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Abstract

Ferroptosis is a form of regulated cell death that is triggered by iron accumulation and lipid
peroxidation. Although plasma membrane injuries represent an important event in cell death, the
impact of membrane repair mechanisms on ferroptosis remains unidentified. Here, we provide the
first evidence that membrane repair dependent on endosomal sorting complexes required for
transport (ESCRT)-111 negatively regulates ferroptotic cancer cell death. The accumulation of
ESCRT-11I subunits (e.g., CHMP5 and CHMP6) in the plasma membrane are increased by
classical ferroptosis activators (e.g., erastin and RSL3), which relies on endoplasmic reticulum
stress and calcium influx. Importantly, the knockdown of CHMP5 or CHMP6 by RNAi sensitizes
human cancer cells (e.g., PANC1 and HepG2) to lipid peroxidation-mediated ferroptosis /in vitro
and /n vivo. These findings suggest that ESCRT-111 confers resistance to ferroptotic cell death,
allowing cell survival under stress conditions.
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1. Introduction

Cell death is not only a physiological event for organism development, but also a
pathological process involved in human disease, such as cancer and degenerative disease.
Balancing cell death and survival is therefore important for maintaining homeostasis and
adaptation to the environment stress. Cell death is generally divided into two categories:
accidental cell death and regulated cell death (RCD) [1]. Accidental cell death is often
considered as a form of passive cell death, whereas RCD is a form of active cell death that is
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characterized by specific morphological, biochemical, and genetic properties [1]. In recent
years, types of RCD are increasingly being identified among various species, including
mammals [2]. By understanding the components of the molecular machinery of RCD, new
targeted therapies can be developed against them. Alternatively, by understanding how anti-
injury mechanisms act to repair or remove dead or dying cells, researchers may be able to
find new approaches to accelerate or delay cell death.

Membrane injury is a hallmark of RCD although it may exhibit different changes in
morphology [3]. Phosphatidylserine is a major constituent of cell membranes.
Phosphatidylserine exposure is a common feature of apoptotic cells [4], whereas plasma
membrane disruption often occurs in regulated necrosis, such as necroptosis and pyroptosis
[5]. As an important part of cellular stress responses, membrane repair can be modulated by
various injury stimuli to reduce or delay cell death [6]. Thus, the activation of membrane
repair machinery contributes to wound healing during tissue injury or infection [3]. In
contrast, blocking membrane repair machinery may improve the activity of anticancer
therapy [7].

The endosomal sorting complexes required for transport (ESCRT) assemble into multi-
subunit machinery that plays a key role in membranes bending or budding away from the
cytoplasm [8, 9]. The ESCRT complex is comprised of five sub-complexes (ESCRT-0,
ESCRT-I, ESCRT-1I, ESCRT-III, and VVPS4) and plays a context-dependent role in
membrane remodeling involved in multiple cellular processes. In particular, the ESCRT-I11
machinery has been recently recognized as an important membrane repair mechanism to
limit necroptosis [10] and pyroptosis [11]. However, it remains unknown whether the
ESCRT-111 machinery also plays a similar role in protection against other types of RCD.

In this study, we provide the first evidence that the ESCRT-I11-mediated membrane repair
pathway reduces ferroptosis, an oxidative stress-dependent form of RCD driven by lipid
peroxidation [12, 13]. The genetic inhibition of the components of ESCRT-I1I1 machinery
(e.g., charged multivesicular body protein 5 and 6 [CHMP5 and CHMP6] strongly enhances
ferroptotic cancer cell death /n vitro or in vivo. These findings provide new insight into the
cellular survival mechanisms during ferroptosis.

Methods

2.1 Reagents

The antibodies to CHMP3 (#sc-166361), CHMP4A (#sc-514869), CHMPS5 (#sc-374337),
and CHMP6 (#sc-398963) were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The antibodies to SLC7AL1 (#12691), EIF2AK3 (#3192), HSPAS5 (#3177), and
ACTB (#3700) were purchased from Cell Signaling Technology (Danvers, MA, USA). The
antibody to GPX4 (#ab125066) was purchased from Abcam (Cambridge, MA, USA).
Erastin (#57242), RSL3 (#S8155), ferrostatin-1 (#S7243), liproxstatin-1 (#S7699), Z-VAD-
FMK (#S7023), necrosulfonamide (#S8251), BAPTA-AM (#S7534), PD98059 (#S1177),
and TUDCA (#S3654) were purchased from Selleck Chemicals (Houston, TX, USA). In
addition, (1S-3R)-RSL3 (#1219810-16-8) was purchased from Cayman Chemicals
(Houston, TX, USA).
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2.2 Cell culture

PANC1 (#CRL-1469) and HepG2 (#HB-8065) cell lines were obtained from the American
Type Culture Collection. These cells were grown in Dulbecco's Modified Eagle's Medium or
Eagle's Minimum Essential Medium with 10% fetal bovine serum, 2 mM of L-glutamine,
and 100 U/ml of penicillin and streptomycin. Cell line identity was validated by short
tandem repeat profiling, and routine mycoplasma testing was negative for contamination.

