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Transmembrane ATPases are membrane-bound enzyme complexes and ion transporters that can be divided into F-, V-, and
A-ATPases according to their structure. The V-ATPases, also known as H*-ATPases, are large multi-subunit protein complexes
composed of a peripheral domain (V1) responsible for the hydrolysis of ATP and a membrane-integrated domain (V0) that
transports protons across plasma membrane or organelle membrane. V-ATPases play a fundamental role in maintaining pH
homeostasis through lysosomal acidification and are involved in modulating various physiological and pathological processes, such
as macropinocytosis, autophagy, cell invasion, and cell death (e.g., apoptosis, anoikis, alkaliptosis, ferroptosis, and lysosome-
dependent cell death). In addition to participating in embryonic development, V-ATPase pathways, when dysfunctional, are

implicated in human diseases, such as neurodegenerative diseases, osteopetrosis, distal renal tubular acidosis, and cancer. In this
review, we summarize the structure and regulation of isoforms of V-ATPase subunits and discuss their context-dependent roles in
cancer biology and cell death. Updated knowledge about V-ATPases may enable us to design new anticancer drugs or strategies.
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INTRODUCTION

The pH homeostasis of intracellular compartments and organelles
involves a complex dynamic process, which is precisely controlled
by a variety of ion channels and transporters (e.g., monocarbox-
ylate transporters [MCTs], Na™/H™ exchangers [NHEs], anion
exchangers [AEs], Na™/HCO3~ co-transporters [NBCs], carbonic
anhydrases [Cas], and vacuolar proton-translocating ATPases [V-
ATPases, also known as H™-ATPases]) [1]. Among them, V-ATPases
are evolutionarily conserved protein machinery, containing a V1
domain and a VO domain. V-ATPases possess multiple isoforms of
each domain and exhibit cell- or tissue-specific expression and
function. The isoform of the “a” subunit in the VO domain has key
location information for directing V-ATPase to distinct cellular
membranes, which explains why cell compartments have differing
pH values [2]. V-ATPases use a rotary mechanism to exert
biological functions and regulate activity through the reversible
dissociation of the V1 and VO domains [3]. Functionally, V-ATPase-
mediated pH acidification is necessary for normal cell activities,
such as endocytosis, intracellular membrane traffic, protein
degradation, antigen presentation, and sperm maturation. Imbal-
anced acidification and increased intraluminal pH may inhibit the
activity of enzymes in the lysosome and destroy the removal of
substrates, including protein aggregates, damaged organelles,
and invading pathogens. Thus, it is not surprising that dysfunc-
tional V-ATPases contribute to multiple pathological processes,
such as renal tubular acidosis, bone osteopetrosis, tumor cell
migration and invasion, and pathogen infection [4].

Malignant tumors remain a big challenge in medicine, and their
occurrence and development are affected by internal and external
factors, including impaired pH homeostasis [5]. For example, a pH
gradient reversal is an early signal for tumorigenesis, which
contributes to the development and maintenance of other cancer

hallmarks, including increased glycolytic fluxes and resistance to cell
death [6]. The acidic tumor microenvironment favors the invasive-
ness, metastasis, and drug resistance of cancer cells [7]. Destroying
the highly acidic pH of cancer cells by inhibiting proton transporters
(including V-ATPases) is expected to suppress tumor growth and
development [1]. V-ATPases are widely expressed in plasma and
organelle membranes and are necessary to maintain lysosome pH
gradients of cancer cells. The abnormal expression, mislocalization,
and mutation of V-ATPase subunits or isoforms are tightly related to
cancer progression, which makes V-ATPase an important therapeutic
target in translational medicine [4]. For example, the inhibition of
V-ATPase activity by the drug bafilomycin A significantly suppresses
tumor cell proliferation and induces cell death [8, 9]. However, due
to the complex structure and widespread expression of V-ATPases,
there are some challenges in safely and specifically targeting them
for tumor therapy.

In this review, we first outline the structure, function, and
modulation of V-ATPases, and then focus on their multifaceted
roles in tumor biology, including invasion, metastasis, metabolism,
and multidrug resistance. Updated knowledge about V-ATPases
may provide new insights for developing more efficient targeted
therapy using V-ATPase inhibitors.

STRUCTURE OF V-ATPASE

V-ATPases are large multiprotein complexes, initially identified in
Saccharomyces cerevisiae and plant vacuoles [10]. They are highly
conserved in plants, fungi, insects, and mammals, and are
structurally related to mitochondrial proton FOF1-ATPases (F-
ATPases) responsible for adenosine triphosphate (ATP) synthesis
in mitochondria, chloroplasts, and bacteria. V-ATPases and
F-ATPases use a similar rotational opening mechanism [11, 12].
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Fig. 1

Structure and mechanism of V-ATPase. V-ATPase consists of the peripheral V1 domain (including subunits A, B, C, D, E, F, G, and H) that

hydrolyzes adenosine triphosphate (ATP) and the membrane integration VO domain (including subunits a, ¢, d, and e) that transports protons.
Subunits A and B form a hexamer that provides the ATP hydrolysis site at the interfaces. The peripheral stalk is composed of E, G, C, and H
subunits. Subunits D, F, and d constitute the central stalk. When ATP is hydrolyzed at the AB subunit interface, the central stalk is driven to
rotate. The c ring couples the energy of ATP hydrolysis with the proton translocation process from a subunit hemichannel.

F-ATPases not only hydrolyze ATP to form an electrochemical
proton gradient, but also participate in ATP synthesis [13].
However, mammalian V-ATPases only participate in the hydrolysis
of ATP, although yeast or plant V-ATPases are likely less active in
the synthesis of ATP than F-ATPases [14]. In mammals, subunits A,
B,C, D EF G and H form a V1 domain responsible for ATP
hydrolysis, whereas subunits a, d, e, ¢, and ¢”” make up a VO
domain that is embedded in cell membrane and participates in
proton translocation (Fig. 1). Of note, higher eukaryotes lack a ¢’
subunit, but contain an accessory subunit Ac45 [15]. In
mammalian cells, many V-ATPase subunits are present in different
isoforms, with their gene names beginning with “ATP6” and then a
“V1” or "V0" domain, followed by a subunit or isoform as described
above. In yeast, the names of subunits are indicated by “VMA”
(“vacuolar membrane ATPase activity”) and only one subunit has
multiple isoforms [10]. Yeast subunit “a” encodes VPH1 and STV1
isoforms, which direct V-ATPases to vacuoles and Golgi apparatus,
respectively [10]. Characterizing these subunit subunits may help
us understand the differential expression and localization of
V-ATPases in different species and cells.

