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Elevated expression of acetylcholinesterase (AChE) is a common characteristic of
apoptotic cells in both invertebrate and vertebrate species. While increased levels
of acetylcholinesterase sensitize cells to apoptogenic stimuli, its absence or
pharmacological inactivation interferes with apoptotic cell death.
acetylcholinesterase may exert its pro-apoptotic function directly as an integral
component of the apoptotic molecular machinery or indirectly by limiting the
availability of receptor ligands and structural binding partners that promote cell
survival under non-apoptogenic conditions. acetylcholinesterase promotes
formation of the apoptosome and degrades DNA after nuclear accumulation.
Its esterase activity limits the availability of acetylcholine as ligand for cell
membrane-located nicotinic and muscarinic ACh-receptors and mitochondrial
nicotinic ACh-receptors that normally support vital physiological states. Studies
on insects suggest, that cytokine-activated cell-protective pathways may
suppress acetylcholinesterase overexpression under apoptogenic conditions to
prevent apoptotic cell death. We provide an overview of studies on various
organisms and cell types that summarizes the contribution of
acetylcholinesterase to the progress of apoptosis via multiple mechanisms.
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Introduction

The term Apoptosis describes a regulated series of intracellular events that leads to self
destruction of individual cells. This form of programmed cell death is associated with
particular morphological changes that include, membrane enlargement, disintegration of
chromatin structure causing nuclear condensation and destruction of organelles and
macromolecules within membrane-surrounded compartments that form through
blebbing (Hengartner, 2000; Lawen, 2003). Subsequently, neighbouring cells and/or
macrophages detect these apoptotic bodies, engulf the membrane-enclosed debris and
remove it from the respective tissues. Since the release of degradation products into the
extracellular space is prevented, apoptotic cell death is not followed by inflammatory
responses, in contrast to necrotic and other types of cell death (Renehan et al., 2001).

Apoptosis represents a tightly regulated set of mechanisms to remove excess or no longer
required cells during development and eliminate damaged, malfunctioning or infected cells
to maintain functionality of tissues (Raff, 1998; Hengartner, 2000). The evolutionary origin
of the eukaryotic apoptotic system is tightly connected to the endosymbiontic origin of
mitochondria, subsequent horizontal gene transfer and recruitment of transducers and
effectors into eukaryotic apoptotic pathways (Koonin and Aravind, 2002; Degterev and
Yuan, 2008).

In mammalian cells, apoptosis can be initiated by external signals (extrinsic pathway)
including death receptor activation (by TNF-α, FasL and apolipoproteins), hormones, X-ray
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and UV-light amongst others, or internal conditions (intrinsic
pathway) including accumulation of reactive oxygen species,
oxygen and/or nutrient shortage, toxins, mechanical damage and
malfunction of proteins and signaling pathways (Hengartner, 2000;
Saelens et al., 2004). Both pathways ultimately activate series of
cysteine proteases, both activator caspases that activate other
caspases and executor caspases that proteolytically degrade
cellular components and activate DNases (Kumar, 2007;
McLuskey and Mottram, 2015; Bell and Megeny, 2017).