2.3 RNAI

The human CHMP5-shRNA (5’-
CCGGGAGTTGGATGCACTAGGTGATCTCGAGATCACCTAGTGCATCCAACTCTTTT
TTG-3’), human CHMP6-shRNA (5’-
CCGGGCGCAATCACTCAGGAACAAACTCGAGTTTGTTCCTGAGTGATTGCGCTTT
TTTG-3%), and control empty shRNA (pLKO.1) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). RNAI was performed using Lipofectamine 3000 (Invitrogen, Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Stable
knockdown cells were selected by adding puromycin.

2.4 Western blot

Western blot was performed as previously described [14]. In brief, proteins in the cell lysate
or supernatants were resolved on 4%-12% Criterion XT Bis-Tris gels (#3450124, Bio-Rad,
Hercules, CA, USA) and transferred to a nitrocellulose membrane. After blocking with 5%
milk, the membrane was incubated for 2 h at 25°C or overnight at 4°C with various primary
antibodies. After incubation with peroxidase-conjugated secondary antibodies for 1 h at
routine temperature, the signals were visualized using enhanced or super chemiluminescence
(Pierce, Rockford, IL, USA) and by exposure to X-ray films.

2.5 Cytotoxicity assays

The level of cell death was assayed using a LIVE/DEAD Cell Viability/Cytotoxicity Assay
Kit (#L3224, Thermo Fisher Scientific) according to the manufacturer's protocol.

2.6 Iron assay

The level of ferrous iron in cell extract was assayed using an Iron Assay Kit (#ab83366,
Abcam) according to the manufacturer's protocol. In the iron assay protocol, ferrous iron
(Fe2+) reacted with Ferene S to produce a stable colored complex with absorbance at 593
nm.

2.7 Malondialdehyde assay

The relative malondialdehyde (MDA) concentration in cell lysates was assessed using a
Lipid Peroxidation Assay Kit (#ab118970, Abcam, Cambridge, MA, USA) according to the
manufacturer’s instructions [15]. Briefly, the MDA in the sample reacted with thiobarbituric
acid (TBA) to generate an MDA-TBA adduct. The MDA-TBA adducts were quantified
colorimetrically (OD =532 nm) or fluorometrically (EX/Em = 532/553 nm).
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2.8 HMGBLI1 analysis

ELISA assays were performed for the measurement of HMGB1 (#326054329, Sino-Test
Corporation, Sagamihara, Japan) in cell culture supernatants or serum according to the
manufacturer’s instructions.

2.9 Plasma membrane isolation

Plasma membrane isolation was performed using a Plasma Membrane Protein Extraction Kit
(#ab65400, Abcam, Cambridge, MA, USA) according to the manufacturer’s instructions.

2.10 Measurement of intracellular calcium

The cytosolic calcium signal was assayed using a Fura-2 Calcium Flux Assay Kit
(#abl76766, Abcam) according to the manufacturer’s instructions. Cytosolic calcium
increases were presented as the ratio of emitted fluorescence (510 nm) after excitation at 340
and 380 nm, relative to the ratio measured prior to cell stimulation. The relative
concentrations of cytosolic calcium were normalized to cell numbers and expressed in
arbitrary units based on the control group, which was assigned a value of 1.

2.11 Animals and treatments

All animal experiments were approved by institutional animal care and use committees. To
generate murine subcutaneous tumors, 5 x 108 PANC1 or HepG2 cells in 100 ul PBS were
injected subcutaneously to the right of the dorsal midline in 6- to 8-week-old athymic nude
or B6 mice. Once the tumors reached 50-70 mms3 at day 7, mice were randomly allocated
into groups and treated with (1S-3R)-RSL3 (30 mg/kg; i.p., once every other day) for 2
weeks. Tumors were measured twice weekly and volumes were calculated using the formula
length x width? x 7t/6.

2.12 Statistical analysis

Statistics were calculated with GraphPad Prism 7. A standard two-tailed unpaired Student’s ¢
test or one-way ANOVA was used for statistical analysis. A Pvalue of less than 0.05 was
considered statistically significant.

