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1. INTRODUCTION

The goal of this Breakthrough Award application is to open a new direction in our understanding of the
mechanisms that sustain the survival of breast tumor cells, a problem of paramount importance in the biology
and therapy of breast cancer. Adverse conditions in the tumor microenvironment such as detachment from
matrix (anoikis) and hypoxia result in cell death, and tumor cells must acquire mechanisms to resist such death
to survive and progress to metastatic disease. Our interest in this area has been awakened by the discovery of a
novel mode of programmed cell death termed ferroptosis, which is defined as an iron-dependent, non-apoptotic
form of programmed cell death characterized by the accumulation of intracellular soluble and lipid reactive
oxygen species (ROS). The overarching hypothesis to be tested is that breast cancer cells, especially metastatic
cells, are prone to rapid increases in ROS and lipid peroxidation caused by adverse micro-environmental
conditions and that these oxidative bursts could have deleterious consequences including ferroptosis. For this
reason, breast tumor cells must acquire mechanisms to protect against oxidative bursts and ferroptosis to
metastasize. One novel mechanism involves expression of the 634 integrin, which we postulated in the original
application has the ability to regulate enzymes that buffer intracellular ROS and diminish lipid peroxidation.

Two specific aims were proposed to address our hypothesis. The first aim was to establish that the a6p4
integrin protects breast tumor cells against ferroptosis caused by adverse tumor microenvironments and the
second aims was to determine the mechanism by which the a6B4 integrin protects tumor cells against
ferroptosis. As reported below, we have made significant progress in achieving the goals that we outlined and
the impact of the data that we have obtained has been strengthened by other developments in the field.

2. KEYWORDS
Breast cancer, Integrins, Ferroptosis, Cell Death, Metastasis, Lipid Peroxidation

3. ACCOMPLISHMENTS

What were the major goals of the project?

The major goals of the project were divided into two major tasks:

Task 1. Establish that the 0634 integrin protects breast tumor cells against ferroptosis caused by adverse tumor
microenvironments. Months 1-24.

Task 2. Determine the mechanism by which the o634 integrin protects tumor cells against ferroptosis. Months
6-24.

What was accomplished under these goals?

Task 1. Establish that the a6p4 integrin protects breast tumor cells against ferroptosis caused by adverse
tumor microenvironments.

Task 2. Determine the mechanism by which the 634 integrin protects tumor cells against ferroptosis.

Both of these tasks were completed as evidenced by the publication of two manuscripts:

Brown et al., Journal of Cell Biology, 2017, 216:4287-4297. In our first manuscript, using the approaches
outlined in the SOW, we established that ferroptosis resistance is mediated by the o634 integrin in breast cancer
cell lines (see Figures 1 and 2 in the Brown et al. publication).

la. Assay ferroptosis as a function of a6B4 expression in breast cancer cell lines. Using the approaches
outlined in the SOW, we have established that ferroptosis resistance is mediated by the o634 integrin in breast
cancer cell lines (see Figures 1 and 2 in the Brown et al. publication).

lc. Assay ferroptosis in PDX models of breast cancer. To address this task, we sorted a PDX model of triple-
negative breast cancer into a6B4"e" and a6B4'°% populations by FACS. Subsequently, we assessed each
population for sensitivity to ferroptosis using erastin. The results obtained demonstrated that the a.6B4he" PDX
cells are much more resistant to erastin-mediated ferroptosis than the a6B4'°" low cells (see Figures 3C and 3D
in the Brown et al. publication).




le. Assess the ability of matrix-detachment to induce ferroptosis. Completion of this task has resulted in a
significant advancement in our understanding of the pathophysiological processes that trigger ferroptosis. We
discovered that matrix-detachment of mammary epithelial and breast carcinoma cells results in death by
ferroptosis unless they express the o634 integrin (see Figure 2 in the Brown et al. publication).

Brown et al., Journal of Biological Chemistry, 2018, 293:12741-12748.

We finalized this task in this second manuscript Specifically, we discovered that matrix-detached breast
carcinoma cells cluster spontaneously and that this clustering triggers an increase in lipid peroxidation that is
sufficient to induce ferroptosis (see Figures 1 and 2 in the Brown et al. publication). We also found that
clustering occurs by a mechanism that involves the cell adhesion protein PVRL4 (also known as Nectin-4). We
found that this clustering process allows these cells to survive by stimulating a PVRL4/a6p4/Src signaling axis
that sustains GPX4 expression and buffers against lipid peroxidation (see Figures 3-5 in the Brown et al.
publication). These results indicate that ferroptosis induction depends on cell clustering in matrix-detached cells
that lack a6p4 and imply that the fate of matrix-detached cells can be determined by the state of their cell—cell
interactions.

Completion of these tasks provided the foundation for extending the project in a new direction to investigate the
mechanism of ferroptosis resistance in breast cancer more rigorously in a third manuscript that was published
recently.

Brown et al., Developmental Cell, 2019, 51:575-586.

More specifically, cells differ in their sensitivity to ferroptosis and a key challenge is to understand mechanisms
that contribute to resistance. Using RNA-Seq to identify genes that contribute to ferroptosis resistance, we
discovered that pro-ferroptotic stimuli including inhibition of the lipid hydroperoxidase GPX4 and detachment
from the extracellular matrix (see above) induce expression of prominin2, a pentaspanin protein implicated in
regulation of lipid dynamics. Prominin2 facilitates ferroptosis resistance in mammary epithelial and breast
carcinoma cells. Mechanistically, prominin2 promotes the formation of ferritin-containing multi-vesicular
bodies (MVBs) and exosomes that transport iron out of the cell, inhibiting ferroptosis. These findings revealed
that ferroptosis resistance can be driven by a prominin2-MVB/exosome-ferritin pathway and have broad
implications for iron homeostasis, intracellular trafficking and cancer. This mechanism of prominin2-mediated
ferroptosis resistance has potential implications for efforts that seek to induce ferroptosis as a mode of anti-
cancer therapy. For example, inhibiting GPX4 activity can selectively kill certain tumor cells via ferroptosis.
Given that cells can acquire resistance to GPX4 inhibition by inducing prominin2, strategies that simultaneously
block prominin2 expression or function may enhance sensitivity to GPX4 inhibitors. Indeed, analysis of the
Broad Institute Cancer Therapeutics Response Portal resource indicates that high levels of prominin2
expression are significantly correlated with resistance to the GPX4 inhibitor ML210 across hundreds of cancer
cells lines (https://portals.broadinstitute.org/ctrp/?featureName=PROM?2). Given that prominin2 expression is
correlated with poor clinical outcomes in several cancers, prominin2-mediated MVB formation and iron export
may also be relevant to the emerging role of ferroptosis in tumor suppression.

What opportunities for training and professional development has the project provided?
Nothing to report

How were the results disseminated to communities of interest?
Nothing to report

What do you plan to do during the next reporting period to accomplish the goals?
This is a FINAL report

4. IMPACT



The findings that we have made with this award have significant implications for the therapeutic treatment of
aggressive cancers. Although studies on the nature of cell death triggered by matrix-detachment have focused
largely on apoptosis, it is becoming apparent that other modes of cell death can occur that involve elevated ROS
levels. Our findings establish ferroptosis as one such ROS-mediated form of cell death. They also provide
insight into the cell biological parameters that influence ferroptosis by revealing how the clustering of matrix-
detached carcinoma cells can promote ferroptosis as opposed to apoptosis. On a broader level, the role of
ferroptosis in eliminating matrix-detached carcinoma cells is timely and significant based on the recent
realization that aggressive carcinoma cells with a mesenchymal phenotype are highly sensitive to ferroptosis
unless they enable mechanisms that sustain GPX4 expression (Viswanathan et al., Nature, 2017, 547:453-457).
A major effort is underway to develop effective GPX4 inhibitors (Hangauer et al. Nature, 2017, 551:247-250)
but an understanding of why some breast tumor cells are resistant is critical to this endeavor. In this direction,
this mechanism of prominin2-mediated ferroptosis resistance that we discovered has potential implications for
efforts that seek to induce ferroptosis as a mode of anti-cancer therapy. For example, inhibiting GPX4 activity
can selectively kill certain tumor cells via ferroptosis. Given that cells can acquire resistance to GPX4 inhibition
by inducing prominin2, strategies that simultaneously block prominin2 expression or function may enhance
sensitivity to GPX4 inhibitors. Indeed, analysis of the Broad Institute Cancer Therapeutics Response Portal
resource indicates that high levels of prominin2 expression are significantly correlated with resistance to the
GPX4 inhibitor ML210 across hundreds of cancer cells lines
(https://portals.broadinstitute.org/ctrp/?featureName=PROM?2). Given that prominin2 expression is correlated
with poor clinical outcomes in several cancers, prominin2-mediated MVB formation and iron export may also
be relevant to the emerging role of ferroptosis in tumor suppression.

5. CHANGES/PROBLEMS
Nothing to report.

6. PRODUCTS

The major product to report for this report are the three publications that were supported by this award:
Brown et al., Journal of Cell Biology, 2017, 216:4287-4297.

Brown et al., Journal of Biological Chemistry, 2018, 293:12741-12748.

Brown et al., Developmental Cell, 2019, 51:575-586.

7. PARTICIPANTS and OTHER COLLABORATING ORGANIZATIONS
What individuals worked on the project?

Arthur M. Mercurio (No Change)

Caitlin W. Brown (No Change)

John J. Amante (No Change)

Has there been a change in the active support of PI or key personnel?

We are thankful that this Breakthrough enabled us to obtain a NIH RO1 grant. This grant was awarded recently
and will allow us to continue our studies on the regulation and function of ferroptosis in breast cancer with an
emphasis on therapy.

1R01 CA218085-01A1 (Mercurio, PI) 07/11/18 — 06/30/23

NIH/NCI Integrin Regulation of Non-apoptotic Death in Breast Cancer

The goal of this application is to understand mechanisms that enable breast tumor cells to survive under
conditions that have the potential to kill them with an emphasis on ferroptosis.

What other organizations were involved as partners?
None
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Article

The abp4 integrin promotes resistance to ferroptosis

Caitlin W. Brown, John J. Amante, Hira Lal Goel, and Arthur M. Mercurio

Department of Molecular, Cell and Cancer Biology, University of Massachusetts Medical School, Worcester, MA

Increases in lipid peroxidation can cause ferroptosis, a form of cell death triggered by inhibition of glutathione peroxi-
dase 4 (GPX4), which catalyzes the reduction of lipid peroxides and is a target of ferroptosis inducers, such as erastin.
The a6p4 integrin protects adherent epithelial and carcinoma cells from ferroptosis induced by erastin. In addition, ex-
tracellular matrix (ECM) detachment is a physiologic trigger of ferroptosis, which is evaded by aép4. The mechanism
that enables a6p4 to evade ferroptosis involves its ability to protect changes in membrane lipids that are proferroptotic.
Specifically, a6p4-mediated activation of Src and STAT3 suppresses expression of ACSL4, an enzyme that enriches
membranes with long polyunsaturated fatty acids and is required for ferroptosis. Adherent cells lacking a6p4 require an
inducer, such as erastin, to undergo ferroptosis because they sustain GPX4 expression, despite their increase in ACSL4.
In contrast, ECM detachment of cells lacking a6p4 is sufficient to trigger ferroptosis because GPX4 is suppressed. This
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causal link between aép4 and ferroptosis has implications for cancer biology and therapy.

Introduction

The ability of cells to resist death is a hallmark of tissue homeosta-
sis and disease, especially cancer (Hanahan and Weinberg, 2011).
With respect to cancer, resistance to chemotherapy-induced cell
death is a problem of paramount importance (Safa, 2016). In ad-
dition, adverse conditions in the tumor microenvironment, such as
detachments from matrix (anoikis), result in cell death, and tumor
cells must acquire mechanisms to resist such death to survive and
progress to metastatic disease (Buchheit et al., 2014). Our interest
in this area has been awakened by the discovery of a novel mode of
programmed cell death, termed ferroptosis. Ferroptosis is defined
as an iron-dependent form of programmed cell death, which is
characterized by lipid reactive oxygen species (ROS) accumulation
that damages the plasma membrane by peroxidation of polyunsat-
urated fatty acids (Yang et al., 2016; Yang and Stockwell, 2016).
At a mechanistic level, ferroptosis is triggered by the loss of activ-
ity for the lipid repair enzyme glutathione peroxidase 4 (GPX4),
which catalyzes the reduction of lipid and other peroxides and is a
target of several ferroptosis inducers (Yang et al., 2014). The anti-
porter system X~, which imports cystine into the cell in exchange
for glutamate, also has a critical role in protecting against ferropto-
sis because cysteine, the monomeric form of cystine, is converted
to the antioxidant glutathione, which is a substrate for GPX4 (Yang
and Stockwell, 2016). Molecules that inhibit system X, such as
erastin, trigger ferroptosis, and they have proven to be useful for
studying this process in detail (Dixon et al., 2012).

At present, the significance of ferroptosis in the context of
epithelial and carcinoma biology is still emerging. The findings
that ferroptosis inducers can inhibit the growth of tumor xeno-

Correspondence to Arthur M. Mercurio: arthur.mercurio@umassmed.edu

Abbreviations used: DFO, deferoxamine; DPP, 5,15-diphenylporphyrin; GPX4,
glutathione peroxidase 4; LDH, lactate dehydrogenase; MDA, malondialdehyde;
PAM, protospacer-adjacent motif; PDX, patient-derived xenograft; polyHEMA, 2-
hydroxyethyl methacrylate; gPCR, quantitative PCR; ROS, reactive oxygen species;
ZVAD-FMK, carbobenzoxy-valyl-alanyl-aspartyl-{O-methyl]-fluoromethylketone.
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grafts have heightened the cancer relevance of this mode of cell
death (Yang et al., 2014; Kim et al., 2016). Although exciting,
these findings do not provide insight into the mechanisms used
by cells to evade ferroptosis or whether tumor cells encounter
conditions that trigger ferroptosis and, consequently, whether
they must acquire mechanisms to evade this process. The study
that reported that p53-mediated tumor suppression involves
ferroptosis (Jiang et al., 2015) provided some indication of the
physiological relevance of this process in cancer. Ferroptosis
also occurs in p53 mutant cells (Jiang et al., 2015) indicating
that mechanisms other than loss of p53 function are involved in
promoting resistance to ferroptosis.

Given the existing literature, we were intrigued by the
possibility that integrin signaling protects cells from ferropto-
sis. We were particularly interested in the integrin a6p4 because
several seminal studies have revealed that this integrin can
protect epithelial and carcinoma cells from death in adverse
conditions (Lipscomb and Mercurio, 2005; Giancotti, 2007),
and it has been implicated in metastasis. In this study, we un-
covered a key role for a6p4 in the evasion of ferroptosis, and we
pursued the mechanisms involved.

Results

The integrin 0«64 promotes resistance to
erastin-induced ferroptosis

Initially, we assessed the susceptibility of MCF-10A (immor-
talized breast epithelial cells) and SUM-159 (breast carcinoma

© 2017 Brown et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the
publication date (see http://www.rupress.org/terms/). After six months it is available under
a Creative Commons License (Attribution-Noncommercial-Share Alike 4.0 International
license, as described at https://creativecommons.org/licenses/by-nc-sa/4.0/).