MECHANISM OF V-ATPASE PROTON TRANSPORT

Analyses of eukaryotic V-ATPase structure using electron micro-
scopy and small-angle X-ray scattering techniques provide a
general overview of the V1 and VO domains and their binding
models [16, 17]. The rotary mechanism of V-ATPases is triggered
by the hydrolysis of ATP to provide energy, whereas a central stalk
is driven to rotate for proton translocation. Using cryo-electron
microscopy, three different rotation states have been further
identified in humans and yeast, and the switch between each
state is accompanied by conformational changes in multiple

SPRINGER NATURE

subunits [18-20]. A and B subunits form a hexamer, serving as a
catalytic (mainly through A residues) or noncatalytic (mainly
through B residues) site. The B subunit generally plays a role in
regulating the activity of V-ATPases [21-24]. Evidence of crystal-
lization in the Thermus thermophilus A3B3 complex demonstrate
that a hydrophobic cluster region promotes the transition
between open and closed catalytic sites, which is essential for
ATP hydrolysis [25]. Low-resolution structural analysis of the
eukaryote Saccharomyces cerevisiae reveals that the A3B3 hydro-
lysis head is connected to the VO domain through a central stalk
[26]. When cytoplasmic ATP is hydrolyzed, a central stalk
composed of D, F, d, and a ring of proteolipid subunits (c or ¢’
in mammals) in the VO domain is responsible for the rotating [27].
Rotation of the central stem driven by ATP further facilitates the
transport of protons from the cytoplasm to organelles or to the
outside of the cell. These findings establish the dynamic and ATP-
dependent assembly and regulation of V-ATPase protein
machinery.

A dissociation analysis of yeast VO domain structure using cryo-
electron microscopy establishes a molecular model for the proton
transport mechanism [28, 29]. First, the proton passes through the
cytoplasmic hemi-channel located in subunit a to protonate the
glutamate residue on subunit c. When the proteolipid ring rotates,
the glutamate residue interacts with the arginine in subunit a. The
residues interact and deprotonate, and finally release protons to
the lumen side through the second hemi-channel of subunit a
[30, 31]. The remaining subunits (C, D, E, F, G, and H) of the V1
domain may act as peripheral/central stalks and perform distinct
functions depending on the region they are attached to [26, 32]. A
central stalk composed of subunits D/F serves as a rotor that
couples ATP hydrolysis to drive the rotation of proteolipid. The
peripheral stalk, composed of subunits C, E, G, and H, prevents the
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A3B3 subunit head from rotating during ATP hydrolysis, thus
acting as a stator [15, 20]. However, the structure and function of
the e subunit and Ac45 accessory proteins in the mammalian VO
domain are poorly understood. Future research is needed to
determine the mechanochemical differences of V-ATPase proton
transport under different pathological conditions.

REGULATION OF V-ATPASE ACTIVITY

The diversity of function of V-ATPase depends on different signals
and pathways. Below, we highlight the factors and mechanisms
involved in the regulation of V-ATPase activity, which can be shut
down and turned on like a switch.

Spatial regulation of V-ATPase activity

An important mechanism for regulating the activity of V-ATPase
in vitro is the reversible dissociation/recombination and regulated
transport of the V1VO complex. This process has been character-
ized in mammalian cells, insects, and yeast [33]. The regulation of
V-ATPase activity involves both spatial and temporal aspects.
Spatial regulation is manifested in different pH values of cell
compartments, which decrease sequentially from early endo-
somes to lysosomes [34]. Spatial regulation is required for an
endocytic pathway to execute many critical steps [35]. For
example, when ligands are detached from receptors in the early
endosomes, cell surface receptors are recycled from early
endocytic compartments, and endocytosed macromolecules are
degraded in lysosomes. During intracellular transport, the pH of
the lysosome is more acidic than that of the Golgi, which is
conducive to combining lysosomal enzymes with mannose
6-phosphate in the trans-Golgi network (TGN) and subsequent
dissociation in late endosomes, leading to the recycling of
receptors to the TGN [34] (Fig. 2A). These findings highlight that
spatial regulation of V-ATPase activity is tightly controlled by the
endosomal-lysosomal system. The consequences of a dysfunc-
tional endosomal-lysosomal system is diverse and cell-specific.

Temporal regulation of V-ATPase activity

In mammalian cells, multiple intracellular signaling pathways,
especially the PI3K-AKT-mTOR pathway, are involved in regulating
the assembly of V-ATPase in response to various stresses [36]. One
example of V-ATPase assembly in mammalian cells occurs during
the immune response induced by dendritic cells as they transduce
signals to T cells. T cells recognize foreign antigens and produce
immune responses are an important “fortress” for human health.
The recognition leads to foreign antigens being absorbed by
dendritic cells and degraded in lysosomes, and then peptide
fragments are presented to the surface of dendritic cells. In this
process, lysosomes are mediated by assembled V-ATPases to
become more acidic, and antigen processing increases. The
assembly of V-ATPases creates a favorable environment for the
degradation of lysosomal acid-dependent proteases [37], which is
dependent on PI3K kinase and mTOR [38].

The assembly of V-ATPase is increased to eliminate excess acid
produced in response to glycolysis caused by high glucose
concentrations in Hela cells, renal epithelium cells, Madin-Darby
canine kidney cells, and A549 cells [39, 40]. The assembly of
V-ATPases stimulated by high glucose concentrations is blocked
by inhibiting PI3K kinase activity [39]. In contrast, when cells are
exposed to epidermal growth factor (EGF), the assembly of
V-ATPases is increased to produce adequate amino acid in
lysosomes through the activation of the PI3K-mTOR1 pathway
[41]. These findings reveal a lysosomal-related V-ATPase pathway
that controls glucose metabolism.