3. Results

3.1 ESCRT-llIl accumulation in plasma membrane during ferroptosis

There are two classical types of ferroptosis activators [12, 13]. Type | ferroptosis activators
(e.g., erastin) act through the inhibition of system xc~, an amino acid antiporter that mainly
mediates the exchange of extracellular cystine and intracellular glutamate across the plasma
membrane [16]. Type Il ferroptosis activators (e.g., RSL3) function through the inhibition of
glutathione peroxidase 4 (GPX4), a selenocysteine-containing phospholipid hydroperoxidase
that can remove lipid peroxides [17]. As expected, erastin- or RSL3-induced cell death in
human PANCL1 cell lines was blocked by the ferroptosis inhibitors (e.g., ferrostatin-1 or
liproxstatin-1), but not by an apoptosis inhibitor (e.g., Z-VAD-FMK) or a necroptosis
inhibitor (e.g., necrosulfonamide) (Fig. 1A).
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To determine the effects of ESCRT-I1I machinery on erastin- or RSL3-induced ferroptosis,
we first measured the protein levels of the components of ESCRT-111 machinery, such as
CHMP3, CHMP4A, CHMP5, and CHMPS, in isolated plasma membranes from the PANC1
cell line. Compared to CHMP3 and CHMP4A, the plasma membrane levels of CHMP5 and
CHMP6 were significantly increased in PANC1 cells following treatment with erastin or
RSL3 (Fig. 1B and 1C). Interestingly, the plasma membrane level of solute carrier family 7
member 11 (SLC7A11), a core component of system xc~, was not changed by erastin or
RSL3 (Fig. 1B and 1C). In contrast, the plasma membrane level of GPX4 disappeared in
PANCI1 cells following treatment with erastin or RSL3 (Fig. 1B and 1C). These findings
indicate that ferroptosis activators can induce ESCRT-I11 accumulation in the plasma
membrane of PANCL1 cells.

3.2 Calcium influx triggers ESCRT-1Il accumulation in plasma membrane during

ferroptosis

The accumulation of unfolded proteins in the endoplasmic reticulum (ER) represents a
cellular stress induced by multiple cell death stimuli, including various ferroptosis activators
[18-23]. Consistent with previous studies [18], the levels of ER stress markers, such as heat
shock protein family A (Hsp70) member 5 (HSPAS, also known as BIP or GRP78) and
eukaryotic translation initiation factor 2 alpha kinase 3 (EIF2AK3, also known as PERK),
were upregulated by erastin or RSL3 (Fig. 2A). In addition to protein folding and secretion,
ER is critical for calcium homeostasis. Indeed, the intracellular calcium level was
upregulated in PANCL cells in response to erastin or RSL3 (Fig. 2B). Like pretreatment with
tauroursodeoxycholic acid (TUDCA, a known ER stress inhibitor), pretreatment with the
calcium chelator BAPTA-AM also prevented erastin- or RSL3-induced CHMP5 and
CHMP6 accumulation in the plasma membrane (Fig. 2C). Ferroptosis was recognized as a
RAS-RAF-MEK-ERK pathway-dependent cell death in cancer cells [24]. However,
pretreatment with the MEK inhibitor PD98059 failed to affect erastin- or RSL3-induced
CHMP5 and CHMP6 accumulation in the plasma membrane (Fig. 2C). These findings
suggest that ER stress-associated calcium influx, but not activation of the MEK pathway,
triggers ESCRT-111 accumulation in plasma membranes during ferroptosis.

3.3 Inhibition of ESCRT-IIl promotes ferroptosis

To investigate the functional consequence on ferroptosis of ESCRT-111 subunit accumulation
in plasma membranes, CHMP5 or CHMP6 was knocked down by shRNAs in PANC1 or
HepG2 cell lines (Fig. 3A). Compared to the control ShRNA group, suppressing CHMP5 or
CHMP6 expression by shRNA increased erastin- or RSL3-induced cell death (Fig. 3B),
indicating that ESCRT-111 plays a pro-survival role in ferroptosis.