Supplemental material can be found at:
http://doi.org/10.1083/jcb.201701136
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Figure 1. The a6p4 integrin promotes evasion of ferroptosis induced by erastin. (A) The p4-integrin subunit was depleted in MCF10-A and SUM-159
cells by CRISPR/CAS9 using two independent guide RNAs (34-3 and p4-4). Depletion of p4 expression was verified by immunoblotting. (B) Extracts of
p4-depleted cells were immunoprecipitated with an aé antibody and immunoblotted with a 1 antibody to verify that these cells express a6p1 (left blot).
Vector control and p4-depleted cells were assessed for surface expression of the aé-integrin by flow cytometry. (C and D) Control and p4-depleted MCF10-A
or SUM-159 cells (5 x 10?) were plated in 60-mm dishes in the presence of either DMSO, 10 pM erastin, erastin and 2 pM ferrostatin-1, or erastin and
500 pM artocopherol, and survival was quantified after 7 d by either DMSO extraction of crystal violet-stained cells or colony counting, respectively. (E
and F) MCF10-A or SUM-159 vector control and p4-depleted cells were assayed for LDH after 6 h of treatment with either DMSO control or 10 pM eras-
tin. (G) shRNA-mediated depletion of the a3-integrin subunit in MCF10-A and SUM-159 cells was confirmed by qPCR after 7 d of puromycin selection.
(H) MCF10-A and SUM-159 «3-depleted cells were plated at clonal density, and survival was quantified as in C and E. All experiments were performed
independently three times, and a representative experiment is shown. The bars in graphs represent means = SD. *, P < 0.05; **, P <0.01; ***, P < 0.005.

cells) to undergo cell death after treatment with erastin, a fer-
roptosis inducer (Dixon et al., 2012) as a function of a6p4
expression. For that purpose, we generated a CRISPR/Cas9
deletion of the B4 subunit of the a6p4 heterodimer (Fig. 1 A),
leaving the a6P1 heterodimer intact, as assessed by immuno-
blotting and flow cytometry (Fig. 1 B). We observed that MCF-
10A cells that lacked a6p4 were significantly less viable in the
presence of erastin compared with control cells, as assessed by
colony formation assays (Fig. 1 C). The loss of viability in «634-
depleted cells in response to erastin was rescued by the addi-
tion of ferrostatin-1, a specific inhibitor of ferroptosis (Dixon
et al.,, 2012), or by the addition of lipophilic antioxidant
a-tocopherol (Fig. 1 C). Similar results were obtained with
SUM-159 cells (Fig. 1 D). Given that ferroptosis is a form

JCB e 2017

of programmed necrosis (Dixon et al., 2012), we used the
lactate dehydrogenase (LDH) assay to assess cytotoxicity in
response to erastin. Treatment of a6p4-depleted MCF-10A
cells (Fig. 1 E) or SUM-159 cells (Fig. 1 F) with erastin sig-
nificantly increased extracellular LDH activity, which was not
observed with control cells.

An important issue is whether the ability of a6p4 to
evade erastin-induced ferroptosis is specific to this integrin.
As shown in Fig. 1 B, a6p4-depleted cells expressed the a6p1
integrin, but that integrin was not sufficient to evade ferropto-
sis under those conditions. We also targeted the a3p1 integrin
because it is a laminin receptor expressed by epithelial and
carcinoma cells (DiPersio et al., 1997). Expression of the o3
subunit was diminished in both MCF-10A and SUM-159 cells
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using shRNAs, and a3 mRNA expression was evaluated by
quantitative PCR (qPCR; Fig. 1 G). The a3-depleted cells, in
contrast to the pf4-depleted cells, were not sensitive to erastin,
although they did form significantly fewer colonies than con-
trol cells did (Fig. 1 H).

ECM detachment triggers ferroptosis:
Evasion by o634

The ability of the integrin a6f4 to protect against erastin-
induced ferroptosis has important implications for drug tar-
geting. Nonetheless, little is known about pathophysiological
stimuli that trigger ferroptosis. Based on previous work in-
dicating that «a6f4 can promote cell survival in stress condi-
tions (Bachelder et al., 1999; Zahir et al., 2003), we assessed
the susceptibility of a6p4-depleted cells to ferroptosis after
detachment from the ECM. We observed that ECM-detached
MCF-10A and SUM-159 cells lacking a6f4, but not control
cells, exhibited a substantial decrease in viability after 24 h
(Fig. 2 A). Ferrostatin-1 treatment of a6p4-depleted cells re-
sulted in a partial rescue of the viability of matrix-detached
cells (Fig. 2 A). Similar results were obtained with Hs578t
cells, another breast cancer cell line (Fig. 2 B). Treatment with
other ferroptosis inhibitors, including liproxstatin-1 (Fig. 2 C;
Friedmann Angeli et al., 2014), the iron chelator deferoxam-
ine (DFO), trolox, and a-tocopherol (Dixon et al., 2012), also
resulted in a partial rescue of cell death caused by matrix de-
tachment and loss of a6p4 (Fig. 2 D). Detachment of a6p4-
depleted cells increased cytotoxicity significantly compared
with control cells, as assessed by the LDH assay, and that in-
crease was prevented by ferrostatin-1 (Fig. 2 E).

We also assayed cell viability as a function of time in the
presence of ferrostatin-1 using control and a6p4-depleted cells
(Fig. 2 F). That analysis revealed that ferroptosis occurs rapidly
in the absence of a6p4 (between 4 and 12 h), which is consistent
with the LDH data on adherent cells treated with erastin (Fig. 1,
E and F). Because anoikis has been studied primarily as a form
of apoptosis (Meredith et al., 1993; Frisch and Francis, 1994),
we compared the ability of carbobenzoxy-valyl-alanyl-aspar-
tyl-[O-methyl]-fluoromethylketone (Z-VAD-FMK) and ferro-
statin-1 to rescue the viability of a6B4-depleted cells after ECM
detachment. Each of those inhibitors individually was able to
affect a partial rescue, and the combination of both inhibitors
rescued viability completely (Fig. 2 G).

To control for the specificity of a6p4 depletion, we engi-
neered a P4 expression construct that could not be targeted by
CRISPR-Cas9. Expression of that construct in a6p4-depleted
cells protected those cells from the loss of viability caused by
ECM detachment (Fig. 3 A). We also assessed the viability of
the MCF10-A and SUM-159 a3-depleted cells used in Fig. 1 G
in detached conditions and found a moderate decrease in viabil-
ity that was not rescued with ferrostatin-1 (Fig. 3 B).

We extended our analysis of ferroptosis induced by ECM
detachment to human breast tumors. For that purpose, we used
patient-derived xenografts (PDXs) of triple-negative breast tu-
mors. After isolation, dissociation, and lineage depletion, tumor
cells were sorted based on the level of p4 surface expression into
B4hish and p4lov populations, taking the top and bottom quartiles,
respectively (Fig. 3 C). Those two populations were assessed
for viability in detached conditions, either in the presence or
absence of ferrostatin-1. Under those conditions, the $4'°% pop-
ulation was significantly less viable than the B4 population,
and that loss of viability was rescued by ferrostatin-1 (Fig. 3 D).

Src, which is activated by 064, protects
against ferroptosis

The signaling pathways that enable cells to evade ferroptosis
are poorly understood. We focused on the potential role of Src,
because several studies have documented the robust activation
of Src by a6f4, and examined the functional consequences
(Gagnoux-Palacios et al., 2003; Bertotti et al., 2006; Merdek et
al., 2007; Dutta and Shaw, 2008; Yang et al., 2010; Sharma et
al., 2012; Pavlova et al., 2013; Hoshino et al., 2015). Activation
of Src in a6p4-depleted MCF-10A and SUM-159 cells was sig-
nificantly reduced compared with vector controls, as assessed
by Y418 immunoblotting (Fig. 4 A), indicating that a684 pro-
motes Src activation in ECM detachment. To evaluate a causal
role for Src activation in ferroptosis evasion, control cells were
treated with the Src inhibitor PP2 and assayed for viability 24 h
after detachment (Fig. 4 B). Strikingly, Src inhibition decreased
cell viability significantly, and that loss of viability was rescued
by ferrostatin-1 and other ferroptosis inhibitors (Fig. 4 B).

Next, we assessed Src activation in adherent cells in re-
sponse to erastin based on the assumption that erastin treat-
ment stresses cells and elicits a response to diminish that stress.
Indeed, erastin treatment of control MCF-10A and SUM-159
cells significantly increased Src activation compared with
a6p4-depleted cells (Fig. 4 C). Moreover, the viability of de-
tached, a6p4-depleted cells was rescued by expression of an
inducible, constitutively active Src (Fig. 4 D). These findings
support the hypothesis that a6p4 facilitates Src activation
in response to stress (ECM detachment or inhibition of the
system X~ by erastin).

In pursuit of the mechanism by which Src activation
protects against ferroptosis, we were intrigued by the recent
studies that found the enzyme acyl-CoA synthetase long-chain
family member 4 (ACSL4) is required for ferroptosis because
it synthesizes polyunsaturated fatty acids that are the primary
target of lipid peroxidation (Doll et al., 2017). We quantified
ACSL4 mRNA expression in MCF10-A and SUM-159 con-
trol and a6p4-depleted cells in adherent and detached condi-
tions (Fig. 5 A) and found a significant elevation of ACSL4
mRNA with the loss of a6p4 in both conditions. This eleva-
tion of ACSL4 expression was also seen at the protein level in
a6p4-depleted cells (Fig. 5 B). Src inhibition increased ACSL4
expression in control cells (Fig. 5 C), indicating that it has a
causal role in regulating this key ferroptotic enzyme. More-
over, reexpression of the 4 subunit in a6p4-depleted cells
repressed ACSL4 (Fig. 5 D), confirming that the repression
of ACSL4 expression is specific to a6B4-mediated signaling.
Inhibition of ACSL4 using the thiazolidinedione rosiglitazone
(Askari et al., 2007; Doll et al., 2017) increased the viability
of detached, a6p4-depleted cells, confirming the key role of
ACSLA4 in ferroptosis susceptibility (Fig. 5 E). In addition, ex-
pression of constitutively active Src suppressed the expression
of ACSL4 (Fig. 5 F). These in vitro data were substantiated by
comparing B4 and ACSL4 expression in a cohort of patients
with breast cancer using cBioportal, where a significant inverse
correlation was detected (Fig. 5 G).

The preceding data raise the issue of how a6p4-medi-
ated Src activation represses ACSL4 expression. We focused
on STAT3 because it can be activated by Src (Yu et al., 1995)
and, more specifically, by the a6p4-Src signaling axis (Guo et
al., 2006). Moreover, STAT3 can repress, as well as activate,
transcription (Niu et al., 2005). Using the ENCODE database,
we identified STAT3 binding in several regions of the ACSL4
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Figure 2. Matrix-deprived cells are susceptible to ferroptosis in the absence of the a6p4-integrin. (A) Control and p4-depleted cells were detached for
24 h in the presence of either DMSO or 2 pM ferrostatin-1, and the number of viable cells was quantified. (B) Control and p4-depleted Hs578t cells were
detached for 24 h in the presence of either DMSO or 2 pM ferrostatin-1, and the number of viable cells was quantified. (C) Control and p4-depleted
SUM-159 cells were detached for 24 h in the presence of either DMSO or 2 pM liproxstatin-1, and the number of viable cells was quantified. (D) Control
and p4-depleted MCF-10A and SUM-159 cells were detached for 24 h in the presence of either DMSO, 100 yM DFO, 100 pM a-tocopherol, or 500 pM
Trolox, and the number of viable cells was quantified. (E) MCF10-A or SUM-159 vector control and p4-depleted cells were assayed for LDH after 6 h of
detachment with either DMSO or 2 pM ferrostatin-1. (F) Vector and p4-depleted cells were incubated for the times indicated with either DMSO or 2 pM
ferrostatin-1, and viable cells were quantified. (G) Vector and p4-depleted cells were detached for 24 h in the presence of either DMSO, 2 pM ferrostatin-1,
25 pM ZVAD-FMK, or ferrostatin-1 and Z-VAD-FMK, and the number of viable cells was quantified. All experiments were performed independently three
times and a representative experiment is shown. The bars in graphs represent means = SD. *, P < 0.05; **, P < 0.01; ***, P < 0.005.

promoter and coding regions of MCF10A cells (Fig. 6 A). We
also observed that STAT3 phosphorylation was decreased in
a6p4-depleted cells compared with control cells after erastin
treatment (Fig. 6, B and C) and ECM detachment (Fig. 6, D and
E). In addition, inhibition of STAT3 using 5,15-diphenylpor-
phyrin (DPP) increased ACSL4 expression (Fig. 6 F). DPP had
no effect on cell viability during the course of that assay (un-
published data). Collectively, these data indicate that a6p4-me-
diated Src—STAT3 activation represses expression of ACSL4,
rendering the cell unable to undergo to ferroptosis.

JCB e 2017

ECM detachment requires an up-regulation
of GPX4 to avoid ferroptosis

One question that arises from these data is why adherent,
a6p4-depleted cells require erastin treatment to induce ferro-
ptosis, whereas the same cells in ECM-detached conditions
undergo ferroptosis spontaneously? As mentioned, ACSL4 is
necessary, but not sufficient, for ferroptosis (Doll et al., 2017).
Therefore, we sought to identify a regulator of ferroptosis that
was altered in detached, but not adherent, conditions. We fo-
cused on GPX4 because of its central role in ferroptosis and
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Figure 3. Evasion of ferroptosis is specific to the a6p4-integrin. (A) p4-depleted SUM-159 cells were transfected with either a control plasmid (vector) or
a p4 expression construct in which the PAM sequences targeted by the guide RNAs were mutated. Rescue of B4 expression was confirmed by immunoblot-
ting and gPCR. Vector control cells, p4-depleted cells, vector control cells transfected with p4 containing PAM mutations, and p4-depleted cells transfected
with B4 containing PAM mutations (B4-rescued cells) were detached for 24 h, and the number of viable cells was quantified. (B) MCF10-A and SUM-159
o3-depleted cells were detached and compared with control cells for their viability after 24 h. (C and D) PDXs of triple-negative breast tumors were isolated,
dissociated, and lineage-depleted, and the tumor cells were sorted based on the level of p4 surface expression into f4his" (red) and p4'>* (blue) populations.
Those two populations were assessed for viability in detached conditions, either in the presence or absence of ferrostatin-1. All experiments were performed
independently three times, and a representative experiment is shown. The bars in graphs represent means + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.005.

its ability to buffer lipid peroxidation. Moreover, GPX4 is the
only glutathione peroxidase that accepts phospholipid hydrop-
eroxides in membranes as oxidizing substrates (Thomas et al.,
1990; Roveri et al., 1994; Seiler et al., 2008). There was no sig-
nificant difference in GPX4 expression in adherent conditions
between control and a6p4-depleted cells (Fig. 7 A). However,
we observed that ECM detachment caused an increase in GPX4
expression and that cells lacking a6p4 were unable to sustain
GPX4 mRNA expression (Fig. 7 A). That inability to up-reg-
ulate GPX4 was also seen at the protein level, and expression
levels were rescued with exogenous 4 (Fig. 7 B).

Given that GPX4 buffers lipid peroxidation (Kriska and
Girotti, 2005), we quantified lipid peroxidation in ECM-de-
tached cells using the malondialdehyde (MDA) assay and ob-
served that is was significantly greater in a6p4-depleted cells
than it was in control cells (Fig. 7 C). In adherent conditions,
loss of a6P4 increases lipid peroxidation compared with vec-
tor control; however, the loss of ECM contact significantly in-
creases the burden of lipid peroxidation in those a6p4-depleted
cells. Accordingly, glutathione peroxidase activity was elevated
in detached, vector-controlled MCF10-A and SUM-159 cells
compared with a6p4-depleted cells (Fig. 7 D).