In the intrinsic pathway, caspase activation is initiated by the
apoptosome, a cytosol-located multimolecular adaptor protein
complex consisting of several Apaf-1 (protease-activating factor-
1), procaspase-9, acetylcholinesterase and cytochrome c, which is
released into the cytosol through regulated multimeric pore
complexes from mitochondrial intermembraneous compartments
(Acehan et al., 2002; Yuan and Akey, 2013). Conformational
changes resulting from formation of the apoptosome complex
lead to the conversion of procaspase-9 to active caspase-9 which
subsequently may activate executioner caspase-3 and other
downstream factors that promote or execute the disintegration of
cellular components (Earnshaw et al., 1999; Kumar, 2007).
Acetylcholinesterase (AChE) hydrolyzes the neurotransmitter
acetylcholine and hence terminates synaptic signal transmission
at vertebrate neuromuscular junctions and parasympathetic
terminals as well as at various central and peripheral cholinergic
synapses of vertebrates and invertebrates (Zhang et al., 2002).
However, ACh is a phylogenetically ancient universal signaling
molecule (already present in prokaryotes) that is produced by the
majority of cell types in all organisms and directly or indirectly
affects the physiology of any cell via various types of receptors
(Wessler and Kirkpatrick, 2020). Consequently, AChE is expressed
in various tissues with and without cholinergic innervation and is
involved in multiple processes including cellular adhesion, cell
growth, cell differentiation, amyloid fiber assembly and apoptosis
(Small et al., 1996; Karczmar, 2010; Zhang and Greenberg, 2012;
Rotundo, 2017). In addition, catalytically inactive domains with high
sequence similarity to AChE, that probably share a common
evolutionary origin (Swillens et al., 1986), serve as homo- or
heteromeric binding regions for adhesion molecules [neuroligins,
neurotactin, gliotactin, glutactin (Grisaru et al., 1999; Cao and
Tabuchi, 2017)] and assembly of protein complexes
[homodimerization of thyroglobulin (Park and Arvan, 2004)].
Acetylcholinesterase is coded by a single gene in vertebrates but
invertebrates may contain multiple AChE genes (nematode
Caenorhabditis elegans: 4; most insects: 2). As a result of multiple
genes and/or alternative splicing, different AChE molecules with
different functions, different affinities to join multimeric complexes
and different (sub-)cellular localisation are present in all animals.
The vertebrate ACHE gene is spliced into three alternative
transcripts that contain identical esterase domains but differ in
their carboxy terminal regions which determine localization and
interaction with other molecules (Grisaru et al., 1999; Hicks et al.,
2011; Rotundo, 2017).

Major splice variants include AChE-S (synaptic), the principal
type in brain and muscle, AChE-R (readthrough) expressed in
embryonic tissues, tumor cells and in the brain following
psychosocial, chemical or physical stress, and AChE-E
(erythrocytic) expressed on erythrocyte membranes of some

mammals and in muscle fibers of some vertebrates (reviewed in:
Grisaru et al., 1999; Zhang and Greenberg, 2012). As studied in mice
and humans, the variety of the major splice variants is further
increased by alternative promoter usage leading to the selection of
different first exons and N-terminal extension of translated AChE
protein (Meshorer et al., 2004).

AChE promotes apoptosis

Altered presence and functions of AChE are associated with
various degenerative diseases including Alzheimer’s disease,
Parkinson’s disease and cancer in various tissues (Small et al.,
1996; Perry et al., 2002; Toiber et al., 2008; Zhang et al., 2013).

A growing number of studies indicate that AChE plays a
major role as regulator and executor of apoptosis. Apoptogenic
stimuli increase AChE levels in vertebrate and invertebrate
species. This has been demonstrated in various mammalian
tissues (including brain, retina, kidney, colon, endothelial
cells, myoblast, bone), cell lines (including PC12,
neuroblastoma and HeLa cells) (reviewed in Campoy et al.,
2016; Zhang and Greenberg, 2012) and cells from
invertebrates including nematodes and insects (Kang et al.,
2011; Kim et al., 2014; Knorr et al., 2021). Elevated AChE
levels may also result from reduced degradation, as has been
demonstrated in amyloid beta-stimulated murine neuroblastoma
cells (Hu et al., 2003). While presence of AChE per se does not
initiate apoptosis, elevated levels sensitize the induction of
apoptosis under pathogenic or physiologically challenging
conditions (Jin et al., 2004; Knorr et al., 2022). Some studies
indicated that only particular splice variants of mammalian
AChE induce apoptosis in the investigated cell types, such as
N-AChE-S in cholinergic cortex neurons and glioblastoma cells
(Toiber et al., 2008). In contrast, absence or catalytic inactivation
of AChE have been correlated with reduced sensitivity to
apoptogenic stimuli and reduced apoptotic cell death in
various cell types including PC12, HEK293, HeLa,
neuroblastoma, substantia nigra dopaminergic neurons,
primary cortical neurons, renal cells, and insect neurons
(Carlson et al., 1998; Zhang et al., 2002; Jin et al., 2004; Park
et al., 2004; Toiber et al., 2008; Ye et al., 2010; Zhang et al., 2013;
Zhang et al., 2013; Yao et al., 2016; Knorr et al., 2020). AChE
expression and activity is dysregulated in various tumors while
the direction (elevated or reduced) depends on tumor type (Ruiz-
Espejo et al., 2002; Syed et al., 2008; Lu et al., 2013) and low levels
of AChE activity in lung cancer cells has been associated with
reduced sensitivity against the chemotherapeutic cisplatin (Lu
et al., 2013).

