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Abstract
The plasma membrane is made of glycerophospholipids that separate the inner and outer parts of the cell. Under
physiological conditions, it acts as a barrier and gatekeeper to protect cells from the environment. In pathological situations,
it undergoes structural and functional changes, resulting in cell damage. Indeed, plasma membrane damage caused by
various stresses (e.g., hypoxia, nutritional deficiencies, ultraviolet radiation, and chemotherapeutic agents) is one of the
hallmarks of cell death. Phosphatidylserine exposure and plasma membrane blebbing usually occurs in apoptotic cells, while
necrotic cells lose the integrity of the plasma membrane and thereby release intracellular damage-associated molecular
patterns. In contrast, the endosomal sorting complex required for transport-III (ESCRT-III), an evolutionarily conserved
protein complex with membrane fission machinery, plays a key role in the repair of damaged plasma membranes in various
types of regulated cell death, such as necroptosis, pyroptosis, and ferroptosis. These emerging findings indicate that ESCRT-
III is a potential target to overcome drug resistance during tumor therapy.

Cancer remains a huge challenge for human health world-
wide. Although early chemotherapy is used to quickly
relieve tumors, tumor cells may develop drug resistance
after treatment, resulting in disease recurrence [1]. There
may be two main ways to solve the problem of single-drug
resistance. One is combined drug therapy, which has been
developed into increasingly complex treatment plans for
patients. The other is the use of different dose strengths,
including strong short-interval chemotherapy or high-dose
chemotherapy. Nevertheless, the efficacy of chemotherapy
has been stagnant for many years. In contrast, the devel-
opment of new and different therapies, such as targeted
therapies for tyrosine kinases [2], as well as immunotherapy
using immune-checkpoint inhibitors [3], has been an
important leap in recent years. Either way, the ultimate goal
is to kill tumor cells and protect normal cells. Therefore, it is

important to understand the signals and mechanisms of cell
death and survival during tumor therapy.
According to the recommendations of the Nomenclature
Committee on Cell Death, cell death can be divided into
accidental cell death (ACD) and regulated cell death (RCD)
[4]. In short, ACD is a passive and uncontrolled process,
while RCD is an active and controlled process [4]. RCD can
be further classified into apoptotic and nonapoptotic cell
death that shows different morphological, genetic, and
biochemical characteristics [5]. Since resistance to apopto-
sis is one of the main obstacles to the successful treatment
of cancer, there has been a great interest in the development
of reagents to trigger various forms of nonapoptotic cell
death (e.g., necroptosis [6, 7], pyroptosis [8, 9], ferroptosis
[10, 11], alkaliptosis [12, 13], and parthanatos [14, 15]) to
suppress tumor growth. However, similar to the results
previously observed in conventional chemotherapy to
induce apoptosis, tumor cells still have resistance to targeted
nonapoptotic cell death. Thus, tumor cells may develop a
common drug-resistance mechanism to avoid cell death,
resulting in treatment failure.

The integrity of the plasma membrane is critical to cell
homeostasis [16]. It is composed of a phospholipid bilayer
with a hydrophobic interior and a hydrophilic exterior that
undergo continuous remodeling. Phosphatidylcholine and
sphingomyelin are mainly present on the outer leaflet,
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whereas phosphatidylethanolamine and phosphatidylserine
mainly accumulate on the inner leaflet. Molecules and gases
with low hydrophobicity (e.g., oxygen and carbon dioxide)
will quickly pass through the plasma membrane. In contrast,
the membrane limits the diffusion of highly charged
molecules (e.g., ions) and large molecules (e.g., sugars and
amino acids). Changes in the plasma membrane during cell
death depend on the context. The exposure of phosphati-
dylserine to the outer plasma membrane is not only an early
event of apoptosis, but also a signal of “eat me” to promote
its clearance by myeloid cells [17]. Unlike the shrinking and
blebbing of plasma membranes in apoptotic cells, an
increase in plasma membrane permeability and finally
membrane rupture occur in necrotic cells [18]. The
destruction of the physical barrier of the plasma membrane
can lead to cell death and subsequent inflammation
responses through the release of cellular contents, especially
damage-associated molecular patterns [19].

The last 10 years have witnessed tremendous progress in
research on membrane repair [20, 21]. In particular, mem-
brane repair mediated by the endosomal sorting complexes
required for transport (ESCRT) plays a key role in the
response to various mechanical and chemical stresses [22].