To test whether the loss of GPX4 was responsible for the
ferroptosis observed in a6p4-depleted cells upon ECM detach-
ment, we expressed exogenous GPX4 in control and a6p4-de-
pleted cells (Fig. 7 E). Exogenous GPX4 expression reduced cell
death significantly in ECM-detached MCF10-A and SUM-159
cells lacking a6p4, but it had no effect on the viability of control

cells (Fig. 7 F). Importantly, a6p4-depleted cells that expressed
exogenous GPX4 were sensitive to erastin, consistent with the
fact that system X.-, which is the target of erastin, functions
upstream of GPX4 (Yang and Stockwell, 2016; Fig. 7 G).

Discussion

This study advances our knowledge of ferroptosis with respect
to physiologic processes that trigger this form of cell death and
mechanisms used by cells to resist it. As discussed recently,
ferroptosis occurs when a “cell is sabotaged by its own ongo-
ing normal cellular metabolic activity, such as the production
of lipid hydroperoxides” and that it can be prevented if these
normal activities are inhibited (Dixon, 2017). Our data sub-
stantiate that assessment and reveal that physiological (ECM
detachment), as well as chemical (erastin), stimuli induce fer-
roptosis in epithelial and carcinoma cells. We also discovered
a novel mechanism used by those cells to prevent such meta-
bolic disruption that involves the a6p4 integrin. The fact that
a6p4 expression is characteristic of epithelial and carcinoma
cells suggests that those cells have acquired mechanisms to
mitigate metabolic stresses that can trigger ferroptosis. More-
over, the ability of a6p4 to evade ferroptosis is not shared by
other integrins expressed by those cells, including a6f1 and
a3p1, based on our findings.

The key mechanism that we uncovered for the evasion of
ferroptosis by a6p4 involves it ability to activate Src in stress
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Figure 4. The infegrin a6p4 activates Src to inhibit ferroptosis. (A) Vector control and p4-depleted cells were assessed for phosphorylated (Y418) Src
by immunoblotting 3 h after ECM detachment. Relative phosphorylated Src was quantified by densitometry. (B) Vector control and p4-depleted cells were
assessed for viability after 24 h of detachment in the presence of either DMSO, 10 pM PP2, PP2 and 2 pM ferrostatin-1, PP2 and 500 pM a-tocopherol,
or PP2 and 2 pM liproxstatin-1. (C) Vector control and p4-depleted cells were assessed for phosphorylated (Y418) Src by immunoblotting after 3 h of incu-
bation with 10 pM erastin. Relative phosphorylated Src was quantified by densitometry. (D) SUM-159 vector control and p4-depleted cells that expressed
a doxycycline-inducible, constitutively active Src were incubated for 24 h with 2 pg/ml doxycycline and then assessed for viability after 24 h of detach-
ment. All experiments were performed independently three times, and a representative experiment is shown. The bars in graphs represent means + SD.

* P<0.05; **, P<0.01; ***, P <0.005.

conditions and the consequent Src-mediated repression of
ACSL4. ACSL4 generates a proferroptotic lipid composition
in the plasma membrane, which is characterized by increased
expression of long polyunsaturated w6 fatty acids (Doll et al.,
2017), and its repression nullifies the ferroptotic response (Doll
et al., 2017). The a6p4-Src signaling axis is well established,
and it has been implicated in the diverse functions associated
with this integrin (Gagnoux-Palacios et al., 2003; Bertotti et
al., 2006; Merdek et al., 2007; Dutta and Shaw, 2008; Yang et
al., 2010; Sharma et al., 2012; Pavlova et al., 2013; Hoshino et
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al., 2015). The ability of Src to evade ferroptosis by repressing
ACSL4 via the activation of STAT3, however, is novel and it
provides one of the first examples of a major signaling mech-
anism that has the ability to resist the altered metabolic ac-
tivity that can trigger this form of cell death. We demonstrate
that a6p4-mediated Src activation contributes to ferroptosis
resistance, but it is likely that other modes of Src activation
result in such resistance, depending on the cellular context. Al-
though not addressed directly, it is likely that a6B4-mediated
Src activation in ECM-detached cells is independent of ligand
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Figure 5. The integrin a6p4 represses ACSL4 to inhibit ferroptosis. Expression of ACSL4 was assessed by qPCR (A) and immunoblotting (B) in vector
control and p4-depleted cells after 2 h of ECM detachment. (C) Expression of ACSL4 was quantified by qPCR in vector control MCF10-A or SUM-159
cells under either adherent or detached conditions after 2 h of treatment with DMSO or 10 yM PP2. (D) Expression of ACSL4 was quantified in adherent
vector control, p4-depleted, and p4-rescued cells by qPCR. (E) Vector control and p4-depleted cells were assessed for viability after 24 h of detachment
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correlation coefficient (r) was calculated using Pearson’s correlation. Experiments were performed independently three times, and a representative experi-
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(laminin), based on previous studies that addressed this issue
(Pavlova et al., 2013).

Our finding that ECM detachment triggers ferropto-
sis is significant because little is known about physiologic or
pathophysiologic mechanisms that are linked to this cell death
process. Moreover, it is widely assumed that cells undergo
apoptosis in response to ECM detachment (Meredith et al.,
1993; Frisch and Francis, 1994), a phenomenon referred to as
anoikis (Frisch and Francis, 1994). Although the discovery of
anoikis has been a significant contribution to the field, the rela-
tionships among ECM detachment and cell death mechanisms
are more complex and anoikis-independent pathways are also
involved (Buchheit et al., 2014). There is also evidence that
ECM detachment can increase intracellular ROS and cause
ROS-dependent cell death (Schafer et al., 2009), although the
mechanisms involved are not well understood (Buchheit et al.,
2014). Our discovery that ECM detachment can trigger ferro-

ptosis provides one mechanism for these results. As demon-
strated here, ECM-detached cells are prone to both ferroptosis
and apoptosis in the absence of «6p4. The apoptosis result is
consistent with previous studies on this integrin (Bachelder et
al., 1999; Zahir et al., 2003). Going forward, it will be import-
ant to determine the distinction between these two processes,
particularly the point at which a decision is made by a cell to
undergo either ferroptosis or apoptosis.

Although GPX4 is emerging as the critical gatekeeper of
ferroptosis (Yang et al., 2014; Yang and Stockwell, 2016), bio-
logical mechanisms that regulate its expression or activity are
poorly understood. In this direction, our findings substantiate
the hypothesis that ferroptosis requires both GPX4 inhibition
and ACSL4 activity. Adherent cells lacking a6p4 exhibit a sig-
nificant increase in ACSL4 expression, but they are not prone
to ferroptosis because GPX4 expression is sustained and it im-
pedes lipid peroxidation. For that reason, these cells require an

Integrin-mediated ferroptosis resistance ¢ Brown et al.

7

/102 ‘8g Jequieydas uo Blo ssaldni gol woiy papeojumoq


http://jcb.rupress.org/

st = OMOtSr_ AcSla

129

MCF10A
10895‘0000 10895’5000 10895’0000 10596‘5000 10597‘0000 10897'5000 10898‘0000 1089;5000 10899'0000
B 3h Erastin 3h Erastin C
L L= o ek _www « _xxx [l Vector DMSO
Vector e% 6;,19 &, Vector %, ,6;,1? 027 E 12 B Vector .
DMSO_ - DMSO__© B 1.04 W B4-3 |Erastin
pSTAT3 b psTATS 50,8, O p4-4
Y705 Y705
5 4 £ 0.6
STAT3 [ STAT3 & 0.4
Total | ™ Total 0.2
MCF10-A SUM-159
MCF10-A  SUM-159
D 3h Detached 3h Detached E Fd
etache etache o 127 W Vector S257 « mDMSO
Vec@or B4-3 p4-4 Vectpr B4-3 p4-4 P " Eﬁi-i & 20 m DPP
pSTAT3 Sk - s | pSTAT3 "éo.s- B4- -
Y705 75 (Y705) o < 5]
y = 0.64 <
Total _w ‘ Total S04 g 10
= M E
STATS [ |75 _|— =X STAT3 X 024 <, 0.54
9]
MCF10-A SUM-159 8!
MCF10-A  SUM-159 <  MCF10-ASUM-159
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exogenous inhibitor of GPX4, such as erastin, to undergo fer-
roptosis. In contrast, ECM detachment is sufficient to trigger
ferroptosis in the absence of a6p4 because lipid peroxidation
increases as a result of ACSL4 induction and diminished GPX4
expression. Our data indicate that a6p4 contributes to sustain-
ing GPX4 expression in ECM-detached cells, but the mecha-
nism appears to be distinct from a6p4-mediated repression of
ACSL4 by Src because Src inhibition does not affect GPX4
expression (unpublished data).

The findings we present have potential implications for
breast and other cancers. Although much is known about the
mechanisms by which a6p4 contributes to epithelial biology
and breast cancer, a cohesive mechanism has not emerged,
and the possibility that this integrin protects tumor cells from
excessive lipid peroxidation has not been considered. This
mechanism is likely to be important for metastasis because
this process involves detachment from ECM or the presence
of the “foreign” ECM in a distant organ (Cheung and Ewald,
2016). Moreover, we detected a significant inverse correlation
between a6f4 and ASCL4 in a large cohort of patients with
breast cancer, and we demonstrated that the p4'°" population
isolated from PDXs of human breast cancer is much more
susceptible to ferroptosis induced by ECM detachment than
is the p4hieh population. This latter observation is of partic-
ular interest because some chemotherapeutic drugs, as well
as more novel therapies, such as the use of nanoparticles
to deliver tumor-targeting peptides, function by inducing

JCB e 2017

ferroptosis (Yang et al., 2014; Kim et al., 2016). Our data
suggest that tumor cells with high a684 expression could be
resistant to such therapies.

Materials and methods

Cell lines and reagents

MCF10-A cells were obtained from the Barbara Ann Karmanos Cancer
Institute, and SUM-159 cells were provided by S. Ethier (Medical Col-
lege of South Carolina, Charleston, SC). Hs578T cells were provided
by D. Kim (University of Massachusetts Medical School, Worcester,
MA). The pCMV-p4 plasmid was provided by L. Shaw (University of
Massachusetts Medical School, Worcester, MA). A Tet-CA-Src-GFP
construct was purchased from Addgene (plasmid 83469). All cells were
checked quarterly for mycoplasma.

The following antibodies were used: GPX4 (Abcam), actin
(Sigma-Aldrich), integrin p4 (505 [Rabinovitz et al., 1999] and 439-9b
[Abcam]), a6 (GoH3; MilliporeSigma), and integrin f1 (BD), phos-
pho-Src Y418 (R&D Systems), total Src (Santa Cruz Biotechnology,
Inc.), ACSL4 (Santa Cruz Biotechnology, Inc.), phospho-STAT3 Y705
(Cell Signaling Technology), and total STAT3 (Cell Signaling Tech-
nology). Other reagents used were: Z-VAD-FMK (SelleckChem),
erastin (Sigma-Aldrich), ferrostatin-1 (Sigma-Aldrich), liproxstatin-1
(Sigma-Aldrich), DFO mesylate salt (Sigma-Aldrich), a-tocopherol
(Sigma-Aldrich), trolox (Sigma-Aldrich), DPP (Sigma-Aldrich), and
rosiglitazone (Tocris Bioscience).
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(A) GPX4 mRNA expression was quantified by qPCR in control and p4-depleted MCF-10A and SUM-159 cells under adherent or 2-h matrix-deprived
conditions. (B) Expression of GPX4 was assessed by immunoblotting in vector control, p4-depleted, and p4-rescued cells after 2 h of detachment. Relative
densitometry values are shown. (C) Lipid peroxidation was quantified using the MDA assay in control and p4-depleted, MCF-10A and SUM-159 cells
under adherent or 4-h matrix-deprived conditions. (D) GPX enzyme activity was assayed in control and p4-depleted, MCF-10A and SUM-159 cells under
adherent or 4-h matrix-deprived conditions. (E) Control and p4-depleted SUM-159 cells were transfected with either a vector control or a GPX4 expression
vector. GPX4 mRNA expression was quantified by qPCR. (F) Control and p4-depleted MCF10-A and SUM-159 cells that had been transfected with either
a vector control or a GPX4 expression vector were detached for 24 h, and the number of viable cells was quantified. (G) Control and p4-depleted cells
that had been transfected with either a vector control or a GPX4 expression vector were detached for 24 h with in the presence of either DMSO or 10 pM
erastin, and the number of viable cells was quantified. Experiments were performed independently three times and a representative experiment is shown.
The bars in graphs represent means + SD. *, P < 0.05; **, P < 0.01; ***, P < 0.005.

RNA interference

Lentiviruses containing ITGA3 shRNAs (clone ID TRCN0000057713
or TRCNO0000057714; GE Healthcare) or a GFP control (RHS4459)
were generated, titrated according to the manufacturer’s instructions,
and used to transiently infect MCF10-A and SUM-159 vector control
and P4-depleted cells, following standard protocols.

PDX tumors

PDX models of triple-negative breast cancer were obtained from the
Dana-Farber Cancer Institute and propagated in NSG mice. Tumors
were harvested and digested using collagenase at 37°C. Once digested,
the cells were filtered using a cell strainer (40 pm), washed twice with
PBS, and plated in DMEM/F12 (containing 10% FBS). The next day,
cells were stained using a p4 antibody for 1 h and analyzed by flow
cytometry. The highest and lowest quartiles of cells expressing 4 were
collected and plated immediately for experimentation.

Colony formation assay

MCF10-A and SUM-159 vector control or 4-depleted cells (5 x 10?)
were plated on 60-mm dishes. 24 h after plating, cells were incubated in
medium containing erastin (10 pM), erastin and ferrostatin-1 (2 uM), or

DMSO control. Media were changed daily with continued exposure. 10
d after the first treatment, plates were washed in PBS, fixed in 4% para-
formaldehyde, and stained in crystal violet. Plates were washed clean
of excess dye and colonies >50 cells were counted. For some experi-
ments, the crystal violet—stained cells were solubilized with DMSO,
and absorbance was read at 590 nm.

Matrix-detachment assays

24-well plates were coated with poly 2-hydroxyethyl methacrylate
(polyHEMA; 30 mg/ml; Sigma-Aldrich) and dried overnight. Tryp-
sinized cells were plated (2.5 x 10* per well) in serum-free medium
with the reagents indicated in the figure legends for the times noted.
Cells were counted with a hemocytometer using trypan blue exclusion.
Total cell number was calculated by multiplying the mean of cells per
square by the dilution factor and chamber volume.

Biochemical experiments

For immunoblotting, cells were extracted using radioimmunoprecipita-
tion assay buffer containing protease inhibitors (Boston BioProducts).
Extracts were separated by SDS-PAGE and immunoblotted using the
antibodies specified in the figure legends. Immunoprecipitation was
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performed on precleared lysates by incubation with the primary anti-
body and, subsequently, protein G sepharose beads (Sigma-Aldrich).
Immune complexes were dissociated, and proteins were separated by
SDS-PAGE and immunoblotted as described in the figure legends. For
qPCR, RNA was isolated from cells with NucleoSpin Gel and the PCR
Clean-Up kit (Macherey-Nagel), and cDNAs were produced using the
All-In-One ¢cDNA Synthesis SuperMix (BioScript Solutions). gPCR
was performed using a SYBR Green master mix (biotool.com). Se-
quences for primers used are provided in Table S1. The two-tailed Stu-
dent 7 test was used to assess statistical significance.