Amino acid starvation has effects that are similar to EGF
exposure, and the increased assembly of V-ATPase generates
amino acid levels to activate mTOR. However, PI3K and mTORC1
activity are not involved in regulating the assembly of V-ATPases
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in mammalian cells [42]. Alternatively, rabconnectin family
proteins have been implicated in the assembly of V-ATPases in
mammalian cells by being regulators of the ATPase of vacuolar
and endosomal membrane (RAVE) homologous proteins that
regulate the assembly of V-ATPases in yeast [43].

Another key example of increased assembly of V-ATPases is
associated with the activation of the endocytosis pathway during
viral infection [44]. During this process, V-ATPase-mediated endoso-
mal acidification is conducive to conformational change of the viral
coat protein hemagglutinin and promotes the fusion of the viral
membrane and the endosomal membrane, thereby releasing the
viral genetic material into the cytoplasm of host cells [45]. V-ATPase-
mediated pH acidification is also involved in infections of severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [46]. When
the virus infects the host cells and then accumulates in the
lysosome, SARS-CoV-2 is different from other enveloped RNA viruses
in that it excretes itself from the cell via an Arf-like small GTPase
Arl8b-mediated lysosomal pathway. SARS-CoV-2 further uses this
unconventional release pathway to destroy the lysosomal environ-
ment and protease activity, leading to virus proliferation [47]. SARS-
CoV-2 can also escape autophagy surveillance by encoding the
accessory protein ORF3a to disturb autolysosome formation [48].
Thus, endosome/lysosomal acidification mediated by the reversible
assembly of V-ATPase plays a significant role in SARS-CoV-2 infection
to transmission. A deeper understand of V-ATPase assembly may
provide new insights into its physiological implications as well as
pathological therapeutic modalities (Fig. 2B).

Regulation of V-ATPase trafficking

V-ATPase trafficking is another mechanism for controlling the
activity of V-ATPase in renal alpha intercalated cells, epididymal
clear cells, and osteoclasts [49, 50]. Several intrinsic factors, such as
adhesion G protein-coupled receptor F5 (ADGRF5, also known as
Gpr116), actin, and the microtubule cytoskeleton, are involved in
regulating vesicle fusion and endocytosis of V-ATPase—containing
vesicles in response to protein kinase A (PKA)-mediated phos-
phorylation. In cell biology, activated PKA is regulated by
bicarbonate-sensitive adenylate cyclase [51-54], and this pathway
regulates a plethora of biological processes (Fig. 2C). V-ATPase
containing an a3 isoform translocates to the plasma membrane,
acidifying the extracellular space to promote bone resorption.
Mutations in the T-cell immune regulator 1, ATPase H transport-
ing VO subunit A3 (TCIRG1) gene encoding the a3 isoform are
highly associated with osteoporosis [55]. These findings indicate
that abnormal V-ATPase trafficking leads to inflammation-related
diseases, such as osteoporosis. The inhibition of PKA-mediated V-
ATPase trafficking may help prevent chronic inflammation.

V-ATPASES INHIBITORS

The pH gradient of the cell can be adjusted by different types of
V-ATPase inhibitors, including plecomacrolide antibiotics (e.g.,
concanamycin and bafilomycin), benzolactone enamides (e.g.
salicylihamide, apicularens lobatamides, oximidines, and oruenta-
ren), the miscellaneous compound archazolid A, and the indolyls
(e.g., omeprazole, lansoprazole, esomeprazole, pantoprazole, and
NiK12192). These V-ATPase inhibitors act on soluble domains or
membrane sites, resulting in a loss of pH gradient across the
plasma membrane, and ultimately slowing cell proliferation or
increasing cell death.

Plecomacrolide antibiotics are the most frequently used
inhibitor of V-ATPases, are isolated from Streptomyces species,
and combine with subunit ¢ to disrupt the rotation of V-ATPases
[56, 57]. The difference between benzolactone enamides and
plecomacrolide antibiotics is that the latter does not distinguish
between mammalian and nonmammalian V-ATPases, while the
former selectively inhibits mammalian cell V-ATPases [58]. The
structures of salicylihalamide A and its derivatives are simple, and
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Fig. 2 Regulation of V-ATPase activity. A The pH value of various organelles in the cell is different, which is maintained by V-ATPase. When
the endosome is acidified, the ligand is released, and the receptor is recycled back to the cell surface. During intracellular transport, the pH of
the Golgi apparatus decreases from cis- to trans-Golgi network (TGN). The pH of the late endosome is lower than that of TGN, which facilitates
the binding of lysosomal enzymes to the mannose 6-phosphate receptor (M6PR) of TGN and dissociation in the late endosome. B In
mammalian cells, the reversible assembly of V-ATPase occurs in response to glucose changes, amino acid starvation, exposure to growth
factors, dendritic cell maturation, and viral infection. C V-ATPase activity is affected by its trafficking, which is further controlled by the soluble

adenylyl cyclase (sAC)-adenosine 3,5-monophosphate (CAMP)-PKA pathway.

they have promising anticancer activity on mammalian cells [59].
Archazolid, a compound produced by the mucilaginous bacteria
Archangium gephyra and Cystobacter violaceus, also displays great
anticancer activity [60, 61]. Based on the structures of bafilomycin
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and concanavalin, researchers have designed a simpler class of
small molecules, namely indole [62]. A V-ATPase inhibitor from this
class, namely omeprazole, is used to treat peptic ulcers and
cancer. NiK12192 is a small molecule indole derivative that causes
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regulate pH gradient reversal and promote pH-dependent protease activation, leading to an acidic TME. C Macropinocytosis. The plasma
membrane localization of RACT requires the accumulation of V-ATPase containing an a3 subunit, which is a prerequisite for macropinocytosis.

a reduction in the volume and acidity of lysosomes in cancer and
noncancer cells, which may have unpredictable side effects [63].
Although significant progress has been made, there is still a need
to screen new V-ATPase inhibitors with high selectivity and low
side effects for different cell or tissue types. The specific functions
of V-ATPase inhibitors also need to be further studied in various
species and disease models.

