001, ns indicates p value > 0.05 (one-way ANOVA). Data 

plotted are mean ± s.e.m. Each dot represents one cell. 
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B. HT-1080 cells in plates 1-3 were treated with DMSO and cells in plates 4-6 were 

treated with RSL3. Nuclei areas were identified and measured. The average nucleus 

area for the DMSO group was 240 μm2 while for the RSL3 group was 200 μm2. 

C. HT-1080 cells were incubated with 1 μM RSL3 for 4h, 10 μM IKE for 8 h, 15 μM 

erastin for 8 h, 10 μM FIN56 for 8 h and 15 μM FINO2 for 8 h. Nuclei were stained with 

DAPI and identified using CellProfiler 3.1.8. Mean area of the nucleus for each cell 

was calculated. Quantification of nucleus area is shown (DMSO, n = 107; RSL3, n = 

96; DMSO, n = 113, IKE, n = 129; DMSO, n = 68, erastin, n = 92; DMSO, n = 68, 

FIN56, n = 86; DMSO, n = 59, FINO2, n = 30). Nuclei size plotted are mean ± s.e.m. 

The nuclei shrank by 27% in 4 h incubation of 1 μM RSL3, 12% in 8 h incubation of 

10 μM IKE, 21% in 8 h incubation of 15 μM erastin, 17% in 8 h incubation of 10 μM 

FIN56 and 49% in 8 h incubation of 15 μM FINO2. 
 

 
Figure S3. The target of 3F3-FMA is not in the mitochondria or in the ER, Related 
to Figure 3. 
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HT-1080 cells were incubated with 1 μM RSL3 for 4 h, and then fixed, permeabilized 

and stained with DAPI (nuclei, blue), and either Tom20 (mitochondria marker, green) 

or PDI (ER marker, green), and also 3F3-FMA. 3F3-FMA did not co-localize with these 

mitochondria and ER markers. 
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Figure S4. 3F3-FMA, anti-TfR1 3B8 2A1, anti-TfR1 H68.4, and anti-MDA 1F83 and 
anti-4-HNE antibodies can be used as selective ferroptosis markers using 
immunofluorescence, Related to Figure 4. 
A. HT-1080 cells were incubated with 1 μM RSL3 for 4 h, and then were fixed, 

permeabilized and stained with DAPI (nuclei, blue), anti-TfR1 D7G9X (green), anti-

MDA ab6463 (green), and anti-ACSL4 sc-365230 antibodies (red). Quantification of 

membrane intensities of the antibodies is shown on the bottom (TfR1 D7G9X, n = 23 

and 6; MDA ab6463, n = 49 and 27; ACSL4 sc-365230, n = 69 and 41. * indicated p 

value ≤ 0.05 and ns indicated p value > 0.05 (two-tailed t-test). Data plotted are mean 

± s.e.m. Each dot represents one cell.  

B. HT-1080 cells were incubated with 2 μM camptothecin for 24 h to induce apoptosis, 

and then were fixed, permeabilized and stained with DAPI (nuclei, blue), 3F3-FMA 

(red), anti-TfR1 3B8 2A1 (red), anti-TfR1 H68.4 (red), anti-MDA 1F83 (red), and anti-

4-HNE ab46545 antibodies (green). Quantification of membrane intensities of the 

antibodies is shown on the bottom (3F3-FMA, n = 166 and 91; anti-TfR1 3B8 2A1, n 

= 164 and 116; anti-TfR1 H68.4, n = 186 and 112; anti-MDA 1F83, n = 109 and 119; 

4-HNE ab46545, n = 122 and 74). Data plotted are mean ± s.e.m. Each dot represents 

one cell. 

C. HT-1080 cells were incubated with 1 mM H2O2 for 4 h to induce oxidative stress 

independent of ferroptosis, and then were fixed, permeabilized and stained with DAPI 

(nuclei, blue), 3F3-FMA (red), anti-TfR1 3B8 2A1 (red), anti-TfR1 H68.4 (red), anti-

MDA 1F83 (red), and anti-4-HNE ab46545 antibodies (green). Quantification of 

membrane intensities and overall intensities of the antibodies is shown on the bottom 

(3F3-FMA, n = 62 and 73; anti-TfR1 3B8 2A1, n = 43 and 38; anti-TfR1 H68.4, n = 64 

and 64; anti-MDA 1F83, n = 45 and 46; 4-HNE ab46545, n = 53 and 62). **** indicated 

p value ≤ 0.0001, ns indicated p value > 0.05 (two-tailed t-test). Data plotted are mean 

± s.e.m. Each dot represents one cell. 
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Figure S5. Diffuse large B cell lymphoma and hepatocellular carcinoma mouse 
xenograft tissues contain tumor cells but not immune cells, Related to Figure 6. 
A. B cell lymphoma tumor tissues were fixed in 4% PFA for 24 h, perfused with 30% 

sucrose for 24 h, and stained with primary and secondary antibodies, as indicated. 

Staining of CD20, a B cell lymphoma marker, was positive, while staining of CD8 and 

CD45, immune cell markers, was negative, indicating that tumor cells, but not 

infiltrating immune cells, were present in the B cell lymphoma tissue samples. 

Representative images are shown.  

B. Hepatocellular carcinoma (HCC) xenograft tumor tissues was fixed in 4% PFA for 

24 h, perfused with 30% sucrose for 24 h, and stained with primary and secondary 

antibodies. Staining of GPC3, an HCC marker, was positive, while staining of CD8 and 

CD45 was negative, indicating that tumor cells, but not these infiltrating immune cells, 

were present in the HCC tissue samples. Representative images are shown. 
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Figure S6. 3F3-FMA staining of human Huntington disease brains and mouse 
tissues, Related to Figure 6. 
A. Five human HD and five unaffected control brain tissue samples from the NIH 

NeuroBioBank at the Harvard Brain Tissue Resource Center, the University of 

Maryland, Baltimore, MD, VA_LA, the University of Pittsburgh, and the University of 

Miami from the caudate nucleus of each patient were analyzed. The tissues were fixed 

in 4% PFA for 24 h, perfused in 30% sucrose for 24 h, then stained with DAPI (nuclei, 

blue) and 3F3-FMA with Alexa Fluor 594 secondary in red . The expression level of 

TfR1 was low in all samples, and there was no detectable difference between the HD 

and control samples. 

B. Mouse liver tissues samples from HCC mouse xenograft model and mouse 

glioblastoma tissue samples from Peter Canoll’s lab were fixed and stained with 

DAPI (nuclei, blue) and 3F3-FMA (red). 3F3-FMA was able to recognize mouse TfR1 

in both types of tissue. 
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Figure S7. Internalization of EGFR is not inhibited during ferroptosis, Related 
to Figure 3. 
HT-1080 cells were incubated with 1 μM RSL3 in serum-free medium for 4 h 

(ferroptosis induction with serum starvation), and were incubated with 25 ng/mL EGF 

for 40 min. Cells were fixed, permeabilized and stained with DAPI (nuclei, blue) and 

EGFR Monoclonal Antibody (H11) (Thermo Fisher Scientific, Cat# MA513070) with 

Alexa Fluor 594 secondary in red. EGFR was internalized in the presence of EGF 

with and without RSL3 treatment, indicating that clathrin-mediated endocytosis isn’t 

affected during ferroptosis. The shrinking nuclei indicated that ferroptosis was 

happening. 
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