To assess cytotoxicity, the LDH assay (Thermo Fisher Scien-
tific) was used, according to the manufacturer’s specifications. In brief,
5,000 cells were cultured in 96-well adherent or polyHEMA-coated
plates in serum-free media for 4 h in DMSO, erastin (10 uM), or fer-
rostatin-1 (2 uM), as indicated. Medium from each well was reacted to
form red formazan. Absorbance was read at 490 and 680 nm, and the
LDH per well was calculated.

To assay lipid peroxidation, the MDA lipid peroxidation mi-
croplate assay (Sigma-Aldrich) was used according to manufactur-
er’s specifications. In brief, cells (10°) were cultured in serum-free
medium on polyHEMA-coated plates for 4 h. Cells were collected,
lysed, and reacted with thiobarbituric acid. Fluorescence was read at
532 (excitation) and 590 (emission). Lipid peroxidation levels were
normalized to protein concentration. Glutathione peroxidase activity
assay (BioVision) was performed according to the manufacturer’s
specifications. In brief, cells (10°) were trypsinized and cultured in
serum-free medium on polyHEMA-coated plates for 4 h. Cells were
lysed and challenged with cumene hydroperoxide to assess the ac-
tivity of glutathione peroxides. Plates were read at 340 nm 5 min
after challenge. Glutathione peroxidase activity was normalized
to protein concentration.

Molecular biology experiments

For CRISPR-mediated deletion of the P4 integrin subunit, guide
RNAs targeting exon 1 of the p4 sequence were selected using two
websites, CRISPR Design (http://crispr.mit.edu) and CRISPRdirect
(https://crispr.dbcls.jp). Four guide RNAs were tested, and the
two most efficient knockouts were selected and used to control
for potential off-target effects. Cells were subcloned by FACS and
screened for loss of protein expression by immunoblot. To rescue
the P4 deletion, the protospacer-adjacent motif (PAM) sequences
targeted by the guide RNAs were mutated using the New England
Biolabs, Inc., Q5 site-directed mutagenesis kit in pcDNA3.1-Myc-p4
(16039; Addgene). Mutagenesis primers were designed using the
New England BioLabs, Inc., BaseChanger tool. Silent mutations
were used to prevent changes in the amino acid sequence (Table S1).
To express constitutively active Src, MCF10-A and SUM-159 vector
control or B4-depleted cells were incubated with lentiviral-packaged
Tet-CA-Src-GFP for 24 h before selection with 2 pg/ml puromycin
for 7 d. Src expression was induced by 24-h incubation with 2 ug/ml
doxycycline. To express GPX4, a plasmid construct for GPX4 was
purchased from OriGene (RC208065). Cells were transfected with
10 pg DNA using Lipofectamine 2000 (Thermo Fisher Scientific)
and incubated for 48 h before use.

ENCODE database analysis

The signal of the STAT3 chromatin immunoprecipitation sequencing on
the human MCF10A cell line (a stably expressed Er—Src fusion protein
treated with 0.01% ethanol) was downloaded from the ENCODE
project (https://www.encodeproject.org/experiments/ENCSR000DOZ
/; National Human Genome Research Institute). The track was plotted
with the Bioconductor trackViewer (version 1.12.0) package.

JCB e 2017

Statistical analysis

The bars in graphs represent means = SD. All experiments were re-
peated at least three times. The p-value was calculated using Student’s
t test and a p-value <0.05 was considered significant.

Online supplemental material
Table S1 lists the primers used for JPCR and mutagenesis analyses.
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Ferroptosis is an iron-dependent form of programmed cell
death characterized by the accumulation of lipid-targeting reac-
tive oxygen species that kill cells by damaging their plasma
membrane. The lipid repair enzyme GSH peroxidase 4 (GPX4)
protects against this oxidative damage and enables cells to resist
ferroptosis. Recent work has revealed that matrix-detached car-
cinoma cells can be susceptible to ferroptosis and that they can
evade this fate through the signaling properties of the 64
integrin, which sustains GPX4 expression. Although these find-
ings on ferroptosis are provocative, they differ from those in
previous studies indicating that matrix-detached cells are prone
to apoptosis via a process referred to as anoikis. In an effort to
reconcile these discrepant findings, here we observed that
matrix-detached epithelial and carcinoma cells cluster sponta-
neously via a mechanism that involves the cell adhesion protein
PVRL4 (also known as Nectin-4). We found that this clustering
process allows these cells to survive by stimulating a PVRL4/
a634/Src signaling axis that sustains GPX4 expression and buf-
fers against lipid peroxidation. In the absence of a634, PVRL4-
mediated clustering induced an increase in lipid peroxidation
that was sufficient for triggering ferroptosis. When the cluster-
ing was inhibited, single cells did not exhibit a significant
increase in lipid peroxidation in the absence of a634, and they
were more susceptible to apoptosis than to ferroptosis. These
results indicate that ferroptosis induction depends on cell clus-
tering in matrix-detached cells that lack a6f34 and imply that
the fate of matrix-detached cells can be determined by the state
of their cell- cell interactions.

Ferroptosis is defined as an iron-dependent form of pro-
grammed cell death that is characterized by the accumulation
of intracellular soluble and lipid reactive oxygen species (ROS)?
that damage the plasma membrane by peroxidation of polyun-
saturated fatty acids (1). At a mechanistic level, ferroptosis is
triggered by the loss of activity of the lipid repair enzyme GSH
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peroxidase 4 (GPX4), which catalyzes the reduction of lipids
and other peroxides and is a target of several ferroptosis induc-
ers (2). The antiporter system X, which imports cystine into
the cell in exchange for glutamate, also has a critical role in
protecting against ferroptosis because cysteine, the monomeric
form of cystine, is a building block for the antioxidant GSH,
which is a co-factor for GPX4 (3, 4). Molecules that inhibit
system X, such as erastin, trigger ferroptosis and have proven
to be useful for studying this process in detail (4, 5).

Rapid progress is being made in unraveling the biochemical
nature of ferroptosis and determining its role in specific biolog-
ical and pathological processes. A central theme that is emerg-
ing from these studies is the essential role of GPX4 in enabling
cells to resist ferroptosis, a role that is particularly important for
more aggressive tumor cells (6). Less is known, however, about
the cell biological context of the mechanisms used to either
promote or evade ferroptosis. Recently, we discovered that fer-
roptosis is a component of cell death induced by the detachment
of epithelial and carcinoma cells from the matrix (7). We also
observed that the a634 integrin has the ability to confer ferroptosis
resistance under these conditions. In other terms, matrix-de-
tached cells undergo ferroptosis but only in the absence of a634.
The mechanism underlying this phenomenon involves the ability
of a634 to sustain GPX4 expression and activity in matrix-de-
tached cells and buffer the increase in lipid peroxidation that
occurs in these cells, which can trigger ferroptosis (7).

Our findings on ferroptosis are provocative, but they differ
from prior studies concluding that matrix-detached cells are
prone to apoptosis, a process referred to as anoikis, unless survival
mechanisms are enabled (8, 9). In an effort to reconcile these dis-
crepant findings, we observed that matrix-detached epithelial and
carcinoma cells cluster spontaneously by a mechanism that
involves PVRL4 (also known as Nectin-4). If this clustering is
inhibited, then single cells are more susceptible to apoptosis in the
absence of a634. Based on these observations, we explored the
possibility of a functional connection between cell clustering and
ferroptosis. Indeed, the data we report reveal that ferroptosis
depends on cell clustering in matrix-detached cells that lack a634.

Results

Matrix-detached cells cluster spontaneously by a mechanism
that is independent of a6 34

Our interest in understanding the distinction between fer-
roptosis and apoptosis in matrix-detached carcinoma cells was
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Figure 1. Breast epithelial and carcinoma cells preferentially cluster upon matrix detachment. A, MCF10-A, SUM-159, and Hs578t cells (vector and
B4-depleted) were detached and allowed to cluster spontaneously or treated with either 2 mm EDTA or 0. 5% methylcellulose to generate single-cell suspen-
sions. Photomicrographs were taken 2 h post-detachment. Scale bars = 10 microns. B, quantification of MCF10-A, SUM-159, and Hs578t clusters was performed
by counting the total number of single and clustered cells, total number of clusters (defined as = 3 cells). Six independent photos of each cell line and each
condition were quantified. ***, p < 0.005. C, the B4 integrin subunit was depleted in Hs578t cells by CRISPR/Cas9 using two independent guide RNAs (34-3 and

B4-4). Depletion of 34 expression was verified by immunoblotting.

piqued by the observation that immortalized mammary epithe-
lial cells (MCF10-A) and breast carcinoma cells (SUM-159 and
Hs578t) cluster spontaneously upon detachment (Fig. 1, A and
B). These clusters could be dissociated into single cells with
either 0.5% methylcellulose or 2 mm EDTA (Fig. 1, A and B).
Interestingly, we did not observe significant differences in clus-
ter number upon depletion of a684 using CRISPR/Cas9 to
knock down the 4 subunit using two guide RNAs that target
different regions of the first exon of ITGB4 (referred to as 4-3
and B4-4) (Fig. 1, Band C), indicating that this integrin does not
contribute to clustering.

Clustering of matrix-detached cells influences the relative
levels of ferroptosis and apoptosis in the absence of a6 34

The observations described above prompted us to assess the
role of cell clustering in ferroptosis that is triggered by the loss

12742 | Biol. Chem. (2018) 293(33) 12741-12748

of a6B4. For this purpose, we assayed cell viability 24 h after
matrix detachment as a function of a634 expression in clus-
tered cells or single cells (MCF10-A, SUM-159, and Hs578t)
that had been generated using either methylcellulose or EDTA.
These cells, which express «634, remained viable 24 h after
matrix detachment regardless of their clustering status (Fig. 2,
A-C). In response to loss of a634 by CRISPR/Cas9-mediated
knockdown of the 4 subunit, however, a dramatic decrease in
viability was seen under all conditions (Fig. 2, A-C), confirming
the importance of the «6p4 integrin in maintaining survival in
response to stress. It is important to note that CRISPR-medi-
ated depletion of the B4 subunit in these cells does affect
expression of the a6 integrin subunit, and they express the
a6B1 integrin (7). Specificity is also evidenced by our previous
finding that expression of the 84 construct that cannot be tar-
geted by these CRISPRs in (34-depleted cells rescued their
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Figure 2. Clustering of matrix-detached cells influences the relative levels of ferroptosis and apoptosis in the absence of a6pB4. A, control and
B4-depleted cells were detached for 24 h in the presence of either DMSO, ferrostatin-1 (2 um), Z-VAD-fmk (25 um), or ferrostatin-1 and Z-VAD-fmk, and the
number of viable cells was quantified. B, control and B4-depleted cells were detached for 24 h with 2 mm EDTA in the presence of either DMSO, ferrostatin-1 (2
M), Z-VAD-fmk (25 um), or ferrostatin-1 and Z-VAD-fmk, and the number of viable cells was quantified. C, control and B4-depleted cells were detached for 24 h
with 0.5% methylcellulose in the presence of either DMSO, ferrostatin-1 (2 um), Z-VAD-fmk (25 um), or ferrostatin-1 and Z-VAD-fmk, and the number of viable

cells was quantified. NS, not significant. **, p < 0.01, *** p < 0.005.

viability under matrix-detached conditions (7). Moreover,
the @3p1 integrin does not promote ferroptosis resistance in
these cells (7).

To determine whether the nature of cell death differed
between clustered and single detached cells in the absence of
634, we compared the ability of ferrostatin-1, Z-VAD-fmk, or
both inhibitors to rescue the viability of detached, a6B4-de-
pleted cells in the presence or absence of either methylcellulose
or EDTA. In the absence of methylcellulose or EDTA, either
inhibitor alone yielded a partial rescue of viability, and the use
of both inhibitors resulted in a complete rescue (Fig. 24),
indicating that ferroptosis and apoptosis contribute to the
death of these cells. Interestingly, though, ferrostatin-1 was
unable to rescue viability in the presence of methylcellulose
or EDTA (single cells), but Z-VAD-fmk did rescue viability
almost completely (Fig. 2, B and C). These results indicate
that cell clustering predisposes cells to ferroptosis in the
absence of a6B4 and that disruption of these clusters results
in apoptosis. Moreover, the finding that a634-depleted cells
are prone to both ferroptosis and apoptosis in the absence of
EDTA and methylcellulose probably reflects the fact that
this population is comprised of a mixture of clustered and
single cells (Fig. 14).

SASBMB

Lipid peroxidation is significantly higher in clustered,
detached cells compared with single cells in the absence
of w634

To understand why clustered but not single cells are prone to
ferroptosis in the absence of a6834, we quantified lipid peroxi-
dation, which is the root cause of ferroptosis, using the malon-
dialdehyde (MDA) assay. Indeed, depletion of a634 resulted in
a marked increase in lipid peroxidation in clustered but not
single cells (Fig. 3A). This finding suggests that the clustering of
detached cells has the potential to increase lipid peroxidation to
levels that are sufficient to trigger ferroptosis and that a684
mitigates these effects on clustered cells. The observation that
detached single cells do not exhibit this increase in lipid peroxi-
dation is consistent with our finding that these cells are not
susceptible to ferroptosis.

The above results suggest that «634 function differs between
detached clustered and single cells and that this integrin facili-
tates a mechanism to evade ferroptosis in detached, clustered
cells. Based on our previous work (7), we focused on the ability
of a6B4 to induce GPX4 expression and activity in these dis-
tinct populations. We observed that GPX4 mRNA (Fig. 3B) and
protein (Fig. 3C) expression increased significantly upon matrix
detachment of clustered cells (2 h), but this increase was less
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Figure 3. Clustering of matrix-detached cells influences lipid peroxidation, GPX4 expression, and Src activity. A, lipid peroxidation was quantified using
the MDA assay in control and B4-depleted MCF10-A and SUM-159 cells under either adherent, detached clustered (no additive), or detached single (0.5%
methylcellulose) conditions for 4 h. Similar results were obtained using 2 mm EDTA. B, GPX4 mRNA expression was quantified by qPCR in control and
B4-depleted MCF10-A and SUM-159 cells under either adherent, detached clustered (no additive) or detached single (0.5% methylcellulose) conditions for 2 h.
C, GPX4 protein expression was assessed by immunoblotting in control MCF10-A, SUM-159, and Hs578t cells under detached clustered (no additive) or
detached single (0.5% methylcellulose) conditions for 4 h.Immunoblots were quantified by densitometry, and the ratio of the intensity of the GPX4/actin bands
relative to adherent cells is shown under the blots. D, SUM-159 B4-depleted cells were detached for 24 h with either no additive (clustered) or 2 mm EDTA
(single) in the presence of either DMSO or 500 mm a-tocopherol, and the number of viable cells was quantified. E, control and B4-depleted cells SUM-159 cells
that had been transfected with either a vector control or a GPX4 expression vector were detached for 24 h with no additive (Control) or 0.5% methylcellulose,
and the number of viable cells was quantified. F, SUM-159 and Hs578t control cells were assessed for phosphorylated (Tyr-418) Src by immunoblotting under
adherent conditions (Adh) as well as following 2 h of matrix detachment with no additive (NA), 2 mm EDTA (EDTA), or 0.5% methylcellulose (MC). NS, not

significant. **, p < 0.01, ***, p < 0.005.

evident in single cells. The increase in GPX4 expression
depends on a6B4, consistent with our previous results (7).
Moreover, the viability of the clustered, a6B4-depleted cells
was rescued by either the lipophilic antioxidant a-tocopherol
(Fig. 3D) or exogenous expression of GPX4 (Fig. 3E). In con-
trast, neither a-tocopherol nor GPX4 re-expression in a634-
depleted, single cells rescued viability. These data infer that
a6B4 signaling differs between clustered and single, matrix-
detached cells. Given that the induction of GPX4 expression
upon matrix detachment depends on a634/Src signaling (7),
we assessed Src activation in detached clustered and single cells
as a function of @634 expression. Matrix detachment caused an
increase in activated Src in clustered cells, as assayed by Tyr-
418 immunoblotting, that was dependent on a6B4 expres-
sion and was not detected in either EDTA- or methylcellu-
lose-treated cells (Fig. 3F).