V-ATPASES IN CANCER

Generally, V-ATPase is overexpressed in cancers and mainly exerts
carcinogenic effects at various stages, although some isoforms
suppress tumor growth (Fig. 3) [64-69]. The inhibition of V-ATPase
significantly limits the growth, migration, and invasion of cancer
cells [70]. Specifically targeting subunits/isoforms of V-ATPases is a
feasible therapeutic intervention. Below, we focus on the effects of
V-ATPases on drug resistance, tumor invasion/metastasis, micro-
pinocytosis, and autophagy, which are well-documented.

Drug resistance

Multidrug resistance (MDR) is a huge challenge for cancer treatment,
and its formation involves multiple mechanisms. For example,
cancer cells directly remove lipophilic drugs from the cytoplasm by
upregulating membrane-associated MDR1 protein, which s
encoded by the ATP binding cassette subfamily B member 1
(ABCB1) gene [71]. In addition to their effect on MDR1, cancer cells
establish a reversed pH gradient for blocking drugs from reaching
the tumor microenvironment, which can be mediated by V-ATPase
in the plasma membrane. Compared with nondrug-resistant cancer
cells, drug-resistant cancer cells have higher lysosomal amplification
and V-ATPase expression on the plasma membrane. The changes in
drug-resistant cells promote the release of drug-coated vesicles into
the extracellular environment to a certain extent [72]. The acidic
extracellular environment of tumors weakens the tumor-killing
effect of weak bases or anthracycline anticancer drugs [73, 74].
Given that an alkaline cytoplasm and acidic extracellular environ-
ment are hallmarks of cancer cells, it is not surprising that weak base
drugs are protonated and lose their anticancer effects [73]. In
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contrast, the use of the V-ATPase inhibitor bafilomycin reduces drug
efflux from Hela cancer cells that are resistant to vincristine or
doxorubicin [75]. Pretreatment with the V-ATPase inhibitor panto-
prazole improves the distribution of doxorubicin in the blood vessels
of solid tumors [76]. The combination of chemotherapy drugs and
V-ATPase inhibitors (e.g., bafilomycin A1, concanamycin A, omeo-
prazol, and archazolid A) produces a synergistic anticancer effect in
drug-resistant cancer cells with stronger V-ATPase activity [77].

The complex structure and ubiquitous distribution of mammalian
V-ATPases affect the reversal of pH gradients in cancer cells.
Verucopeptin derived from natural products directly interacts with
G subunits and inhibits the growth of MDR SGC7901/VCR cells by
inhibiting the mTOR signaling pathway and V-ATPase activity [78].
The subunits of d and c are required for the development of MDR in
many cases [79, 80]. For example, the positive regulation of yes-
associated protein (YAP) expression by the d subunit of V-ATPase is
associated with paclitaxel resistance in epithelial ovarian cancer.
Treatment with paclitaxel combined with a sub-lethal dose of the
proton pump inhibitor esomeprazole significantly improves drug
sensitivity in paclitaxel-resistant epithelial ovarian cancer cells by
inhibiting YAP expression and limiting the acidic tumor microenvir-
onment [80]. The a2 subunit of V-ATPase is overexpressed in
acquired cisplatin-resistant ovarian cancer cells. The inhibition of a2
expression by shRNA blocks DNA repair pathways, induces cell
apoptosis, and restores the sensitivity of ovarian cancer cells to
cisplatin [81]. A high expression of the V-ATPase C1 subtype is
associated with MDR in patients with oral squamous cell carcinoma
[82]. The expression of V-ATPase genes in cancer stem cells also
favors drug resistance [83], highlighting the wide impact of V-ATPase
in mediating MDR in different tumor microenvironment cells.

Serval regulators of V-ATPase are also involved in the
production of MDR. For instance, ceramide synthase 2 (CERS2,
also known as TMSG1 or LASS2) is a direct negative regulator of
V-ATPase and its low expression promotes metastasis and drug
resistance in cancer cells [84]. Consistent with this, patients with
low CERS2 expression have a poor prognosis [85]. The transmem-
brane protein transmembrane 9 superfamily member 4 (TM9SF4)
is a positive regulator of V-ATPase activity by binding to the V1H
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subunit in human colorectal cancer cells (e.g., HCT116 and SW480
cells). The inhibition of TM9SF4 enhances the anticancer activity of
5-fluorouracil in colorectal cancer cells [86]. Overall, these findings
provide a potential strategy for overcoming MDR by targeting
V-ATPase and its regulators.

Invasion and metastasis

A key feature of cancer cells is their ability to spread throughout the
body through two related mechanisms: invasion and metastasis.
V-ATPases participate in the invasion and metastasis of cancer cells
due to its inappropriately high activity and changes in subcellular
location. For example, invasive human breast cancer cells express
highly active V-ATPases on the plasma membrane, while non-
invasive breast cancer cells do not [87]. The VOa subunit of
V-ATPases specifically participates in the invasion of breast cancer
cells through subunit a3 and a4-mediated translocation to the
plasma membrane [2, 88]. The expression of the V1A subunit in
gastric cancer tissue is related to lymph node metastasis and
vascular invasion, and this change is an indicator of poor prognosis
[89]. Subunit V1E or a3 is overexpressed in pancreatic ductal
adenocarcinoma and promotes invasion by regulating matrix
metalloproteinase 9 (MMP9) activity [90-92]. Similarly, the over-
expression of the a2 isoform in ovarian tissues or cell lines (A2780,
SKOV-3, and TOV-112D) mediates invasion by enhancing the
activity of MMP2 and MMP9 [93]. In invasive breast cancer cells,
the V-ATPase a2 subunit is overexpressed on the plasma membrane
and secretes a2 peptide, which increases the survival rate of tumor-
associated neutrophils and promotes cancer cell invasion and
disease progression [94]. The expression of the E1 isoform is related
with poor prognosis in esophageal squamous cell carcinoma [95],
whereas the overexpression of C1 isoforms in oral squamous cell
carcinoma is correlated with higher tumor stage [82]. Together,
these findings indicate that different subunits of V-ATPases play a
context-dependent role in tumor invasion and metastasis.

