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Alkaliptosis: a new weapon for cancer therapy
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Abstract
Malignant tumors are one of the major causes of death worldwide, and the development of better treatments is urgently
needed. There are many types of cancer treatment, such as surgery, chemotherapy, radiation therapy, immunotherapy, and
targeted therapy, that might improve patient outcomes in a genotype- and stage-dependent manner. The main goal of cancer
therapy is to inhibit biological capabilities of tumors and eventually eliminate the cancer cells. However, cancer cells are well
known to escape apoptosis, a form of programmed cell death that was first described in studies of cell development and
tissue remodelling. Increasing our understanding of cell death may result in new anticancer approaches that target types of
nonapoptotic cell death, such as necroptosis, ferroptosis, autophagy-dependent cell death, and alkaliptosis. Notably,
alkaliptosis, a pH-dependent form of regulated cell death, has been recently identified as a new strategy for cancer therapy
across multiple tumor types, especially in pancreatic cancer.

Cell death was first described in an investigation of meta-
morphosis by Vogt in 1842 and is now recognized as a key
biological event in a variety of physiological and patholo-
gical conditions [1]. Cell death has traditionally been divi-
ded into type I (also known as apoptosis), type II (also
known as autophagic cell death), and type III (also known
as necrosis) based on morphological criteria and histologic
changes [2]. The Nomenclature Committee on Cell Death
recently updated its guidelines for the classification of cell
death subroutines [3]. In these guidelines, cell death can be
classified into two distinct forms: accidental cell death
(ACD) or regulated cell death (RCD) [3]. ACD is an
uncontrolled form of cell death, whereas RCD is a con-
trolled cellular process that occurs with genetic and bio-
chemical changes [3]. Understanding the molecular
machinery of RCD has had an enormous impact on all areas
of biomedicine, including cancer research [4].
Apoptosis is the most common form of RCD and plays an

essential role in tissue development and homeostasis [5].
Caspases are central components of the intrinsic pathway

(also known as the mitochondrial pathway) and extrinsic
pathway (also known as the death receptor pathway) of
apoptosis although a caspase-independent pathway may occur
in some conditions [6, 7]. Most cytotoxic anticancer drugs
(e.g., alkylating agents, platinum compounds, and topoi-
somerase inhibitors) kill cancer cells through the induction of
caspase-dependent apoptosis [8]. However, cancer cells can
acquire genetic changes leading to apoptosis resistance and
subsequent therapy failure [9, 10]. Thus, triggering apoptosis-
independent RCD, such as necroptosis (a mixed-lineage
kinase domain-like pseudokinase [MLKL]-dependent form of
regulated necrosis) [11, 12], ferroptosis (an iron-dependent
form of regulated necrosis) [13–15], autophagy-dependent
cell death (an autophagy-related [ATG] protein-mediated cell
death) [16, 17], and alkaliptosis (a pH-dependent form of
regulated necrosis) [18] (Fig. 1), may serve as a potential
strategy for anticancer drug development.

Pancreatic cancer, the seventh-leading cause of cancer-
related deaths worldwide, often develops resistance to cur-
rent chemotherapy, and new efficient anticancer drugs are
needed for it [19–21]. Pancreatic ductal adenocarcinoma
(PDAC), the most common type of pancreatic cancer, is
driven by an oncogenetic KRAS mutation [22]. G protein-
coupled receptors (GPCRs), one of the largest membrane
protein families, remain the main target for modern drug
discovery [23]. To identify novel chemotherapeutic agents
for PDAC, a GPCR drug library was tested in PANC1, a
human PDAC cell line harboring the most common
KRASG12D mutation. This screen identified a GPCR-targeted
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small molecule called JTC801 that significantly triggered
cell death in multiple human PDAC cell lines, mouse
pancreatic cancer-associated stellate cell lines, and primary
human PDAC cells [18]. A National Cancer Institute-60
(NCI-60) screen using 60 different human tumor cell lines
further confirmed the wide anticancer activity of JTC801 in
kidney carcinomas, prostate cancer, melanoma, and central
nervous system cancer cell lines in vitro. The oral admin-
istration of JTC801 suppressed tumor growth in xenograft,
orthotropic, lung metastases, and genetically engineered
mouse models of pancreatic cancer in vivo. Notably, toxi-
city from JTC801 was not observed in normal cells and
tissues, indicating that JTC801 may be selectively lethal to
tumor cells and absent of significant side effects.