PVRL4 mediates clustering of matrix-detached cells and
ferroptosis resistance

An important issue that arose from our data concerns the
mechanism by which matrix-detached cells cluster and the

12744 | Biol. Chem. (2018) 293(33) 12741-12748

contribution of this mechanism to ferroptosis resistance. The
possibility that this clustering is mediated by E-cadherin is
negated by the fact that two of the cell lines we studied (SUM-
159 and Hs578t) have a mesenchymal phenotype and express
little, if any, E-cadherin. We confirmed this assumption by
treating matrix-detached cells with a function-blocking E-cad-
herin Ab (DECMA-1) and observed no effect on clustering (Fig.
4A). Interestingly, however, DECMA-1 had no effect on the
percentage of MCF10-A cells in clusters, although it did cause a
significant decrease in the number of large (10+ cells) clusters
(Fig. 4B). In contrast, treatment of adherent MCF10-A cells
with DECMA-1 disrupted cell- cell adhesion (Fig. 4C). For this
reason, we focused on the cell surface receptor PVRL4 (also
referred to as nectin-4) because it has been shown to mediate
the clustering of matrix-detached carcinoma cells by interact-
ing in trans with PVRL1 (10). Importantly, PVRL4 also main-
tains the survival of these cells by interacting with «684 in cis
and enabling Src activation (10). These seminal studies, how-
ever, did not consider a potential role for PVRL4 in ferroptosis
resistance. For this reason, we initially examined the ability of a
function-blocking PVRL4 Ab to disrupt the clustering of
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Figure 4. PVRL4 mediates clustering upon matrix detachment. A, MCF10-A, SUM-159, and Hs578t vector control cells were detached and allowed to
aggregate in the presence of 4 ug/ml of either IgG, DECMA-1, or a PVRL4-blocking Ab. Photomicrographs were taken 2 h post-detachment. Scale bars = 10 um.
B, quantification of MCF10-A, SUM-159, and Hs578t clusters was performed by counting the total number of single and clustered cells, the total number of
clusters (defined as = 3 cells), and the number of large clusters (defined as = 10 cells). **, p < 0.01, ***, p < 0.005. C, MCF10-A cells were detached and allowed
to readhere in the presence of either IgG or DECMA-1. Photomicrographs were taken at 24 h. Scale bar = 10 um. D, SUM-159 control and 4-depleted cells
under adherent, detached clustered, or detached single cell conditions were assessed for expression of PVRL4 mRNA by qPCR.

matrix-detached cells and found that this Ab was as effective as
either EDTA or methylcellulose in disrupting clusters into sin-
gle cells (Fig. 4A4). Depletion of B4 did not significantly affect
PVRLA4 expression in B4-depleted cells (Fig. 4D).

The above finding prompted us to assess the contribution of
PVRLA4 to the cell death that occurs upon matrix detachment.
Matrix-detached cells that express a6p4 exhibited no signifi-
cant loss of viability in response to treatment with the PVRL4
function-blocking antibody compared with the IgG control
(Fig. 5A), supporting our conclusion that this integrin promotes
the survival of clustered and single, matrix-detached cells. As
we reported previously (7), matrix-detached cells that lack
a634 exhibit a dramatic loss of viability that is rescued by fer-
rostatin-1. In marked contrast, a6B34-depleted cells treated
with the PVRL4 function-blocking antibody exhibited a signif-
icant loss of viability that was rescued by Z-VAD-fmk and not
ferrostatin-1 (Fig. 5B). This result indicates that disruption of
PVRL4-mediated clustering of a6f4-depleted cells renders
them sensitive to apoptosis as opposed to ferroptosis and that
PVRLA4 is necessary to execute ferroptosis in this population of
cells.

Given that a6B4-mediated Src signaling maintains the sur-
vival of matrix-detached cells (7), we examined the impact of
the PVRL4 function-blocking antibody on Src activation in
matrix-detached cells. Indeed, disruption of cell clustering by
this antibody resulted in a significant decrease in Src activa-
tion compared with control cells, as assessed by phospho-Src
(Tyr-418) immunoblotting (Fig. 5C). A causal role for Src
activation in ferroptosis resistance is indicated by the obser-
vation that Src inhibition using PP2 decreased the viability of
clustered, matrix-detached cells significantly and that this
loss of viability was rescued by ferrostatin-1 but not Z-VAD-
fmk. (Fig. 5D). Together, these results indicate that PVRL4-
mediated clustering is necessary for a6f4-mediated Src
activation.

SASBMB

Discussion

The results of this study reveal an intimate relationship
between the clustering of matrix-detached carcinoma cells and
ferroptosis. We conclude from our data that matrix-detached
carcinoma cells cluster spontaneously and that this clustering
triggers an increase in lipid peroxidation that is sufficient to
induce ferroptosis. Ferroptosis can be evaded under these con-
ditions when these cells express the «634 integrin, which func-
tions to buffer lipid peroxidation by sustaining GPX4 expres-
sion. In marked contrast, dissociation of clustered, detached
cells into single cells results in apoptosis in the absence of a634.
An important and novel inference from these data is that the
fate of matrix-detached cells can be determined by the state of
their cell-cell interactions.

Our findings build upon the seminal study by Elledge and
co-workers (10) that identified PVRL4 in a gain-of-function
screen for genes that promote the survival of matrix-detached
carcinoma cells. Not only did they implicate PVRL4 in the clus-
tering of matrix-detached carcinoma cells and anoikis resis-
tance, they also demonstrated that PVRL4 enables a634-medi-
ated Src activation and the importance of this pathway in the
survival of these detached cells. Our work substantiates these
findings and extends them to ferroptosis resistance. Indeed, we
demonstrate that the PVRL4/a634/Src axis allows matrix-de-
tached cells to resist ferroptosis by sustaining GPX4 expression
and minimizing lipid peroxidation, establishing a novel role for
PVRL4 in ferroptosis resistance mechanisms. Interestingly,
however, we also show that PVRL4 can promote ferroptosis in
the absence of a634 by mediating cell clustering and contrib-
uting, either directly or indirectly, to increased lipid peroxida-
tion. In other terms, this observation implies that the process of
cell clustering mediated by PVRL4 stimulates an increase in
lipid peroxidation by a mechanism to be determined and that
this scenario does not occur in single cells, which do not engage
PVRL4-mediated adhesion.
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was assessed by immunoblotting. D, cells (MCF10-A and SUM-159) were assessed for viability after 24 h of detachment (clustered conditions) in the presence

of either DMSO, PP2 (10 um), or PP2 in combination with either ferrostatin-1 (2 um) or Z-VAD-fmk (25 um). **, p < 0.01, ***, p < 0.005.

Previous studies have noted the role of cell “aggregation” in
promoting apoptosis resistance in matrix-detached squamous
carcinoma and ErbB2-expressing MCF10-A mammary epithe-
lial cells (11, 12). These studies focused on cells that expressed
E-cadherin, and they implicated E-cadherin as the mediator of
cell aggregation and apoptosis resistance. For this reason, our
finding that PVRL4 mediates the clustering of matrix-detached
MCF10-A cells is intriguing and raises the need to investigate
the relationship between E-cadherin- and PVRL4-mediated
cell-cell adhesion. Our primary interest, however, is survival
mechanisms used by aggressive carcinoma cells, which often
exhibit a mesenchymal phenotype and express little, if any,
E-cadherin (13). In fact, the carcinoma cell lines used in our
study are mesenchymal when grown as adherent cells but retain
the ability to engage in cell-cell adhesion upon matrix detach-
ment, a scenario that mimics the transition from aggressive
primary carcinomas to circulating tumor cells, which tend to
cluster (14).

Although studies of the nature of cell death triggered by
matrix detachment have focused largely on apoptosis, it is
becoming apparent that other modes of cell death can occur
that involve elevated ROS levels (15, 16). Our findings establish
ferroptosis as one such ROS-mediated form of cell death. They
also provide insight into the cell biological parameters that
influence ferroptosis by revealing how the clustering of matrix-
detached carcinoma cells can promote ferroptosis as opposed

12746 J. Biol. Chem. (2018) 293(33) 12741-12748

to apoptosis. On a broader level, the role of ferroptosis in elim-
inating matrix-detached carcinoma cells is timely and signifi-
cant based on the recent realization that aggressive carcinoma
cells with a mesenchymal phenotype are highly sensitive to fer-
roptosis unless they enable mechanisms that sustain GPX4
expression (6). Based on our data, PVRL4/a684/Src signaling in
the context of cell clustering could be one such mechanism.

Experimental procedures
Cell lines and reagents

MCF10-A cells were obtained from the Barbara Ann Karma-
nos Cancer Institute, and SUM-159 cells were provided by Dr.
Stephen Ethier (Medical College of South Carolina). Hs578T
cells were provided by Dr. Dohoon Kim (UMass Medical
School). MCF10-A cells were maintained in Dulbecco’s modi-
fied Eagle’s medium/F-12 (Gibco) with 5% horse serum, 1%
pen/strep (Gibco), 20 ng/ml epidermal growth factor (Pepro-
tech), 0.5 mg/ml hydrocortisone (Gibco), 100 ng/ml cholera
toxin (Sigma), and 10 pg/ml insulin (Sigma). SUM-159 cells
were maintained in F-12 (Gibco) medium with 5% fetal bovine
serum (Hyclone), 1% pen/strep, 0.5 mg/ml hydrocortisone, and
10 pug/ml insulin. Hs578t cells were maintained in Dulbecco’s
modified Eagle’s medium high-glucose (Gibco) with 10% fetal
bovine serum, 1% pen/strep, and 10 wg/ml insulin. All cells
were checked quarterly for mycoplasma and authenticated
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using the University of Arizona Genetic Core. The following
antibodies were used: GPX4 (Abcam, ab125066), actin (Sigma-
Aldrich), integrin B4 (505; Ref. 18), phospho-Src Y418 (R&D
Systems, MAB2685), total Src (Santa Cruz Biotechnology,
sc-8056), DECMA-1 (Abcam, ab11512), PVRL4 (R&D Systems,
17402; Cell Signaling Technology, 17402). Other reagents used
were as follows: Z-VAD-fmbk (SelleckChem), ferrostatin-1 (Sigma-
Aldrich), a-tocopherol (Sigma-Aldrich), and PP2 (SelleckChem).

Matrix detachment assays

Twenty-four-well plates were coated with 800 ul of poly-
HEMA (30 mg/ml, Sigma-Aldrich) and dried overnight at room
temperature. Cells were trypsinized, and complete medium was
used to quench the trypsin. Cells were counted, and the remain-
ing suspension was diluted to 2.5 X 10* cells/100 ul and plated
(100 ul/well) in cell-line specific serum-free medium with the
reagents indicated in the figure legends for the times noted.
Four wells were plated per condition as technical replicates.
Cells were counted with a hemocytometer using trypan blue
exclusion. Total cell number was calculated by multiplying
average cells per square by dilution factor and chamber volume.

Biochemical experiments

For all experiments, three wells were plated per condition for
each independent experiment as technical replicates, and at
least three independent experiments were performed. For
immunoblotting, cells collected in to prechilled tubes and spun
down before washing twice in ice-cold PBS. Protein was
extracted using radioimmune precipitation assay buffer con-
taining protease and phosphatase inhibitors (Boston Bioprod-
ucts, Worcester, MA) by lysing cells for 15 min on ice, followed
by centrifugation at maximum speed for 15 min at 4 °C. Super-
natant was collected, and protein concentration was quantified
using Bradford reagent (Bio-Rad). Samples (25 ug of protein)
were separated by SDS-PAGE and immunoblotted using the
Abs specified in the figure legends. For qPCR, RNA was isolated
from cells using the NucleoSpin Gel and PCR Clean-Up kit
(Macherey-Nagel). Briefly, cells were collected and lysed imme-
diately following centrifugation, and RNA was isolated follow-
ing the manufacturer’s specifications. RNA concentrations
were determined by Nanodrop, and complementary DNA (1
pg/sample) was produced using All-In-One cDNA Synthesis
SuperMix (BioScript). qPCR was performed using Cyber Green
Master Mix (BioTool). The sequences for primers used are as
follows: 18S, 5'-AACCCGTTGAACCCCATT-3" (forward)
and 5'-CCATCCAATCG GTAGTAGCG-3' (reverse), derived
from NT_167214.1; GPX4, 5'-GAGGCAAGACCGAAGTAA-
ACTAC-3' (forward) and 5'-CCGAACTGGTTACACGG-
GAA-3’ (reverse), derived from NC_000019.10.

To assay lipid peroxidation, the MDA lipid peroxidation
microplate assay (Sigma-Aldrich) was used according to the
manufacturer’s specifications. Briefly, cells (1 X 10°) were cul-
tured in cell-line specific, serum-free medium on polyhydroxy-
ethylmethacrylate (polyHEMA)— coated plates for 4 h. Three
wells were plated per condition for each independent exper-
iment as technical replicates. Cells were collected, lysed, and
reacted with thiobarbituric acid for 1 hat 95 °C. An aliquot of
lysate (5 wl) was saved for protein concentration determina-
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tion using the Bradford assay prior to reaction with thiobar-
bituric acid. Fluorescence was read at 532 (excitation)/590
(emission). Lipid peroxidation levels were normalized to
protein concentration.

Molecular biology experiments

For CRISPR-mediated deletion of the 34 integrin subunit,
guide RNAs (sgRNA) targeting exon 1 of the 4 sequence were
selected using CRISPR Design (http://crispr.mit.edu)* and
CRISPRdirect (https://crispr.dbcls.jp; 17).* Four guide RNAs
were tested, and the two most efficient knockouts were
selected. The guide RNA sequences used were as follows: B4-3,
5'-CACCGTTGTCCAGATCATCGGACA-3' and 5'-AAAC-
TGTCCGATGATCTGG ACAAC-3'; B4-4, 5'-CACCGAAA-
TCCAATAGTGTAGTCGC-3' and 5'-AAACGCGACTACA-
CTAT TGGATTTC-3'. Cells were subcloned by FACS and
screened for loss of protein expression by immunoblotting.
New CRISPR-depleted cells were generated every 3 months to
control for potential secondary effects caused by long-term
gene depletion. To express GPX4, a plasmid construct for
GPX4 was purchased from Origene (RC208065). Cells were
transfected with 10 ug of DNA using Lipofectamine 2000
(Thermo Fisher) and incubated for 48 h prior to use.

Statistical analysis

The error bars in graphs represent mean = S.D. All experi-
ments were repeated at least three times. The p values were
calculated using ANOVA, and a p value of less than 0.05 was
considered significant.