The molecular mechanism of tumor invasion and metastasis
mediated by V-ATPases have recently been explored. V-ATPases
on the plasma membrane not only maintain the intracellular
alkaline cytoplasm required for cancer cell proliferation, but also
create optimally low pH for cathepsins and matrix metallopro-
teases to degrade the extracellular matrix [90, 96]. Lysosomal
protein cathepsin is activated under acidic conditions and
participates in protein degradation. Although MMPs are not
directly dependent on pH, they are activated by cathepsin-
dependent cleavage at low pH [42]. Both cathepsins (eg.,
cathepsin B) and matrix metalloproteinases (e.g, MMP2 and
MMP9) are secreted by tumor cells to promote invasion and
metastasis by evoking epithelial-to-mesenchymal transition
[97, 98]. Alternatively, increased interaction between V-ATPases
and the actin cytoskeleton has emerged as an important system
that promotes invasion and metastasis. Under normal conditions,
subunits B and C of V-ATPases directly interact with actin
microfilaments [54, 99]. Conversely, in migrating cancer cells, the
interaction between V-ATPases and F-actin increases [100]. More-
over, alkaline pH favors the activation of the actin-binding protein
cofilin, which severs agonist filaments to induce cancer cell
migration [101]. Consequently, genetic or pharmacological inhibi-
tion of V-ATPases blocks cathepsin and MMP activation as well as
cytoskeleton dynamics, thereby limiting tumor migration and
metastasis [93, 102, 103]. ATP6L, the C subunit of the V-ATPase VO
domain, promotes metastasis of human colorectal cancer cells by
inducing epithelial-to-mesenchymal transition, a major event in
metastasis [104].

Another possibility is that V-ATPase binding protein provides a
fine-tuning mechanism to control tumor migration and metas-
tasis. As expected, the increased binding between V-ATPase and
its negative regulator CERS2/TMSG1 inhibits cell invasion and
metastasis in various types of cancers, including breast and
prostate cancer [84, 105, 106]. The V-ATPase binding protein
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solute carrier family 48 member 1 (SLC48A1, also known as HRG1)
selectively locates in the plasma membrane of aggressive human
breast cancer cell line MB231, thereby promoting cancer invasion
[107]. In addition, the transmembrane protein TM9SF4 and Rac
family small GTPase 1 (RAC1) promote the activity of V-ATPases in
human colon cancer cells and breast cancer cells, respectively,
which increases invasion and metastasis [86, 103]. Collectively,
these studies provide a strategy for inhibiting tumor migration
and metastasis by targeting V-ATPase or its partners.

Macropinocytosis

Macropinocytosis is a nonselective endocytosis of solute molecules,
nutrients, and antigens in the cytoplasm of mammalian cells [108]. It
can be induced by the activation of oncogenic RAS mutations and
other stimulating factors, such as EGF, platelet-derived growth factor
(PDGF), and macrophage colony stimulating factor [109]. Macro-
pinocytosis is also upregulated in cancer cells in response to various
stresses, including autophagy blockade, nutritional deficiencies,
oncogene deletion, chemotherapy, and membrane damage
[110, 111]. In addition to supporting tumor growth, excessive
macropinocytosis can induce non-apoptotic cell death, a type of
necrotic rupture characterized by the rapid accumulation of fluid-
filled vacuoles [112]. The molecular basis for the formation and
maturation of macropinocytosis involves multiple signals and
pathways. V-ATPases play a crucial role in macropinocytosis by
keeping lysosomes acidified [113]. V-ATPases containing a3 localize
to plasma membrane, which is necessary for the distribution of
regulatory proteins of macropinocytosis, such as RAC1 [114].
Therefore, inhibiting V-ATPases destroys the process and function
of macropinocytosis. Nevertheless, the V-ATPase coupling mem-
brane dynamic may play a dual role in regulating cancer cell survival
or death through a dysregulated macropinocytosis pathway.

Autophagy

Autophagy is a highly conserved degradation process that plays a
dual role in human diseases, including cancer [115, 116]. The
inhibition of autophagy is accompanied by an accumulation of
misfolded proteins and damaged organelles, thereby inducing
reactive oxygen species (ROS) production and DNA damage, and
ultimately promoting tumorigenesis [117-120]. In contrast, in
established cancers, autophagy-mediated metabolic homeostasis
provides energy for tumor growth. Although autophagy usually
promotes tumor survival, the unrestricted activation of autophagy
may lead to cell death [121, 122]. The autophagy process involves
the formation of multiple membrane structures (phagophores,
autophagosomes, and autolysosomes), which is mainly regulated
by the autophagy-related (ATG) protein family [123]. Of note, V-
ATPase-mediated lysosomal acidification affects the fusing of
autophagosomes to lysosomes [124], despite the existence of V-
ATPase-independent pathways [125].

Functionally, the modulation of V-ATPase-mediated autophagy
affects the effectiveness of tumor treatment. For example,
ATP6V1C1 inhibits autophagy in human esophageal squamous
cell carcinoma, leading to radiotherapy resistance [126]. As an
adaptive pathogenesis, mutations in ATP6V1B2 increase the
autophagy flux associated with human follicular lymphoma cells
[127]. The marine natural product manzamine A targets vacuolar
ATPases and inhibits the autophagy and growth of pancreatic
cancer cells [128], although autophagy has a tumor suppressor
effect in the early stages of pancreatic cancer [129]. Some subunits
of V-ATPase play a significant role in regulating selective
autophagy, including xenophagy, mitophagy, aggrephagy, and
endoplasmic reticulum-phagy [130, 131], although their direct
roles in tumorigenesis and tumor therapy remain largely unknown
(Table 1). We also believe that different subunits of V-ATPases may
form different complexes with autophagy receptors, thereby
establishing the plasticity of selective autophagy.
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Table 1. V-ATPase in autophagy and cancer.
Type Subunit of Expression and function
V-ATPase