We next assayed the impact of genetic inhibition of ESCRT-III on iron accumulation and
lipid peroxidation, two important events for ferroptosis induction. The knockdown of
CHMP5 or CHMP6 blocked erastin- or RSL3-induced production of MDA, one of the final
products of polyunsaturated fatty acid peroxidation in ferroptosis (Fig. 3C). In contrast,
erastin- or RSL3-induced iron accumulation was not affected by the suppression of CHMP5
or CHMP6 expression (Fig. 3D). High-mobility group box 1 (HMGB1), a representative
damage-associated molecular pattern (DAMP), is involved in ferroptosis-mediated
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inflammation responses [25]. Furthermore, the knockdown of CHMP5 or CHMP6 by
shRNAs increased erastin- or RSL3-induced HMGBL release (Fig. 3E). These findings
further suggest that ESCRT-I11-mediated membrane repair can reduce lipid peroxide
production and DAMP release during ferroptosis.

3.4 ESCRT-II inhibits ferroptosis in vivo

To further assess whether ESCRT-I11 regulates ferroptosis /n vivo, CHMP5- or CHMP6-
knockdown PANC1 or HepG2 cells were implanted subcutaneously into the right flank of
immunodeficient mice. One week later, tumor-bearing mice were treated with (1S-3R)-
RSL3, a form of RSL3 with increased plasma and metabolic stability. Compared to control
shRNA cells, RSL3 effectively reduced the growth of tumors formed (Fig. 4A) by CHMP5-
or CHMP6-knockdown cells as it locally increased MDA levels (Fig. 4B) and serum
HMGBL1 (Fig. 4C). In contrast, the ferroptosis inhibitor liproxstatin-1 reversed the
suppression of CHMP5- or CHMP6-induced tumor suppression, MDA production, and
HMGBL release (Fig. 4A-4C). Together, these findings demonstrate that the genetic
inhibition of ESCRT-III increased the anticancer activity of RSL3 via the induction of
ferroptosis /n vivo.

4. Discussion

Cell death events must be precisely regulated via an integrated mechanism, including
positive and negative feedback loops, as well as extensive cross talk between parallel
pathways. In this study, we demonstrated that the ESCRT-I11 machinery functions as a novel
negative feedback regulator of ferroptotic cancer death. Consequently, the inhibition of the
ESCRT-111 machinery enhanced anticancer activity of ferroptosis inducers. These findings
increase our understanding of the molecular network for the regulation of ferroptosis and
shed new light on mechanisms of plasma membrane repair during cell death.

Ferroptosis was originally studied by screening small-molecule compounds for selectively
killing RAS mutation cells [26]. This screen identified erastin as an RAS-selective lethal
compound that triggers a caspase-independent cell death [26]. Later, ferroptosis was used to
define an iron-dependent form of nonapoptotic cell death that is morphologically,
biochemically, and genetically distinct from apoptosis, necrosis and autophagy [16].
However, these observations were challenged by recent studies. First, ferroptosis can occur
in both a RAS-dependent and -independent manner [15, 16, 27, 28]. Oxidative stress-
mediated ferroptosis mediates inflammation and tissue injury in brain, liver, kidney, and
heart [29-32]. Second, ferroptosis may be an autophagy-dependent cell death under some
circumstances [33]. In particular, certain selective kinds of autophagy, such as ferritinophagy
[34], lipophagy [35], clockophagy [36], and chaperone-mediated autophagy [37], promote
ferroptotic cancer cell death through promoting iron overload or lipid peroxidation. Third,
ferroptosis is generally categorized as a type of regulated necrosis associated with plasma
membrane rupture and DAMP release [13]. Our current study indicates that ESCRT IlI-
mediated plasma membrane repair can reduce lipid peroxidation and DAMPs (e.g.,
HMGBL) during ferroptosis, providing a new mechanism for the regulation of anticancer
activity of ferroptosis activators.
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In mammalian cells, ESCRT-II1 is composed of 12 subunits, namely CHMP1A, CHMP1B,
CHMP2A, CHMP2B, CHMP3, CHMP4A, CHMP4B, CHMP4C, CHMP5, CHMP6,
CHMP7, and IST1 [8, 38, 39]. They cycle between an inactive monomeric state in different
sub-cellular distributions and an activated state in which they polymerize into filaments on
the membrane [8, 38, 39]. We found that certain ESCRT-III subunits, especially CHMP5 and
CHMP6, accumulated in plasma membrane during ferroptosis. Importantly, the silencing of
CHMP5 or CHMP6 expression sensitized cells to erastin- or RSL3-induced ferroptosis /in
vitro or in vivo. Other studies demonstrate that the knockdown of CHMP2A or CHMP4B
promotes mixed-lineage kinase domain-like pseudokinase (MLKL)-dependent necroptosis
[10], whereas the knockdown of CHMP3 enhances gasdermin D-mediated pyroptosis [11].
Notably, calcium signaling is especially important in the activation of ESCRT-I11 machinery
in the inhibition of necroptosis [10], pyroptosis [11], as well as ferroptosis (current study).
Thus, calcium-dependent ESCRT-111 machinery may play a wider role in modulating various
types of RCD by delaying cell membrane rupture.