Author contributions—C. W.B. and A.M. M. conceptualization;
C.W.B.and].]. A. data curation; C. W. B. formal analysis; C. W. B.
and A. M. M. funding acquisition; C. W. B. investigation; C. W. B.
and J.J. A. methodology; C. W.B. and A. M. M. writing-original
draft; C. W. B. and A. M. M. writing-review and editing; J. J. A. soft-
ware; A. M. M. supervision; A. M. M. project administration.
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SUMMARY

Ferroptosis, regulated cell death characterized by
the iron-dependent accumulation of lethal lipid reac-
tive oxygen species, contributes to tissue homeosta-
sis and numerous pathologies, and it may be ex-
ploited for therapy. Cells differ in their sensitivity to
ferroptosis, however, and a key challenge is to un-
derstand mechanisms that contribute to resistance.
Using RNA-seq to identify genes that contribute to
ferroptosis resistance, we discovered that pro-fer-
roptotic stimuli, including inhibition of the lipid hydro-
peroxidase GPX4 and detachment from the extracel-
lular matrix, induce expression of prominin2, a
pentaspanin protein implicated in regulation of lipid
dynamics. Prominin2 facilitates ferroptosis resis-
tance in mammary epithelial and breast carcinoma
cells. Mechanistically, prominin2 promotes the for-
mation of ferritin-containing multivesicular bodies
(MVBs) and exosomes that transport iron out of the
cell, inhibiting ferroptosis. These findings reveal
that ferroptosis resistance can be driven by a
prominin2-MVB-exosome-ferritin pathway and have
broad implications for iron homeostasis, intracellular
trafficking, and cancer.

INTRODUCTION

Ferroptosis is a regulated form of non-apoptotic cell death char-
acterized by the iron-dependent accumulation of lethal lipid
reactive oxygen species (ROS) (Dixon et al., 2012; Yang et al.,
2016; Yang and Stockwell, 2016). This process can contribute
to pathological cell death in brain, kidney, heart, and other tis-
sues (Do Van et al., 2016; Fang et al., 2019; Friedmann Angeli
et al., 2014; Hangauer et al., 2017; Hirschhorn and Stockwell,
2019). There is also an interest in understanding the role of fer-
roptosis in cancer and potentially exploiting this mechanism
therapeutically (Dixon and Stockwell, 2019). Interestingly, fer-

roptosis sensitivity varies substantially among cancer cells
from distinct tissue lineages that express certain tumor suppres-
sors or have acquired unique cell drug-tolerant or de-differenti-
ated cell states (Hangauer et al., 2017; Jiang et al., 2015; Tsoi
et al., 2018; Viswanathan et al., 2017; Yang et al., 2014; Zhang
et al., 2019). At the molecular level, mechanisms that can ac-
count for the observed variation in ferroptosis sensitivity be-
tween cells remain largely elusive.

Ferroptosis can be initiated by a number of stimuli that disrupt
intracellular glutathione-mediated antioxidant systems or
directly overload the cell with iron (Stockwell et al., 2017). For
example, it is possible to induce ferroptosis by depriving cells
of the thiol-containing amino acid cystine (the disulfide of
cysteine), a key glutathione precursor, or by directly inhibiting
the reduced glutathione (GSH)-dependent phospholipid hydro-
peroxide glutathione peroxidase 4 (GPX4) (Dixon et al., 2012;
Yang et al., 2014). GPX4 catalyzes the reduction of reactive lipid
hydroperoxides to non-reactive lipid alcohols. This reaction is
essential to prevent a buildup of lipid hydroperoxides, which
can participate in Fenton chemistry reactions when free iron is
present that lead to the generation of toxic lipid alkoxy radicals
and subsequently other reactive lipid breakdown products
(Dixon and Stockwell, 2019). The execution of ferroptosis, there-
fore, relies on the combined presence of oxidizable lipids (e.g.,
polyunsaturated phospholipids) and free iron, which, in the
absence of sufficient GPX4-mediated lipid peroxide detoxifica-
tion, result in oxidative destruction of the plasma membrane
and other internal organelle membranes (Agmon et al., 2018;
Magtanong et al., 2019). Physiological stress such as detach-
ment of cells from the extracellular matrix can increase ROS
and is sufficient to trigger ferroptosis if GPX4 activity is inhibited
(Brown et al., 2017).

Iron is essential for cell growth, but it can also promote toxic
ROS formation, as occurs during ferroptosis (Torti et al., 2018).
How intracellular iron homeostasis contributes to ferroptosis
sensitivity is only partially understood. Iron can be taken into
cells via the transferrin and transferrin receptor system, and ge-
netic silencing of the transferrin receptor partially inhibits ferrop-
tosis (Gao et al., 2016; Yang and Stockwell, 2008). NCOA4-
mediated, lysosomal-dependent degradation of the iron storage
protein ferritin contributes to the pool of free intracellular iron and
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thereby promotes ferroptosis; genetic depletion of NCOA4 or
chemical inhibition of lysosomal acidification both attenuate fer-
roptosis (Gao et al., 2016; Hou et al., 2016; Torii et al., 2016).
Furthermore, manipulation of ferroportin-mediated iron export
can alter ferroptosis sensitivity, with reduced ferroportin expres-
sion leading to less iron export and increased ferroptosis sensi-
tivity (Geng et al., 2018; Ma et al., 2016). Thus, the modulation of
intracellular free iron levels by the cellular iron homeostatic
network emerges as a key regulator of ferroptosis sensitivity.
Interestingly, intracellular free iron levels can vary between can-
cer cells and cancer cell states (e.g., in metastatic versus non-
metastatic cells), which might be expected to contribute to dif-
ferences in ferroptosis sensitivity (Geng et al., 2018). There is
also some evidence that iron levels may be dynamically regu-
lated within the cell in response to ferroptosis-inducing condi-
tions, suggesting that uncharacterized regulatory mechanisms
may alter intracellular iron, possibly in an attempt to negatively
regulate the onset of ferroptosis (Ma et al., 2016).

In this study, we used an unbiased approach to investigate
how mammary epithelial and breast carcinoma cells survive in
response to pharmacological and physiological ferroptotic
stress. We observed that cells can resist the onset of ferroptosis
by dynamically upregulating an unprecedented iron export
pathway involving multivesicular body (MVB)/exosome traf-
ficking of ferritin and iron out of the cell. This process limits the
intracellular accumulation of free iron and inhibits the onset of
ferroptosis. By contrast, inactivation of this program, either nor-
mally or following chemical or genetic inhibition of key steps of
this process, substantially increases ferroptosis sensitivity.
These findings pinpoint a mechanism that leads to variation in
ferroptosis sensitivity and suggest that dynamic MVB/exo-
some-mediated iron export may be a homeostatic mechanism
acting to restrict the initiation of ferroptosis, thereby preventing
cell death under conditions of sub-lethal stress exposure.

RESULTS

Prominin2 Is Induced by Ferroptotic Stress and

Promotes Resistance to Ferroptotic Cell Death

To gain insight into mechanisms that promote ferroptosis resis-
tance, we exploited our recent finding that detachment of certain
cells from the extracellular matrix (ECM) is a pro-ferroptotic
stress (Brown et al., 2017, 2018). We reasoned that cells that
can survive under detached conditions may do so by upregulat-
ing a protective gene expression program that prevents cell
death. To identify such genes, we compared mRNA expression
in adherent and ECM-detached MCF10A immortalized breast
epithelial cells by RNA-sequencing (GSE115059). PROM2,
which encodes the pentaspanin protein prominin2, captured
our attention because its expression was significantly increased
in ECM-detached cells compared to adherent cells. Also, it is
thought to have a role in lipid dynamics and membrane organiza-
tion, processes that could be relevant for ferroptosis resistance
(Doll et al., 2017; Florek et al., 2007; Jaszai et al., 2010; Singh
et al., 2013). We confirmed that prominin2 was rapidly upregu-
lated in MCF10A cells in response to ECM detachment at
the protein and mRNA level (Figures 1A and 1B). Increased
PROM2 was also observed in detached versus adherent
Hs578t breast cancer cells (Figure 1B). Silencing of prominin2
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expression in both MCF10A and Hs578t cells resulted in a signif-
icant loss of viability in ECM-detached conditions (Figures 1B
and 1C). Cell viability under these conditions was rescued
by co-treatment with a specific inhibitor of ferroptosis, ferrosta-
tin-1 (Dixon et al., 2012), but not the pan-caspase inhibitor
ZVAD-fmk (Figure 1C). These data indicate that failure to upregu-
late PROM2 upon ECM detachment can result in the induction of
ferroptosis.

We next investigated whether pharmacological inhibition of
GPX4 altered prominin2 expression and impacted ferroptosis
in adherent cells. MCF10A and Hs578t cells were treated with
RSL3, a covalent GPX4 inhibitor (Yang et al., 2014), for 2 h result-
ing in increased prominin2 mRNA and protein expression in both
cell lines (Figures 1D and 1E). This effect was not a generic
response to ROS stress because culturing with H>O, did not in-
crease prominin2 expression (Figure S1A). Moreover, expres-
sion of a related family member, prominin1 (CD133), was not
altered significantly by RSL3, substantiating the specificity
of the ferroptotic effect for prominin2 (Figure S1A). Unlike
MCF10A and Hs578t cells, RSL3 did not induce prominin2 in
MDA-MB-231 cells, another breast cancer cell line (Figures 1D
and 1E). We observed that the induction of prominin2 expression
correlated with resistance to ferroptosis induced by GPX4 inhibi-
tion. MCF10A and Hs578t cells were resistant to RSL3-induced
cell death at concentrations up to 2.5 pM, while MDA-MB-231
cells were killed by RSL3 concentrations as low as 0.5 uM
(Figure 1F).

Given the above results, we assessed whether prominin2 was
necessary for resistance to ferroptosis. For this purpose, we
silenced prominin2 expression in MCF10A and Hs578t cells (Fig-
ure S1B) and examined the sensitivity of these cells to ferroptosis
compared to control cells. Here, we tested the covalent GPX4 in-
hibitors RSL3 and ML210 (Weiwer et al., 2012), the indirect GPX4
inhibitor FIN56 (Shimada et al., 2016), and the GSH-depleting
agent erastin, which reduces GPX4 activity indirectly by prevent-
ing the synthesis of its key cofactor (Dixon et al., 2012). Control
MCF10A cells were more resistant to these compounds than
Hs578t cells (Figures 2A and 2B). Nonetheless, a significant in-
crease in sensitivity to all four compounds was observed in
prominin2 knockdown cells compared to control cells for both
cell lines (Figures 2A, 2B, S2A, and S2B). Loss of cell viability
in prominin2-depleted cells was completely rescued by ferrosta-
tin-1, indicating that the greater sensitivity of prominin2-silenced
cells was not caused by the induction of an alternative mode of
cell death (Figure 2C). Given the results obtained with genetic
silencing, we next tested whether overexpression of prominin2
was sufficient to inhibit ferroptosis. Indeed, in MDA-MB-231
cells, exogenous prominin2 expression was sufficient to inhibit
cell death in response to RSL3, ML210, FIN56, and erastin (Fig-
ures 2D, S2C, and S2D). Thus, prominin2 expression promotes
resistance to ferroptosis. Subsequent experiments were per-
formed using RSL3 as a prototypic GPX4 inhibitor.

Prominin2 Promotes the Formation of Multivesicular
Bodies and Exosomes

To gain insight into how prominin2 may promote ferroptosis
resistance, we assessed its subcellular localization following
GPX4 inhibition. Immunofluorescence microscopy revealed
that prominin2 localizes in discrete cytoplasmic puncta in
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Figure 1. Prominin2 Is a Ferroptosis Stress
Response Protein

(A) MCF10A cells were detached from ECM for
30 min, 1 h, 2 h, or 3 h. Extracts from these cells
were immunoblotted for prominin2 and actin.
Immunoblot is representative of three indepen-
dent experiments.

(B) MCF10A and Hs578t cells were transfected
with either control siRNA or prominin2 siRNA for
48 h and then maintained under adherent or ECM-
detached conditions for 2 h. PROM2 mRNA
expression was quantified by qPCR. Shown is
representative experiment of three independent
replicates.

(C) siControl or siProminin2-treated MCF10A and
Hs578t cells were maintained in ECM detached
conditions for 24 h in the presence of either
DMSO, ferrostatin-1 (2 M), ZVAD-fmk (25 uM), or
ferrostatin-1 and ZVAD-fmk and the number of
viable cells was quantified. Shown is representa-
tive experiment of three independent replicates.
(D) Adherent MCF10A, Hs578t, and MDA-MB-231
cells were treated with either DMSO or RSL3 for
2 h and PROM2 mRNA expression was quantified
by gPCR. Shown is representative experiment of
three independent replicates.

(E) Extracts from the cells in (D) were immuno-
blotted with antibodies specific for prominin2 and
tubulin. The densitometric analysis of these im-
munoblots (normalized to 1.0 for each cell line)
obtained from analysis of three independent ex-
periments is shown below the blots.

(F) Adherent MCF10A, Hs578t, and MDA-MB-231
cells were treated with DMSO or RSL3 24 h and
the percent of surviving cells was quantified.
Absorbance was normalized to DMSO control.
Shown is representative experiment of three in-
dependent replicates.

response to GPX4 inhibition by RSL3 (Figures 3A and S3A). As
determined using organelle-specific markers, these puncta did
not co-localize with early endosomes (Rab5A), peroxisomes
(catalase), caveolae (phospho-Caveolin-1), autophagosomes
(LC3), or mitochondria (Mitotracker) (Figure S3B). By contrast,
a striking co-localization was observed between prominin2 and
TSG101, a marker of multivesicular bodies (MVBs) (Razi and Fut-
ter, 2006) (Figures 3A and S3A). MVBs are late endosomes con-
taining cargo within their lumen bound in intraluminal vesicles
(ILVs) (Felder et al., 1990; Gruenberg and Maxfield, 1995). The
cargo can be sorted for degradation in lysosomes or released
into the extracellular space as exosomes (Futter et al., 1996;
Hart and Young, 1991). The co-localization of prominin2 and
TSG101 was evident as early as 30 min following the inhibition
of GPX4, and this co-localization was most prominent in the peri-
nuclear region (Figures 3B and S4A). At later times (1.5-2 h), this
co-localization was evident throughout the cytoplasm. We also
observed that prominin2 exhibited some co-localization with
the lysosomal marker LAMP1 (Cella et al., 1996) (Figure S3C),
which is expected given that some MVBs are trafficked to lyso-
somes (Futter et al., 1996; Razi and Futter, 2006). However, we

discounted a role for lysosomes in ferroptosis resistance under
these conditions based on the observation that NH,Cl treatment,
which inhibits lysosome function (Hart and Young, 1991), had no
effect on the survival of either control or prominin2-depleted cells
following GPX4 inhibition (Figure S3D).