Macroautophagy a2
Macroautophagy  C1
Macroautophagy ¢

Macroautophagy a2

resistance
Macroautophagy A
Macroautophagy ¢ Upregulation; inhibits autophagy

Macroautophagy B2 Mutation; activates autophagic flux

Xenophagy c

Upregulation; controls the NOTCH pathway
Upregulation; confers radiotherapy resistance
Upregulation; maintains lysosomal acidification
Upregulation; promotes autophagy and platinum

ENG6 target; inhibits mTOR and induces autophagy

Upregulation; mediates the interaction between

Model References
MDA-MB231 and MDA-MB-468 [188]
cancer cell lines

TE13 and ECA109 cancer cell lines; [126]
BALB/c nude mice

HCT116 cancer cell line; BALB/c [139]
nude mice

A2780, cis-A2780, and TOV-112D [189]
cancer cell lines

Hela cancer cell line; C57BL/6 mice [190]
Drosophila model of gliomagenesis [191]
OCI-LY1, SUDHL4, and SUDHL16 [127]
cancer cell lines; primary follicular
lymphoma B cells

Hela cancer cell line; C57BL/6 mice [130]

V-ATPase and ATG16L1 and induces xenophagy

V-ATPASE IN CELL DEATH

Cell death can be classified as accidental cell death or regulated cell
death (RCD) [132]. RCD is an active process and has many forms,
which can be further divided into apoptotic cell death and non-
apoptotic cell death that use different stimulation signals and
molecular machinery [133]. Since autophagy and lysosome dysfunc-
tion are closely related to the process and outcome of cell death, the
role of V-ATPases in cell death is expected to be contextual (Fig. 4).

Apoptosis

Apoptosis is a multi-step and energy-dependent process that usually
involves the activation of a group of cysteine proteases, called
caspases. The induction of apoptotic cell death involves extrinsic
signaling through death receptors and intrinsic signaling mainly
through the release of mitochondrial proteins. BCL2 prevents BAX
and BAK1 oligomerization, which plays a major role in mediating the
release of pro-apoptotic proteins from mitochondria. The develop-
ment of therapies to eliminate cancer cells by caspase-dependent
apoptosis remains mainstream in clinic [134]. The overexpression of
V-ATPases in cancer mediates apoptosis resistance during che-
motherapy [135-137] (Table 2). In contrast, the inhibition of
V-ATPase by inhibitors has been found to increase ROS production,
which leads to apoptosis of cancer cells and improves the
therapeutic effect [135, 138]. Thus, the selective inhibition of
hyperactive subunits of V-ATPases is a potential antitumor strategy.
VO subunit c of vacuolar ATPase (ATP6VOC) is a direct binding site for
bafilomycin A1. In human colorectal cancer cells, the suppression of
ATP6VOC expression by bafilomycin A1, combined with a novel
clinical candidate, IDF-11774, exhibits a synergistic growth inhibitory
effect by inhibiting autophagy and inducing caspase 3 (CASP3)-
dependent apoptosis [139]. However, the side effects caused by
long-term use of V-ATPases inhibitors are also a problem that cannot
be ignored [140]. In addition to regulating lysosomal pH, the effect
of V-ATPases on inhibiting apoptosis can be achieved by secreting
proteins to affect the tumor microenvironment. For example, the
human cancer-associated a2 isoform specifically secretes a peptide
that reprograms neutrophils by inhibiting the mitochondrial
apoptotic pathway, which in turn promotes tumor angiogenesis
and invasion [67, 81, 141]. Treatment with anti-a2 antibodies
overcomes drug resistance and enhances apoptosis during cancer
therapy. V-ATPases expressed in the endoplasmic reticulum also
mediate apoptosis resistance by activating the unfolded protein
response. In this process, transmembrane BAX inhibitor motif
containing 6 (TMBIM6, also known as BI-1) is a conservative
endoplasmic reticulum stress protection protein that increases cell
survival by activating lysosomal activity to prevent the production of
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misfolded proteins. Inhibiting the activity of V-ATPases counteracts
this compensation and induces apoptosis in human HT1080
fibrosarcoma cells [142]. However, it remains a challenge to
distinguish the role of V-ATPases in apoptosis in different organelles.

Although the anti-apoptotic effect of V-ATPases has been
widely recognized, they also play a pro-apoptotic effect under
certain conditions. In particular, the induction of apoptosis by
death receptor ligand TNF superfamily member 10 (TNFSF10, best
known as TRAIL) signaling requires V-ATPase-dependent endoso-
mal acidification [143]. Thus, the combination of TNFSF10 and
chemotherapy may be specifically sensitive to cancers with a high
expression of V-ATPase.

Anoikis

Anoikis is a specific type of apoptosis-like cell death, induced by
detached contact with the extracellular matrix [144]. It is a critical
mechanism in preventing metastatic colonization during tumor
invasion and metastasis. Inhibiting V-ATPase to activate anoikis
has become a target for anti-metastatic cancer [145, 146]. For
example, treatment of human metastatic cancer cells (T24, MDA-
MB-231, 4T1, and 5637 cells) with the V-ATPase inhibitor
archazolid induces anoikis at the early stage, as evidenced by its
abolishing CASP8 and FADD-like apoptosis regulator (CFLAR, best
known as c-FLIP) expression, increasing CASP8 activation, and
increasing the pro-apoptotic protein BCL2-like 11 (BCL2L11, also
known as BIM). In the later stage, archazolid induces extracellular
signal-regulated kinase (ERK), AKT and SRC proto-oncogenes, and
nonreceptor tyrosine kinase-mediated degradation of BCL2L11,
leading to ROS production and the limiting of anoikis [146],
highlighting a dual role of V-ATPase in anoikis. However, the
inhibition of signal transducer and activator of transcription 3
(STAT3)-dependent V-ATPase increases ROS production and the
sensitivity of aggressive human cervical cancer, breast cancer, and
murine melanoma cells to anoikis [145]. These results indicate that
V-ATPase helps cancer cells maintain pro-survival signals after
detachment and resist anoikis, and thereby constitute a promising
target for metastatic cancer.