Direct and indirect involvement of
AChE in apoptosis

AChE may promote apoptosis by various direct or indirect
mechanisms involving 1) apoptosome formation, 2) degradation
of nuclear DNA, 3) ACh-hydrolization leading to reduced
cytomembrane-located ACh-receptor activation, 4) modulating
the activation of mitochondria-located nicotinic receptors and 5)
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non-catalytic mechanisms through association with other molecules
in trophic cell-to-cell contacts. We will summarize the current
knowledge on the role of AChE in some particular apoptotic
mechanisms.

AChE promotes apoptosome formation

The mammalian apoptosome is a cytosolic multi-protein
complex of up to ~1.4 MDa that assembles upon release of
cytochrome c from mitochondrial intermembrane space and
mediates activation of the initiator caspase-9 (Zou et al., 1999;
Yuan et al., 2013; Chai and Shi, 2014). Its major scaffolding
factor is Apaf-1 (apoptotic protease-activating factor-1), an
adaptor protein harboring three distinct domains for molecular
interactions with other apoptosomal proteins. In non-apoptotic
cells, Apaf-1 assumes an autoinhibitory conformation that
prevents interaction with procaspase-9. Following the release of

cytochrome c during initial phases of mitochondria-dependent
apoptosis Apaf-1/cytochrome C complexes are established and
each seven of those assemble per apoptosome (cofactor dATP/
ATP is required). This enables the recruitment of procaspase-9
zymogen and its subsequent transformation into activated caspase-9
(Chai and Shi, 2014). Various additional factors that either promote
or inhibit the formation of the apoptosome have been identified (Hu
et al., 1998; Cain et al., 2002; Chandra et al., 2006; Bao and Shi, 2007;
Bratton and Salvesen, 2010). One factor that seems to be essential for
this process, at least in some cell types, is AChE. Downregulation of
AChE has been demonstrated to prevent the interaction of Apaf-1
with cytochrome C (and subsequent Apaf-1 oligomerization and
caspase-9 activation) in various cell types subjected to different
apoptogenic stimuli (Park et al., 2004; Park et al., 2008). Detailed
analysis of various etoposide-treated cell types revealed direct
interaction of AChE with cytochrome C as an absolute
requirement for subsequent association of Apaf-1 and other
apoptosomal proteins (Park et al., 2008). Co-