The above results prompted us to assess whether prominin2
promotes MVB formation in response to GPX4 inhibition.
RSL3-treated MCF10A and Hs578t cells contained more
TSG101-positive structures than vehicle control-treated cells,
indicating that GPX4 inhibition induces MVB formation (Figures
3A, 3B, and S4A). Prominin2 localization to MVBs in RSL3-
treated MCF10A and Hs578t cells was confirmed by co-localiza-
tion with Alix and CD9 (Figures S4B and S4C). We then evaluated
whether the formation of these structures is dependent on prom-
inin2 using transmission electron microscopy (TEM). Indeed,
RSL3-treated MCF10A cells contained significantly more
MVBs per cell than control cells, an effect that was not observed
in prominin2-silenced cells (Figure 3C). Notably, this RSL3-stim-
ulated increase in MVBs was rapid (within 2 h). Immunofluores-
cence microscopy also revealed a reduction in TSG101-positive
puncta in prominin2-depleted MCF10A and Hs578t cells
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Figure 2. Prominin2 Increases Resistance to Ferroptosis

Log[concentration FIN56] Log[concentration Erastin]

(A) Prominin2 expression was diminished in adherent MCF10A cells for 48 h using siRNA prior to treatment with RSL3, ML210, FIN56, or erastin for 24 h. The
percent of surviving cells was quantified and compared to cells transfected with an siRNA control. Absorbance was normalized to DMSO control. Shown is
representative experiment of three independent replicates. See Supplemental Information for the ICsq values for these conditions.

(B) Prominin2 expression was diminished in adherent Hs578t cells for 48 h using siRNA prior to treatment with RSL3, ML210, FIN56, or erastin for 24 h. The
percent of surviving cells was quantified and compared to cells transfected with an siRNA control. Absorbance was normalized to DMSO control. Shown is
representative experiment of three independent replicates. See Supplemental Information for the ICsq values for these conditions.

(C) Prominin2 expression was diminished in adherent MCF10A and Hs578t cells for 48 h using siRNA. Cells were treated with either DMSO, RSL3 (5 uM), or RSL3
and ferrostatin-1 (2 uM) for 24 h and the percent of surviving cells was quantified. Shown is representative experiment of three independent replicates. (D) MDA-
MB-231 cells were transfected with either a prominin2 expression construct or a vector control prior to treatment with either DMSO or RSL3 for 2 hrs. The percent
of surviving cells was quantified. Absorbance was normalized to DMSO control. Shown is a representative experiment of three independent replicates.

compared to control cells (Figures 3D, 3E, S5A, and S5B).
Conversely, exogenous prominin2 expression in MDA-MB-231
cells increased the number of TSG101-positive structures and,
as noted above, reduced ferroptosis sensitivity (Figures 3F and
S5C). Consistent with a causal role for MVBs in ferroptosis resis-
tance, diminishing TSG101 expression increased the sensitivity
of MCF10A and Hs578t cells to RSL3-induced cell death (Figures
4A, 4B, and S6A), and this death was rescued with ferrostatin-1
(Figure 4C). These data indicate that GPX4 inhibition stimulates
prominin2 expression and prominin2-dependent MVB forma-
tion, which promote ferroptosis resistance.

MVBs can fuse with the plasma membrane and release ILVs as
exosomes (Harding et al., 1984; Pan et al., 1985). Indeed, we

4 Developmental Cell 57, 1-12, December 2, 2019

observed distinct ILVs in MVBs consistent with the size of exo-
somes (~80 nm) (Raposo and Stoorvogel, 2013) in RSL3-treated
cells (Figure 3C). To assess the impact of GPX4 inhibition on exo-
some formation, exosomes were harvested by ultracentrifuga-
tion from control (DMSO) and RSL3-treated MCF10A and
Hs578t cells. The presence of an exosome fraction was
confirmed by TEM (Figure S6B). GPX4 inhibition increased exo-
some formation as evidenced by the fact that a significant
amount of protein was present in the exosome preparation of
RSL3-treated cells (Figure 4D). In contrast, exosomal protein in
control cells was not detected in this experiment (data not
shown). Analysis of these exosomes by immunoblotting revealed
that they contained prominin2, CD63, and TSG101 providing
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Figure 3. Prominin2 Promotes the Formation of MVBs in Response to GPX4 Inhibition

(A) Adherent MCF10A and Hs578t cells were treated with either DMSO or RSL3 for 2 h and immunostained using Abs specific for TSG101 (green) and prominin2
(red). Scale bar, 10 pm. For all immunofluorescence images, merged images are shown in the main figures and single channel images are provided in Sup-
plemental Information. Also, for all experiments, image acquisition settings were the same for DMSO and RSL3-treated cells. Shown is a representative image of
three independent replicates.

(B) Adherent Hs578t cells were treated with either DMSO or RSL3 for either 1, 1.5, or 2 h and immunostained using Abs specific for TSG101 (green) and prominin2
(red). Scale bar, 10 um. Shown is a representative image of three independent replicates.

(legend continued on next page)
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evidence that they were generated by prominin2-dependent
MVB formation (Figure 4D). Importantly, they did not contain
GM130, a Golgi marker, indicating that their isolation was not
contaminated with other cell membranes. To test whether exo-
some release was essential for resistance to GPX4 inhibition,
we used the sphingomyelinase inhibitor GW4869 and found
that inhibition of exosome release increased the sensitivity of
control MCF10A and Hs578t cells to RSL3, but it did not
significantly impact the viability of prominin2-depleted cells
(Figure 4E).

Ferroptosis Resistance Is Facilitated by MVB/Exosome
Iron Transport

Our results indicated that prominin2-mediated MVB and exo-
some formation promote ferroptosis resistance. We hypothe-
sized that this resistance mechanism involved MVBs and
exosome-mediated export of a factor that would otherwise
promote ferroptosis. Given that the iron storage protein ferritin
can be secreted from cells in exosomes (Truman-Rosentsvit
et al., 2018), we reasoned that MVB/exosome-mediated ferritin
export inhibits ferroptosis. In support of this hypothesis, we
observed that ferritin co-localized with prominin2 in RSL3-
treated MCF10A and Hs578t cells, but not in vehicle control
(DMSO)-treated cells (Figure 5A). We also identified ferritin pro-
tein in exosomes harvested from these cells (Figure 5B). These
exosomes contained iron as detected by inductively coupled
plasma mass spectrometry (ICP-MS) (3,400 ng per exosome
collection), further supporting our hypothesis. MDA-MB-231
cells do not increase ferritin expression following GPX4 inhibition.
However, the expression of exogenous prominin2 induced a
more punctate pattern of ferritin localization in RSL3-treated
compared to control cells (Figure 5C). An alternative explanation
for our findings was that prominin2 enhanced the membrane
localization of the iron exporter ferroportin, which has been
shown to play a role in ferroptosis sensitivity (Geng et al., 2018).
However this did not appear to be the case because prominin2
did not co-localize with ferroportin (SLC40A1) (Figure S6C).

A causal role for ferritin in ferroptosis resistance is supported
by the finding that knock down of both the ferritin heavy chain
(FTH1) and light chain (FTL) increased cell death triggered by
GPX4 inhibition in both MCF10A and Hs578t cells (Figures 5D,
5E, and S6D). Importantly, this death was rescued by either fer-
rostatin-1 or the iron chelator deferoxamine (DFO), providing ev-
idence for its ferroptotic nature (Figure 5F).

Our data suggested that GPX4 inhibition stimulates the forma-
tion of MVBs containing ferritin and that these structures
transport iron out of the cell. To test this hypothesis, we quanti-
fied the free iron concentration in control and RSL3-treated

MCF10A and Hs578t cells and observed no significant difference
between these two groups (Figure 6A). However, when either
prominin2 or both FTH1 and FTL were silenced, we observed
an increase in the concentration of free iron following RSL3 treat-
ment (Figures 6A, 6B, and S6D). Additional evidence for
prominin2 regulation of iron levels was obtained by quantifying
free iron in control and prominin2-expressing MDA-MB-231 cells
in response to GPX4 inhibition. Prominin2 expression in these
cells prevented the increase in iron in response to RSL3 that
was observed in control cells (Figure 6C). Also, disabling the
MVB pathway by decreasing expression of TSG101 significantly
increased the concentration of free intracellular iron following
GPX4 inhibition (Figure 6D). These results indicate that blocking
MVB/exosome-mediated ferritin export results in an accumula-
tion of intracellular iron upon GPX4 inhibition.

ECM-Detached Cells Resist Ferroptosis by Prominin2-
Mediated MVB/Exosome Formation

Based on the observation that ECM-detachment is a ferroptotic
stress that induces prominin2 expression (Figure 1B), we inves-
tigated whether prominin2 promotes MVB formation and iron
transport in ECM-detached cells. Indeed, cell death in ECM-de-
tached, prominin2-depleted MCF10A and Hs578t cells was
rescued by the iron chelator deferoxamine, consistent with a
defect in iron export promoting cell death (Figure 7A). Also,
ECM detachment increased the concentration of free iron in
prominin2-depleted compared to control cells, an effect that
was most noticeable 2 h post-detachment, which is coincident
with the onset of ferroptosis (Figure 7B). Similar to RSL3-treated
adherent cells, ECM detachment increased the frequency of
MVBs based on TEM analysis, and this increase was dependent
on prominin2 (Figure 7C). Exosome release is indicated by the
fusion of an MVB with the plasma membrane (Figure 7C). Co-
localization of prominin2 and TSG101 was also evident in
ECM-detached MCF10A and Hs578t cells (Figure 7D), similar
to the co-localization seen in adherent, RSL3-treated cells (Fig-
ure 3A). These results indicate that physiological ferroptotic
stress can be evaded by the prominin2/MVB iron export
pathway.

DISCUSSION

We have uncovered a cell biological mechanism of ferroptosis
resistance that has broad implications for understanding how
cells respond to pro-ferroptotic conditions. The critical compo-
nent of this mechanism is the pentaspanin protein prominin2,
whose expression can be increased by pharmacological and
physiological triggers of ferroptosis. The induction of prominin2

(C) MCF10A cells were transfected with either control siRNA or prominin2 siRNA for 48 h and then treated with either DMSO or RSL3 for 1.5 h. These cells were
fixed and processed for TEM. The frequency of MVBs (white box) per section was quantified (right graph). Shown is representative image of five total cells

quantified per group.

(D) MCF10A cells and were transfected with either control sSiRNA or prominin2 siRNA for 48 h and then treated with either DMSO or RSL3 for 2 h. These cells were
then immunostained using Abs specific for TSG101 (green) and prominin2 (red). Scale bar, 10 um. Shown is a representative image of three independent

replicates.

(E) Hs578t cells were transfected with either control siRNA or prominin2 siRNA for 48 h and then treated with either DMSO or RSL3 for 2 h. These cells were then
immunostained using Abs specific for TSG101 (green) and prominin2 (red). Scale bar, 10 um. Shown is a representative image of three independent replicates.
(F) MDA-MB-231 cells were transfected with either a prominin2 expression construct or a vector control prior to treatment with either DMSO or RSL3 for 2 h.
These cells were then immunostained using antibodies specific for TSG101 (green) and prominin2 (red). Scale bar, 10 um. Shown is a representative image of

three independent replicates.
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Figure 4. Multivesicular Body Formation Is Required for Evasion of Ferroptosis

(A) TSG101 expression was diminished in adherent MCF10A cells for 48 h using siRNA prior to treatment with DMSO or RSL3 for 24 h. The percent of surviving
cells was quantified and compared to cells transfected with an siRNA control. Absorbance was normalized to DMSO control. Shown is a representative
experiment of three independent replicates.

(B) TSG101 expression was diminished in adherent Hs578t cells for 48 h using siRNA prior to treatment with DMSO or RSL3 for 24 h. The percent of surviving cells
was quantified and compared to cells transfected with an siRNA control. Absorbance was normalized to DMSO control. Shown is a representative experiment of
three independent replicates.

(C) TSG101 expression was diminished in adherent MCF10A cells for 48 h using siRNA prior to treatment with DMSO, RSL3, or RSL3 and ferrostatin-1 for 24 h.
The percent of surviving cells was quantified and compared to cells transfected with an siRNA control. Absorbance was normalized to DMSO control. Shown is a
representative experiment of three independent replicates.

(D) Exosomes were isolated from cell culture medium of MCF10A and Hs578t cells treated for 24 h with 1 uM RSL3 by ultracentrifugation. The exosome pellets
were lysed and protein concentration was assessed. Exosomes from RSL3-treated MCF10A and Hs578t cells were immunoblotted for TSG101, prominin2,
GM130, and CD63. See Supplemental Information for TEM of exosomes. Shown is a representative immunoblot of three independent collections.

(E) Prominin2 expression was diminished in MCF10A and Hs578t cells for 48 h using siRNA prior to treatment with either DMSO, RSL3 (5 uM), or RSL3 and the
exosome inhibitor GW4869 (20 uM) for 24 h and the percent of surviving cells was quantified. Shown is representative experiment of three independent replicates.

expression in response to ferroptotic stress promotes the forma-
tion of MVBs and exosomes that function to transport iron out of
the cell and, consequently, impede ferroptosis. The existence of
this mechanism suggests that cells have evolved a regulated
means to evade ferroptosis that involves limiting the intracellular
concentration of this potentially toxic metal in times of stress.
Cells that cannot induce prominin2 and export ferritin are there-
fore highly sensitive to the induction of ferroptosis.

Our finding that prominin2 is at the nexus of a ferroptosis resis-
tance mechanism heightens interest in this protein. While little is
known about prominin2, there is evidence that it can localize to

microvilli, cilium, and other protrusions from the apical and baso-
lateral membranes in epithelial cells (Florek et al., 2007; Jaszai
et al., 2010; Singh et al., 2013) and by binding cholesterol, regu-
late lipid microdomains (Florek et al., 2007). In contrast to these
studies, however, we observed that prominin2 is not localized on
the plasma membrane but rather intracellularly in MVBs.
Mechanistically, how prominin2 stimulates MVB formation is
an important topic for future investigation. One possibility is
that prominin2 regulates cholesterol levels in late endosomes,
a process that appears to be critical for MVB formation (Kobuna
et al., 2010).
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Figure 5. Prominin2 and Ferritin Contribute to the Regulation of Free Iron

(A) Adherent MCF10A and Hs578t cells were treated with either DMSO or RSL3 for 2 h and immunostained using Abs specific for ferritin (green) and prominin2
(red). Scale bar, 10 um. Images are representative of three independent experiments with similar results.

(B) Exosomes purified from RSL3-treated MCF10A cells as described in Figure 3F were immunoblotted for ferritin.

(legend continued on next page)
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Free iron is essential for the execution of ferroptosis (Dixon
et al.,, 2012, 2014), and an increase in iron import combined
with reduced ferritin storage capacity is a characteristic of era-
stin-sensitive cells (Torti et al., 2018; Yang and Stockwell,
2008). The concept that intracellular iron levels and ferroptosis
sensitivity may be modulated on short (<2 h) timescales through
the export of ferritin from the cell via an MVB/exosome pathway
had not been considered previously. Speculatively, reducing fer-
roptosis sensitivity may be a physiological role for the process of
MVB-mediated ferritin export observed previously (Truman-
Rosentsvit et al., 2018). Our results imply that cytosolic iron in-
creases in response to GPX4 inhibition or ECM detachment,
but that this iron can be captured, incorporated into MVBs,
and exported from the cell in exosomes if prominin2 expression
is sufficient. It could be argued that the uptake of the released,
ferritin-containing exosomes by neighboring cells diminishes
the overall decrease in intracellular iron. However, our finding
that exosomes accumulate detectably in the medium suggests
that the rate of exosome release from cells far exceeds their
rate of uptake. In this direction, it is possible that a cell with

B I siControl DMSO [_] siFerritin DMSO
B siControl RSL3

Figure 6. GPX4 Inhibition Alters Free Iron
Concentration

(A) Adherent MCF10A and Hs578t cells were
transfected with either control siRNA or prominin2
siRNA for 48 h and then treated with 5 pM RSL3 for
2 h. Total free iron was quantified and reported in
* nM. Shown is a representative experiment of three
independent replicates.