ESCRT is assembled into machinery with multiple subunits
on the cytosol, and it drives membrane scission or sealing
involved in multiple physiological and pathological pro-
cesses (e.g., microvesicle formation, autophagosome for-
mation, plasma membrane repair, cytokinetic abscission,
formation of viral replication compartments, lysosome
repair, nuclear pore-quality control, and nuclear envelope
repair) [22]. It is an evolutionarily conserved mechanism,
originally part of a so-called vacuolar protein-sorting
mutant found in yeast [23]. Among its five functionally
distinct subcomplexes (ESCRT-0, ESCRT-I, ESCRT-II,
ESCRT-III, and VPS4), the ESCRT-III complex plays a
unique role in suppressing various types of RCD, such as
necroptosis [24], pyroptosis [25], and ferroptosis [26], by
repairing damaged plasma membranes (Fig. 1).

In mammalian cells, the ESCRT-III complex consists of
12 subunits: charged multivesicular body protein 1A
(CHMP1A), CHMP1B, CHMP2A, CHMP2B, CHMP3,
CHMP4A, CHMP4B, CHMP4C, CHMP5, CHMP6,
CHMP7, and increased sodium tolerance 1 (IST1) [27]. The
destruction of the integrity of the plasma membrane leads to
a large influx of Ca2+, thereby stimulating the rapid
recruitment of ESCRT-III components to damaged plasma
membranes during cell death. In addition to the Ca2+ signal,
the recruitment of ESCRT-III is further modulated by sev-
eral endogenous proteins, including annexin A7 (ANXA7),
ALG2 alpha-1,3/1,6-mannosyltransferase (ALG2), pro-
grammed cell death 6-interacting protein (PDCD6IP, also
known as ALIX), and tumor susceptibility 101 (TSG101),
that control membrane budding and scission [28–30].
Ultimately, the activation of ESCRT-III machinery leads to
membrane repair by shedding damaged parts of cell mem-
branes. Thus, high levels of components of ESCRT-III
contribute to resistance to cell death. In contrast, the inhi-
bition of ESCRT-III machinery through genetic depletion of
its core components increases susceptibility to anticancer
agent-induced cell death (Fig. 1). For example, gene dele-
tion of CHMP2A or CHMP4B promotes mixed-lineage
kinase domain-like pseudokinase (MLKL)-dependent
necroptosis [24], whereas the silencing of CHMP3 enhances
the N-terminal fragment of gasdermin D (GSDMD-N)-
mediated pyroptosis [25]. Further, gene deletion of CHMP5
or CHMP6 increases the anticancer activity of ferroptosis
activators (e.g., erastin and RSL3) [26]. Genetic variation of
ESCRT-III components, such as CHMP4C, is also asso-
ciated with increased susceptibility to cancer tumorigenesis
[31, 32], further supporting the pathological role of a
deregulated ESCRT-III pathway in human cancers.

In summary, there is increasing evidence showing that
ESCRT-III subunits assemble into spiral filaments that
mediate membrane remodeling and scission during
anticancer agent-induced cell death. These results are
inspiring interest in ESCRT-III as a target in order to

Fig. 1 ESCRT-dependent membrane repair negatively regulates
cell death. Necroptosis is a caspase-independent cell death mediated
by receptor-interacting protein kinase 3 (RIPK3)-dependent MLKL
activation. GSDMD mediates pyroptosis after its cleavage by caspase
1 or caspase 11 to produce an N-terminal fragment, namely GSDMD-
N. Ferroptosis is a lipid peroxidation-dependent cell death that is
mediated by the activation of acyl-coA synthetase long-chain family
member 4 (ACSL4) and lipoxygenases (ALOXs). All these cell death
stimuli can cause plasma membrane damage through different
mechanisms. In contrast, Ca2+ influx-mediated activation and
recruitment of ESCRT-III complex leads to the repair of damaged
plasma membranes during cell death.
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modulate the expression of this pathway for therapeutic
applications. However, the precise mechanisms and
effects of different components of ESCRT-III machinery
on different types of RCD are still poorly understood. It is
also difficult to distinguish membrane repair-dependent
and -independent functions of ESCRT-III during cell
death. In recent years, studies using cryogenic electron
tomography have identified multiple membrane-
interaction surfaces for the helical assembly of ESCRT
polymers [33, 34]. The subcomplex specificity may be
determined by residues in the stalk, which is important for
cargo sorting [23, 35]. Further structural studies of the
ESCRT-III subunits may facilitate the development of
specific small-molecule compounds to target membrane-
repair pathways in cancer therapy. Genotype specificity
and tumor microenvironment may ultimately affect the
efficacy of this anticancer strategy. Considering that this
membrane-repair mechanism also exists in normal cells,
the short- and long-term side effects of ESCRT-III-
targeted therapy in cancer treatment need further
evaluation.
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