FIGURE 1
Summary of acetylcholinesterase (AChE) -mediated direct and indirect mechanisms that promote apoptosis. Apoptogenic conditions typically
induce elevated levels of AChE. Extracellular AChE limits the activation of membrane-located nicotinic (nAChR) and muscarinic (mAChR) ACh-receptors
that initiate pro-survival intracellular processes. Intracellular accumulation of AChE limits the activation of mitochondrial nicotinic ACh-receptors leading
to opening of mitochondrial outer membrane permeability channels complexes (MOMP) and release of cytochrome C (Cyt C). Cytochrome C
associates directly with cytosolic AChE leading to formation of the apoptosome that activates the initiator caspase 9 from its inactive proenzyme. Caspase
9 converts procaspase 3 into active executor caspase 3 which degrades macromolecules and activates nuclear DNases. Additionally, AChE may
accumulate in the nucleus to directly degrade DNA. ACh acetylcholine, APAF-1 apoptotic protease-activating factor-1, GP G protein, MAPK mitogen-
activated protein kinase, AKT protein kinase B.
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immunoprecipitation studies on a human colorectal
adenocarcinoma cell line (HT-29) and other cell lines revealed
that AChE first associates with caveolin-1 before it can bind
cytochrome C (Park et al., 2008). It was demonstrated that this
initial complex subsequently associates with Apaf-1, though without
identification of the direct interacting molecular component.
Caveolin-1 is a structural membrane protein that forms small
invaginations (“caveolae”) of the cytoplasmic membrane that
concentrate a large variety of signaling molecules and regulate
multiple cellular processes including vesicular transport, cell cycle
progression, cell migration, survival and apoptosis (Williams and
Lisanti, 2004; Boscher and Nabi, 2012). Both pro-apoptotic and pro-
survival functions of caveolin-1 have been described, hence its role
in apoptosis seems to depend on cell type and cellular context.
Similar to AChE, caveolin-1 can sensitize cells to apoptogenic
stimuli (Liu et al., 2001; Torres et al., 2007) and dysregulated
functions have been detected in certain tumor types (Wang et al.,
2008; Zhao et al., 2009) (reviewed by Quest et al., 2013). Whether
AChE (with or without caveolin-1) is a general requirement for
apoptosome formation in mitochondria-dependent apoptosis of
mammalian cell types remains to be demonstrated by future
studies. Moreover, all mammalian AChE possess a N-terminal
secretory signal peptide causing translation into the
endoplasmatic reticulum and targeting to secretory pathways.
Interaction with cytochrome C requires the presence of AChE in
the cytoplasm but mechanisms that target functional AChE to the
cytoplasm have so far not been identified (Campoy et al., 2016; refer
to Hegde and Bernstein, 2006 for a general discussion of potential
mechanisms).

AChE degrades nuclear DNA

Degradation of nuclear DNA is an important process in
apoptosis. Various types of DNases sequentially cleave
chromatin first into large segments, then into
internucleosomal fragments and finally into small nucleotides
(reviewed by Aleksandrushkina and Vanyushin, 2012).
Decomposition of DNA into oligonucleotides and nucleotides
may occur after engulfment of apoptotic bodies by phagocytes.
Among various types of DNases, especially caspase-activated
DNase (CAD) and endonuclease G (EndoG) have been
implicated in apoptosis-related DNA degradation.
Ubiquitously expressed CAD is released from inhibition by
caspase-3-mediated cleavage of its inhibitor ICAD (inhibitor
of CAD). CAD cleaves the DNA in spacer regions between
nucleosomes to generate multimers of ~180 bp that can be
detected as “DNA ladder” by gel electrophoresis (Enari et al.,
1998; Samejima and Earnshaw, 2005). Under apoptogenic
conditions EndoG is released from mitochondrial
intermembrane space into the cytoplasm and subsequently
translocates to the nucleus. Activation of EndoG-mediated
DNase function is independent of caspases (Irvine et al., 2005;
David et al., 2006). Both, CAD and EndoG produce DNA
cleavage ends that can be detected by TUNEL labeling.
However, apoptosis is typically not dependent on a particular
type of DNase since experimental deactivation of single DNases
does not prevent DNA destruction suggesting that sequential and