Alkaliptosis

Alkaliptosis is a form of pH-dependent and caspase-independent
cell death induced by JTC801 (an opioid analgesic drug), which
was first described in pancreatic cancer cells [147]. The induction
of alkaliptosis can eliminate venetoke-resistant acute myeloid
leukemia cells [148], providing a new strategy to overcome drug
resistance [149]. At the molecular level, JTC801-induced alkalipto-
sis requires activation of the inhibitor of nuclear factor kappa B
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Fig. 4 V-ATPase in cell death and cancer. A Anoikis is a mechanism for the elimination of detached cells that can be induced by inhibiting
V-ATPase or STAT3 in cancer cells. ROS plays the opposite role in anoikis according to the stage. B Lysosome-dependent cell death is driven by
lysosomal membrane permeabilization (LMP), which can be inhibited by V-ATPase. C Alkaliptosis is caused by CA9 downregulation and
subsequent intracellular pH upregulation in cancer cells. Increased interaction between V-ATPase subunit d1 and STAT3 promotes JTC801-
induced alkaliptosis. D V-ATPase plays a dual role in apoptosis. On the one hand, V-ATPase inhibits the mitochondrial apoptotic pathway by
inhibiting the BAX/BAK1 complex or increasing TMBIM6-mediated degradation of misfolded proteins via lysosome (Lys). On the other hand, V-
ATPase-mediated TNFSF10 production triggers CASP8-dependent apoptosis. E Ferroptosis is a type of iron-dependent cell death caused by
lipid peroxidation and oxidative damage of lysosomal membranes to release CTSB. V-ATPase inhibits ferroptosis by activating TFEB-dependent
SOD production. V-ATPase-mediated autophagy may promote ferroptosis by selectively degrading anti-ferroptotic regulators. ARNTL aryl
hydrocarbon receptor nuclear translocator-like, BAK1 BCL2 antagonist/killer 1, BAX BCL2-associated X, apoptosis regulator, BCL2L11 BCL2-like
11, CA9 carbonic anhydrase IX, CASP8 caspase 8, CFLAR CASP8 and FADD-like apoptosis regulator, CTSB cathepsin B, CTSD cathepsin D, CTSL
cathepsin L, GPX4 glutathione peroxidase 4, mTOR mechanistic target of rapamycin kinase, ROS reactive oxygen species, SLC40A1 solute
carrier family 40 member 1, SOD superoxide dismutase, STAT3 signal transducer and activator of transcription 3, TFEB transcription factor EB,
TMBIM6 transmembrane BAX inhibitor motif containing 6, TNFSF10 TNF superfamily member 10.

kinase subunit beta (IKBKB, also known as IKKB)-dependent NF-kB
pathway, followed by the downregulation of carbonic anhydrase 9
(CA9) [147]. The high-mobility group box 1 (HMGB1, a multi-
functional alarm protein that drives innate immunity and
autophagy) and antioxidant nuclear factor, erythroid 2-like 2
(NFE2L2, best known as NRF2) pathway regulates alkaliptosis
sensitivity and subsequently the sterile inflammatory response
[150-153]. This alkaliptotic death-initiated immune response is
further related to the activation of a DNA sensor pathway
mediated by advanced glycosylation end-product specific recep-
tor (AGER) and stimulator of interferon response CGAMP interactor
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1 (STING1) [150]. Early studies demonstrated that STAT3 combined
with ATPase H* transporting V1 subunit A (ATP6V1A) participates
in the cytoplasm and lysosomal pH homeostasis of cancer cells
[154]. The use of super resolution structured illumination
microscopy also confirms the proximity of STAT3 and ATPase H*
transporting VO subunit D1 (ATP6VOD1) in intact HelLa cells. Our
data indicate that the upregulation of ATP6VOD1 promotes
JTC801-induced alkaliptosis by combining with STAT3 in human
pancreatic cancer cells. These findings establish the pro-death
effect of ATP6VOD1 in alkaliptosis and may help researchers
develop non-apoptotic cell death strategies for tumor treatment.
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Table 2. V-ATPase in cell death and cancer.
Type Subunit Expression and function Model References
of
V-ATPase

Apoptosis a2 Upregulation; inhibits apoptosis and promotes Neutrophils; human lung, [67]
angiogenesis, cancer cell invasion, and neutrophil endometrium, bladder, and kidney
recruitment cancer tissues

Apoptosis a2 Upregulation; inhibits apoptosis and promotes tumor A2780 and SKOV-3 cancer cell lines; [141]
cell survival female athymic nude mice

Apoptosis a2 Upregulation; inhibits apoptosis and promotes tumor A2780, TOV112D, cis-A2780, and cis- [81]
invasion and drug resistance TOV112D cancer cell lines

Apoptosis C Upregulation; inhibits apoptosis and promotes drug Drug-resistant MCF-7 and ADR cancer [79]
resistance cell lines

Apoptosis C Upregulation; inhibits apoptosis and promotes drug KB, PC3, and MCF7 cancer cell lines [192]
resistance

Lysosome- C Upregulation; participates in proton transport and HelLa and MCF-7 cancer cell lines [68]

dependent maintains lysosomal acidification

cell death

Lysosome- C Upregulation; forms a channel to mediate proton Hela cancer cell line; RAW264.7 [180]

dependent transport macrophage cell lines

cell death

Ferroptosis N/A Upregulation; maintains lysosomal acidification and HK2 cancer cell line; RAW264.7 [171]
promotes the fusion of macropinosomes and lysosomes macrophage cell line

Alkaliptosis d1 Upregulation; promotes cytoplasmic pH alkalization and ~ SW1990 and MIAPaCa2 cancer
increases alkaliptosis cell lines

Anoikis B2, d1 Upregulation; inhibits anoikis Hela, MCF-7, and B16F10 cancer cell [145]