(B) Adherent MCF10A and Hs578t cells were
transfected with either control siRNA or ferritin
heavy chain siRNA for 48 h and then treated with

Il siFerritin RSL3

Hs578t

Free Iron (nmol)
N
1

14 RSL3 for 2 h. Total free iron was quantified and
reported in nM. Shown is a representative exper-
0- iment of three independent replicates.

(C) Adherent MDA-MB-231 cells were transfected
with either a prominin2 expression construct or a
vector control prior to treatment with either DMSO
or RSL3 for 2 h. Total free iron was quantified and
reported as nMoles. Shown is a representative
experiment of three independent replicates.

(D) Adherent MCF10A and Hs578t cells were
transfected with either control siRNA or TSG101
siRNA for 48 h and then treated with either DMSO
or RSL3 for 2 h. Total free iron was quantified and
reported as nanomoles. Shown is a representative
experiment of three independent replicates.

partially oxidized membranes as a result of GPX4 inhibition is
defective in exosome uptake.

This mechanism of prominin2-mediated ferroptosis resistance
has potential implications for efforts that seek to induce ferropto-
sis as a mode of anti-cancer therapy. For example, inhibiting
GPX4 activity can selectively kill certain tumor cells via ferropto-
sis (Viswanathan et al., 2017; Yang et al., 2014). Given that cells
can acquire resistance to GPX4 inhibition by inducing prominin2,
strategies that simultaneously block prominin2 expression or
function may enhance sensitivity to GPX4 inhibitors. Indeed,
analysis of the Broad Institute Cancer Therapeutics Response
Portal resource indicates that high levels of prominin2 expres-
sion are significantly correlated with resistance to the GPX4 in-
hibitor ML210 across hundreds of cancer cells lines (https://
portals.broadinstitute.org/ctrp/?featureName=PROM2). Given
that prominin2 expression is correlated with poor clinical out-
comes in several cancers (Saha et al., 2019), prominin2-medi-
ated MVB formation and iron export may also be relevant to
the emerging role of ferroptosis in tumor suppression (Jiang
et al., 2015).

(C) MDA-MB-231 cells were transfected with either a prominin2 expression construct or a vector control prior to treatment with either DMSO or RSL3 for 2 h.
These cells were then immunostained using antibodies specific for ferritin heavy chain (green) and prominin2 (red). Scale bar, 10 um. Shown are representative

images of three independent experiments.

(D) MCF10A cells were transfected with either control siRNA or ferritin heavy chain siRNA for 48 h and then treated with increasing concentrations of RSL3 for 24 h,
and the percent of surviving cells was quantified. Shown is representative experiment of three independent replicates.
(E) Hs578t cells were transfected with either control siRNA or ferritin heavy chain siRNA for 48 h and then treated with increasing concentrations of RSL3 for 24 h,
and the percent of surviving cells was quantified. Shown is representative experiment of three independent replicates.
(F) MCF10A and Hs578t cells were transfected with either control siRNA or ferritin siRNA for 48 h and then treated with increasing concentrations of either DMSO,
RSL3 and ferrostatin-1, or RSL3 and deferoxamine (DFO) for 24 h. The percent of surviving cells was then quantified. Shown is a representative experiment of

three independent replicates.
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A B Figure 7. Detachment from the Extracellular
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30+ o (A) Control and prominin2-depleted MCF10A cells
§ 25 = 35 were maintained in ECM-detached conditions for
3 E 30 24 h in the presence of either DMSO or deferox-
E 204 g 5] amine and the number of viable cells was quanti-
8 154 % 20] fied. Shown is a representative experiment of three
% 2 15 independent replicates.
o 104 o 1'0 (B) Control and prominin2-depleted MCF10A cells
5 ] were maintained in ECM-detached conditions for
051 the indicated times and total free iron was quanti-
“‘/Q) %, fied. Shown is a representative experiment of three
”/,o/ o’%/ . independent replicates.
c . K . . (C) Control and prominin2-depleted MCF10A cells
siControl siProminin2

were maintained in ECM-detached conditions for

2.51 [l siControl 2 h and processed for TEM. The frequency of

*

MVBs (white box) per section was quantified (right
graph). Shown is a representative image of five
total cells quantified per group.

(D) MCF10A and Hs578t cells were maintained in
ECM-detached conditions for 2 h, fixed, and
immunostained for TSG101 (green) and prominin2
(red). Scale bar, 10 um. Shown are representative
images of three independent experiments.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Prominin2, Rabbit Polyclonal Abcam Cat#ab74977; Lot GR182311-23

Tubulin, Mouse Monoclonal Sigma-Aldrich Cat#T5168; Lot 038M4813V; RRID:
AB_477579

TSG101, Mouse Monoclonal Genetex Cat#GTX70255; Clone: 4A10; Lot 43358;

Ferritin Heavy Chain (FTH1), Rabbit
Monoclonal

Ferritin Light Chain (FTL), Rabbit Polyclonal
Catalase, Mouse Monoclonal

Phospho-Caveolin1, Mouse Monoclonal
Rab5A, Rabbit Polyclonal

LC3, Mouse Monoclonal

LAMP1, Mouse Monoclonal

Alexa Fluor® 488 Goat Anti-Mouse
Alexa Fluor® 555 Donkey Anti-Rabbit
ALIX, Mouse Monoclonal

NCOA4, Mouse Monoclonal

Ferroportin/SLC40A1, Mouse Monoclonal

CD63, Rabbit Monoclonal

Thermo Fisher

Abcam
Abcam

Santa Cruz Biotechnology
Santa Cruz Biotechnology

MBL International
R&D Systems
BioLegend
BioLegend
Abcam
Sigma-Aldrich

Novus Biologicals

Abcam

RRID: AB_373239

Cat#701934; Lot 2010234; RRID:
AB_2633038

Cat#ab69090; RRID: AB_1523609

Cat#ab110292; Lot GR107615-C; RRID:
AB_10859065

Cat#sc-373837; RRID: AB_10988387

Cat#sc-46692; Clone D-11; Lot D0518;
RRID: AB_628191

Cat#M152-3; RRID: AB_1279144
Cat#MAB4800; RRID: AB_10719137
Cat#405319; RRID: AB_2563044
Cat#406412; RRID: AB_2563181
Cat#ab117600; RRID: AB_10899268

Cat#SAB1404569-100UG; RRID:
AB_10759525

Cat#
NBP2-45357SS; RRID: AB_1215496

Cat#ab217345; RRID: AB_2754982

Chemicals, Peptides, and Recombinant Proteins

MitoTracker

RSL3

FIN56

ML210

Erastin

Ferrostatin-1

ZVAD-FMK

GW4869

Deferoxamine (DFO)
Lipofectamine 3000

0.1% Triton

Bovine Serum Albumin

4% Paraformaldehyde

RIPA Lysis Buffer

Vectashield Antifade with DAPI
Crystal Violet

DMSO

G418

60-mm Low Attachment Plates
Ammonium Chloride

Thermo Fisher
SelleckChem
SelleckChem
Sigma-Aldrich
SelleckChem
Sigma-Aldrich
SelleckChem
Sigma-Aldrich
Sigma-Aldrich
Thermo Fisher

JT Baker
MilliporeSigma
Boston Bioproducts
Boston Bioproducts
Vector Labs

Fisher Scientific
Fisher Scientific
Gibco

S-Bio
MilliporeSigma

Cat#M7512
Cat#S8155
Cat#58254
Cat#SML0521
Cat#S7242
Cat#SML0583
Cat#S7023
Cat#D1692
Cat#D9533
Cat#L3000008
Cat#X198-05
Cat#A7906
Cat#BM-155
Cat#BP-115
Cat#H-1200
Cat#C581
Cat#BP231
Cat#10131035
Cat#MS-9035xz
Cat#A-0171

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Critical Commercial Assays
Iron Assay Abcam Cat#ab83366
Bradford Assay Bio-Rad Cat#5000006
Deposited Data
MCF10A RNAseq GEO GSE115059
Experimental Models: Cell Lines
Human Normal Mammary Epithelial, Barbara Ann Karmanos Cancer Institute N/A
MCF10A
Human Triple Negative Breast Carcinoma, Laboratory of Dr. Dohoon Kim (University N/A
Hs578T of Massachusetts Medical School)
Human Triple Negative Breast Carcinoma, ATCC Cat# HTB-26
MDA-MB-231
Experimental Models: Organisms/Strains
Escherichia coli Competent Cells Promega Cat#L.2005
Oligonucleotides
Custom 18s Forward 5'-AACCCGTTGAACCCCATT-3/, N/A

Reverse 5'-CCATCCAATCGGTAGTAGCG-3'
Custom Prom2 Forward 5- GCTCAGGAACCCAAACCTGT-3, N/A

Reverse 5'- GGCAGGCCATACATCCTTCT-3
Custom Prom1 Forward 5- AGTCGGAAACTGGCAGATAGC-3', N/A

Prom2 siRNA
TSG101 siRNA
FTL siRNA
FTH1 siRNA

Reverse 5'- GGTAGTGTTGTACTGGGCCAAT-3'

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology

Cat#sc-94521
Cat#sc-36752
Cati#sc-40577
Cat#sc-40575

Recombinant DNA

PRP[Exp]-EGFP/Neo-CMV>hPROM2
[NM_001165978.2]

Exosome Cyto-Tracer, PCT-CD63-GFP

Vectorbuilder

System Biosciences

N/A

Cat#CYTO120-VA-1

Software and Algorithms

GraphPad Prism

GraphPad Software

https://www.graphpad.com/scientific-
software/prism/

Other

DMEM High Glucose Media
DMEM/F:12 Media

8 Well Chamber Slides
Cholera Toxin

EGF

Hydrocortisone

Insulin

0.5 % Trypsin-EDTA (10x)

Gibco

Gibco

Mattek
MilliporeSigma
Peprotech
MilliporeSigma
MilliporeSigma
Gibco

Cat#11965118
Cat#11320082
Cat#CCS-8
Cat#C8052
Cat#AF-100-15
Cat#H4001
Cat#15500
Cat#15400-54

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, Arthur

Mercurio (arthur.mercurio@umassmed.edu).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

MCF10A cells were obtained from the Barbara Ann Karmanos Cancer Institute. Hs578T cells were provided by Dr. Dohoon Kim
(UMASS Medical School). MDA-MB-231 cells were obtained from the American Type Culture Collection. All cells were checked quar-
terly for mycoplasma and authenticated using the University of Arizona Genetics Core.

METHODS DETAILS

Cell-Based Assays

Assays to assess survival in response to matrix detachment were performed as described (Brown et al., 2017). To assay survival in
response to GPX4 inhibition, adherent cells in 96 well plates (1.0 x 10* per well) were treated with either DMSO, RSL3, ML210, FIN56
or erastin for 24 hrs with and without ferrostatin-1 or DFO. Subsequently, cells were fixed in 4% paraformaldehyde, stained with crys-
tal violet and read on a microplate reader at absorbance 595. Absorbances were normalized to DMSO.

Biochemical Experiments

Immunoblotting and gPCR were performed as described (Brown et al., 2017). Sequences for primers used were as follows: 18s
Forward 5-AACCCGTTGAACCCCATT-3/, Reverse 5'-CCATCCAATCGGTAGTAGCG-3', PROM2 Forward 5'- GCTCAGGAACC
CAAACCTGT-3', Reverse 5'- GGCAGGCCATACATCCTTCT-3, PROM1 Forward 5- AGTCGGAAACTGGCAGATAGC-3’, Reverse
5- GGTAGTGTTGTACTGGGCCAAT-3'.

Total free iron was quantified using the Iron Assay Kit per manufacturer’s specifications. Briefly, adherent cells in 10 cm plates
(1.0 x 10%well) were treated with either DMSO or RSL3 for 2 hrs, lysed and supernatant was reduced using the provided iron reducer
before the mixture was reacted with an iron probe. Plates were read at 595 nm and total iron concentration was obtained using an iron
standard curve.

Molecular Biology Experiments

siRNA-mediated silencing of gene expression was performed with Lipofectamine 3000 per the manufacturer’s guidelines using con-
trol, prominin2, TSG1017, or FTH1 siRNAs. To express prominin2 in MDA-MB-231 cells, a pCMV-prominin2 expression vector was
obtained from VectorBuilder. Cells were transfected with this plasmid and a control plasmid using Lipofectamine 3000 and selected
for prominin2 expression with G418 (0.5 ug/mL) for ten days.

Immunofluorescence Microscopy

For adherent cells, 8 well chamber slides were coated with 1 pg/mL laminin. Cells (5.0 x 10* per well) were plated overnight and then
treated for 1 h with either DMSO or RSLS3, fixed in 4% paraformaldehyde and permeabilized in 0.1% Triton. Slides were blocked in
0.5% BSA, incubated in antibody overnight at 4°C, washed in PBS and incubated in secondary antibody for 1 h at room temperature.
Slides were washed and mounted in Vectashield with DAPI. For ECM-detached experiments, cells were trypsinized and plated (5.0 x
10° per well) in 60 mm low-adherent plates for 2 h, collected and spun down prior to being fixed and stained as described above.
Slides were imaged on a Zeiss or a Nikon A-1 confocal microscope.

Exosome Isolation

Cells were cultured for 24 h in their respective media containing extracellular vesicle (EV) free serum and treated with RSL3 for 24 h.
Culture supernatants were centrifuged at 4°C at 1000 RPM for 5 min, 3000 RPM for 10 min, 4000 RPM for 30 min prior to ultracen-
trifugation at 22,000 RPM for 140 min at 4°C. Pellets were resuspended in cold PBS and centrifuged again under the same conditions.
For immunoblotting, pellets were lysed in RIPA buffer, centrifuged at 10,000 RPM for 15 min and protein concentration was deter-
mined by Bradford Assay. For TEM, PBS was removed and 20 uL of the exosome preparation was fixed and processed. For ICP-
mass spec, exosome-containing pellet was resuspended in 0.5 mL PBS and centrifuged in a speed-vac at 45°C. Samples were
sent to the UMASS mass spectrometry Core where they were digested in 100 uL HNO3, heated to 65°C for 20 min and diluted to
2 mL with ddH,O before analysis.

Transmission Electron Microscopy

Adherent siControl and siProminin2 cells were treated with DMSO or RSL3 (5uM) for 2 h. ECM-detached siControl and siProminin2
cells were maintained for 2 h in low-adherence plates. All cells were fixed by adding 2.5% glutaraldehyde (v/v) in 0.1 M Na cacodylate
buffer (pH 7.2) and processed for TEM. The samples were examined on a FEI Tecnai 12 BT transmission electron microscope using
100KV accelerating voltage. Images were captured using a Gatan TEM CCD camera.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical comparison between only two groups were done with the unpaired Student’s t test. Multiple group comparisons were
completed using one-way analysis of variance (ANOVA). Statistical tests were carried out using GraphPad Prism version 8.0 and
a p value of less than 0.05 was considered significant. The bars in graphs represent means + SEM. *, p < 0.05; **, p < 0.01;
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, p < 0.005. Three independent experiments were performed for each experiment except for transmission electron microscopy
experiments in Figures 3C and 7C which were performed once.

DATA AND CODE AVAILABILITY

The RNA sequencing data are available through the GEO database using the identifier GSE115059. All other data are available by
reasonable request.
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