The anticancer activity of JTC801 was shown to be due
to the induction of alkaliptosis, but not apoptosis, necrop-
tosis, ferroptosis, and autophagy-dependent cell death [18].
The pharmacological inhibition of apoptosis (using Z-VAD-
FMK), necroptosis (using necrosulfonamide), ferroptosis
(using ferrostatin-1), and autophagy (using hydroxy-
chloroquine) had no effects on JTC801-induced alka-
liptosis. Furthermore, the genetic modification of apoptosis
(Bax−/−/Bak−/− cells), necroptosis (Ripk1−/−, Ripk3−/−, and
Mlkl−/− cells), ferroptosis (Gpx4−/− cells) or autophagy
(Atg3−/−, Atg5−/−, Atg7−/−, and Sqstm1−/− cells) also failed
to block JTC801-induced alkaliptosis.

Much progress has been made in understanding how
dysregulated pH affects cell survival and cell death. For
example, intracellular acidification contributes to apoptosis
[24], necroptosis [25], and autophagy [26]. In contrast,
intracellular alkalinization is responsible for JTC801-
induced alkaliptosis and damage-associated molecular pat-
tern (e.g., lactate dehydrogenase and high-mobility group

box 1) release, which can be reversed by N-acetyl cysteine,
N-acetyl alanine acid, and acidic medium (pH 6.2). Inter-
estingly, oxidative stress is not essential for JTC801-
induced alkaliptosis. These findings demonstrate that alka-
liptosis is an intracellular alkalinization-dependent form of
regulated necrosis.

JTC801 has been shown to be a selective antagonist for
opioid-related nociceptin receptor 1 (OPRL1), a nociceptin
receptor distributed throughout the brain [27]. Although it is
important for JTC801-induced analgesic function to reduce
pain and anxiety [28–30], OPRL1 seems to be unimportant
for JTC801-induced alkaliptosis [18]. Certain human tumor
cell lines do not express OPRL1 but still are sensitive to
alkaliptosis. OPRL1 depletion by RNAi fails to affect
JTC801-induced alkaliptosis in OPRL1-expressed cancer
cells. In addition, other OPRL1 antagonists (e.g.,
BANORL24, SB612111, UFP101, and Trap101) or a
change of the binding of JTC801 to OPRL1 also has no
influence on alkaliptosis. Surprisingly, kinase inhibitor
screening uncovered that the nuclear factor κB (NF-κB)
pathway, a prosurvival pathway, is upregulated in many
cancers and partly responsible for JTC801-induced alka-
liptosis (Fig. 1) [18]. The canonical NF-κB pathway is
activated by ligands (e.g., lipopolysaccharide) that leads to
the recruitment and activation of an IKK protein complex,
including components of the inhibitor of nuclear factor
kappa B kinase complex (CHUK, also known as IKKα),
nuclear factor kappa B kinase subunit beta (IKBKB, also
known as IKKβ), and inhibitor of nuclear factor kappa B
kinase regulatory subunit gamma (IKBKG, also known as
IKKγ) [31]. The IKK protein complex then phosphorylates
and degrades NFKB inhibitor alpha (NFKBIA, also known
as IκBα) leading to the subsequent nuclear translocation of
nuclear factor kappa B subunit 1 (NFKB1, also known as
p50) or RELA (also known as p65) to regulate gene
expression. Blocking the NF-κB pathway by the pharma-
cological or genetic inhibition of IKBKB or RELA reduces
JTC801-induced alkaliptosis in cancer cells. These findings
raise the question of how the NF-κB pathway controls
intracellular alkalinization. Indeed, carbonic anhydrase 9
(CA9), a member of the CA family that regulates pH by
catalyzing the reversible hydration of carbon dioxide to
carbonic acid, is identified as a NF-κB–dependent nega-
tively regulated gene responsible for alkaliptosis inhibition.
CA9 depletion not only recapitulates the NF-κB pathway-
mediated intracellular alkalinization phenotype, but also
rescues alkaliptosis sensitivity in NF-κB–deficient cancer
cells. Nevertheless, the findings also reinforce the notion
that the transcription factor plays a dual role in mediating
either cancer cell survival or cell death depending on its
target genes and related regulatory networks.

Because dysregulated pH is a common feature of cancers,
the manipulation of the extracellular and/or intracellular pH

Fig. 1 The molecular mechanism of alkaliptosis. Alkaliptosis is driven
by intracellular alkalinization after JTC801 activates the NF-κB
pathway and subsequent CA9 downregulation
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of tumors is a reasonable approach for cancer therapy [32]. In
this regard, the discovery of alkaliptosis may hold promise by
leading to cancer therapeutic targets to achieve higher spe-
cificity and efficacy. At present, nothing is known about the
role of alkaliptosis in tumor development or about the
effector molecule of plasma membrane rupture during alka-
liptosis. Further clinical trials need to confirm the efficacy
and safety of JTC801, although it may have two potential
benefits for cancer patients: easing pain and anxiety symp-
toms and directly killing tumor cells via alkaliptosis.
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