Lipid peroxidation seems to play a central role in the initiation of ferroptosis, although the
downstream effector remains unidentified [12]. However, the cell could use several different
pathways for limiting lipid peroxidation during ferroptosis. For example, the induction of
ferroptosis is involved in controlling the expression, activity, and degradation of GPX4, a
glutathione-dependent enzyme for catalyzing the reduction of lipid peroxides [17]. GPX4 is
found in the mitochondria, microsomes, cytosol, nuclei, and membrane. Interestingly, the
plasma membrane level of GPX4 was decreased in response to erastin and RSL3, indicating
that GPX4 in the membrane is not essential for the repair of damaged lipids during
ferroptosis. The conditional depletion of GPX4 also can cause apoptosis, necroptosis, or
pyroptosis in mice [40-45]. Alternatively, ESCRT-I1I machinery could interact
simultaneously with different membrane proteins and thereby generate a sorting domain to
seal and repair membrane damage. In addition, the adaptive pro-survival responses to
ferroptosis are also involved in the activation of the nuclear factor, erythroid 2-like 2
(NFE2L2, also known as NRF2) that regulates antioxidant gene expression with the
antioxidant responsive element [46-49].

In summary, we demonstrated that ESCRT-111 is an important negative regulator of
ferroptotic cancer cell death, which modulates lipid peroxidation and DAMP release. Further
studies are needed to assess the benefits of ESCRT-I1I activation in the protection against
ferroptosis induced in tissue injury and inflammation response in diseases.
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. Calcium influx triggers ESCRT-I1I accumulation in plasma membrane
. Inhibition of ESCRT-111 promotes ferroptosis in vitro

. Inhibition of ESCRT-111 promotes ferroptosis in vivo
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Fig. 1. ESCRT-111 accumulation in plasma membrane during ferroptosis.
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(A) PANCL1 cells were treated with erastin or RSL3 in the absence or presence of indicated
cell death inhibitor for 12 h and cell death was assayed (n = 3, *P< 0.05). (B) Western blot
analysis of indicated protein expression in isolated plasma membrane in PANC cells
following treatment with erastin (10 pM) or RSL3 (0.5 uM) for 12 h. (C) Heat map of
protein expression in isolated plasma membrane in PANC cells following treatment with

erastin (10 uM) or RSL3 (0.5 pM) for 12 h.
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Fig. 2. Calcium influx triggers ESCRT-111 accumulation in plasma membrane during ferroptosis.
(A) Western blot analysis of EIF2AK3 and HSPAS expression in whole cell extracts in

PANCI1 cells following treatment with erastin (10 uM) or RSL3 (0.5 uM) for 12 h. (B)
Analysis of cytosolic calcium level in PANC1 cells following treatment with erastin (10 pM)
or RSL3 (0.5 uM) for 12 h (n = 3, *P< 0.05). (C) Western blot analysis of CHMP5,
CHMPS6, and SLC7A11 expression in isolated plasma membrane in PANCL cells following
treatment with erastin (10 uM) or RSL3 (0.5 uM) in the absence or presence of PD98059 (10
uM), TUDCA (50 uM), or BAPTA-AM (10 uM) for 12 h.
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Fig. 3. Inhibition of ESCRT-111 promotes ferroptosis.
(A) Western blot analysis of CHMP5 and CHMP6 expression in indicated gene knockdown

PANC1 or HepG2 cells. (B-E) Analysis of cell death (B), intracellular MDA (C),
intracellular iron (D), and HMGBL1 release (E) in indicated PANC1 or HepG2 cells in
response to erastin (10 pM) or RSL3 (0.5 puM) for 12 h (n = 3, *P< 0.05).
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Fig. 4. Effects of genetic inhibition of CHMP5 and CHMP6 on ferroptosis in vivo.
(A) Athymic nude mice were injected subcutaneously with the indicated PANC1 or HepG2

cells for 7 days and then treated with RSL3 (30 mg/kg; i.p., once every other day) at day 7

for 2 weeks. Tumor volumes were calculated weekly (n = 5 mice/group, *£ < 0.05). (B-C) In
parallel, MDA levels (B) in isolated tumors or serum HMGBL at day 14 after treatment were
assayed (n = 3 mice/group, *P< 0.05).
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