Ferroptosis

Ferroptosis is a form of regulated cell death characterized by iron-
dependent lethal accumulation of lipid hydroperoxides and has
been implicated in human disease [155-157]. It is mainly executed
by lipid peroxidation on membrane phospholipids containing
polyunsaturated fatty acid (PUFA) chains and plays a dual role in
tumor biology [158, 159]. PUFAs are converted into phospholipid
hydroperoxides through a series of ROS-initiated reactions, which
can be neutralized through the enzyme glutathione peroxidase 4
(GPX4) [160]. Although the pharmacological inhibition of GPX4 is
one of the main methods of inducing ferroptosis, the phenotype of
different GPX4 conditional knockout mice or cells is related to both
ferroptotic and nonferroptotic death [161-165], indicating that
unknown factors affect the death mode of GPX4-deficient cells. In
addition to the plasma membrane, lipid peroxidation on the
organelle membrane (including that of lysosomes) also favors
ferroptosis [166]. The lysosome is one of the main storage sites of
iron in the cell. The damage in the lysosome can cause the release of
lysosomal iron and subsequent production of ROS [167]. In turn,
increased ROS increases lysosomal membrane permeabilization,
which leads to more cathepsin leakage for ferroptosis [168]. As a
defense mechanism, lysosomal stress leads to the inactivation of
mTOR, leading to nuclear translocation of transcription factor EB
(TFEB) [169, 170], enhancing the expression of lysosomal protein and
antioxidant superoxide dismutase (SOD), and ultimately reducing
ROS and inhibiting ferroptosis [171]. V-ATPase acts as a repressor in
the process of lysosomal stress. For example, in carboxyl-modified
polystyrene nanoparticle (CPS)-mediated ferroptosis inhibition, CPS-
containing macropinosomes fuse with the lysosome in a V-
ATPase-dependent manner to form a vacuole, which is a marker
of lysosomal stress [171]. However, whether specific subunits of
V-ATPase can directly regulate iron death has not been determined.
Another possibility is that V-ATPase indirectly participates in iron
death by affecting autophagy activity because the selective
activation of autophagy mediates the degradation of anti-
ferroptosis regulators, including ferritin [172], aryl hydrocarbon
receptor nuclear translocator-like (ARNTL, best known as BMALT)
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lines; BALB/c nude mice

[173], GPX4 [174, 175], solute carrier family 40 member 1 (SLC40AT1,
also known as ferroportin-1) [176], and lipid droplets [177].

Lysosome-dependent cell death

Lysosome-dependent cell death (LCD) depends on lysosomal
membrane permeabilization and is induced by the release of
lysosomal hydrolases and contents, especially cathepsins (such as
CTSB, CTSD, and CTSL) [178]. Lysosomal leakage in response to
different stresses (lysosomotropic detergents, lipid metabolites, and
ROS) can amplify or initiate different types of RCD (e.g., apoptosis,
necroptosis, and ferroptosis) [179]. The inhibition of V-ATPases leads
to lysosomal deacidification and lysosomal membrane permeabili-
zation, thereby inducing LCD and interaction with other types of
RCDs [179]. For example, the inhibition of V-ATPase c subunit
induces CASP8-dependent LCD, rather than apoptosis, in HeLa and
MCF-7 cells [68]. Similarly, lysosomal rupture and LCD is implicated
in host cell damage caused by Vibrio parahaemolyticus infection
[180]. The effector protein VepA secreted by its type lll secretion
system (T3SS1) interacts with the c subunit to induce Hela cell
lysosome rupture and releases CTSD for LCD [180]. These results
suggest that targeting specific subunits of V-ATPase may eliminate
apoptosis-resistant cancer cells by inducing LCD. In contrast,
V-ATPase inhibitors, such as bafilomycin A1 and concanamycin A,
block the cyclin-dependent kinase (CDK) inhibitor abemaciclib from
inducing LCD in human non-small cell lung cancer cells [181].
Different CDK inhibitors may trigger different forms of immunolo-
gical cell death to enhance antitumor immunity [182, 183].

CONCLUSION AND PERSPECTIVES

V-ATPases are highly conserved ATP-driven proton pumps with very
diverse functions [15, 36]. In addition to the fundamental
physiological functions of V-ATPase in sustaining a pH gradient,
the abnormal expression and subcellular locations of V-ATPase are
tightly related to the occurrence and development of tumors. A high
expression of V-ATPase has a poor prognosis in many types of
cancer, whereas plasma membrane V-ATPase promotes tumor cell
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invasion, metastasis, and drug resistance. Although the functions of
the subunits or isoforms of V-ATPase may be not the same, the
regulatory assembly of V-ATPase is a mechanism for controlling
cellular activity under stresses, especially glucose changes and
amino acid starvation [4, 70]. Structurally, conformational changes
affect its self-assembly and activation. Activated V-ATPases play a
role in mediating lysosomal acidification and autophagy, not only by
increasing the recycling of macromolecules, but also through
enhancing the defense ability of cells to resist cell death. In contrast,
excessive activation of lysosome-dependent autophagy may cause
cell death, especially ferroptotic cell death [184, 185].

While V-ATPases are a promising druggable target in cancer
therapy, some common problems need to be solved [36]. First, the
assembly of V-ATPase involves multiple proteins. We need to define
the difference in V-ATPase assembly machinery and modulation
signals under different conditions. Identifying the specific compo-
nents of V-ATPase assembly and subcellular localization signals for
cancer cells is essential for subsequent targeted therapy. Second,
although V-ATPase inhibitors have shown effective anticancer
effects in preclinical studies, their actual clinical application is still
controversial. Further research needs to focus on the development
of less toxic and more targeted inhibitors of subunit isoforms of V-
ATPase, but not other families of transmembrane ATPases. This
requires the joint efforts of multiple disciplines to study ATPase
structure, drug design, and function. Third, it is necessary to deeply
explore the mechanisms and immune consequences of V-ATPase
subunits regulating the death of different components of the tumor
microenvironment (in immune and non-immune cells) to develop
effective tumor immunotherapy [186, 187].
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