parallel contribution of various types of DNases has evolved to
assure efficient degradation of DNA. In line with this, DNases
recruited for apoptosis seem to depend on cell type,
developmental status and the nature and intensity of the
apoptogenic stimulus (Aleksandrushkina and Vanyushin,
2012). Several studies reported nuclear localization and DNA-
hydrolyzing activity of AChE. Apoptogenic stimulus-induced
nuclear accumulation of AChE has been reported in various
cell lines including HeLA, PC12, COS1, HUVEC, MMEC-1
and normal rat kidney cells (Perry et al., 2002; Jin et al., 2004;
Xie et al., 2012; Du et al., 2015), in human neuroblastoma cells
(Yang et al., 2002) and in mouse dopaminergic and hippocampal
neurons (Zhang et al., 2013; Zhang et al., 2013; Du et al., 2015).
These studies provided some evidence that AChE may first
accumulate in the cytoplasm and translocates to the nucleus
during apoptosis execution, where it can be detected throughout
the middle and late phases of apoptosis (Yang et al., 2002; Jin
et al., 2004; Xie et al., 2011). Since AChE is a designated export
protein and normally translated into the lumen of the rough
endoplasmic reticulum, mechanisms leading to its nuclear entry
(directly from ER into nucleus or via transient appearance in the
cytoplasm or other pathway) are not clear (Campoy et al., 2016).
Targeted translocation of larger proteins (>40 kDa) to the
nucleus is typically associated with nuclear localization signals
that are recognized by transport proteins to initiate active
transport through pore complexes in the nuclear envelope
(reviewed by Cautain et al., 2015). Apoptosis includes the
nucleocytoplasmic exchange of signals and execution factors.
Apoptotic mechanisms may alter the molecular transport
across nuclear membranes by masking/demasking of nuclear
localization signals on cargo molecules, modulating the
activity of transport molecules (importins and exportins) or
alteration of the nuclear pore complexes (increased pore
diameter and caspase-mediated modifications) (reviewed by
Ferrando-May 2005). Studies on hydrogen peroxide-exposed
PC12 cells and ischemia-reperfusion-treated mouse kidneys
revealed the caspase-mediated production of 55 kDa cleavage
product from 68 kDa full length AChE-S (Xie et al., 2011). Only
after activation of caspases and generation of the cleavage
product, both the 55 kDa and the original 68 kDa AChE-S
molecules translocated from the cytoplasm into the nucleus.
Thus, in addition to the appearance of the N-terminally
truncated version of AChE-S other apoptosis-initiated
processes enabled the nuclear entry of full-length AChE.
Santos and coworkers reported the presence of a 55 kDa
AChE isoform that, together with a 70 kDa AChE was already
present in nuclei of intact non-apoptotic cells of various types
(Santos et al., 2007). Additional studies should clarify whether
the 55 kDA AChE isoforms were identical and why the
conditions for their nuclear localization differed in both
studies (Santos et al., 2007; Xie et al., 2011). At least
67 C-terminal amino acids of AChE (fused to GFP) are
required for translocation to nuclei of apoptotic COS 1 and
PC12 cells (Perry et al., 2002). Du and coworkers
demonstrated that heterologously generated purified mouse
(aa 32–579) and human (aa 32–578) AChE polypeptides
associate and cleave naked plasmid and genomic DNA as well
as chromosomal DNA in fixed cellular nuclei and apoptotic HeLa
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cells (Du et al., 2015). DNA cleavage by AChE was independent
of its catalytic center for ACh hydrolysis and persisted in a
truncated polypeptide consisting of aa 32–138 of human
AChE-S. This suggested that AChE harbors two independent
domains with esterase and DNase functions. Whether the
reported DNase activity is a general characteristic of AChE
and whether/under which conditions nuclear AChE
contributes significantly to apoptotic DNA degradation (in
addition to dedicated nucleases) has to be determined by
future studies.

AChE reduces the activation of cell
membrane ACh receptors

AChE hydrolyzes extracellular ACh and limits the activation
of cytoplasmic membrane-located cholinergic receptors
(Figure 1). These receptors include various subtypes of
ionotropic and other nicotinic ACh-receptors and
metabotropic muscarinic ACh-receptors that activate G
proteins and intracellular signaling cascades. The vast majority
of mammalian cells, many cell types in other species and various
cancer cells express muscarinic and/or nicotinic ACh-receptors
and receive ACh signals of various origins implicated in the
regulation of multiple cellular mechanisms (Spindel, 2012;
Wessler and Kirkpatrick, 2020). ACh stimulation presumably
affects all intracellular signaling pathways (Wessler et al., 2003)
and membrane-located ACh receptors have been shown to
initiate trophic mechanisms by activating intracellular
pathways that lead to the expression of pro-survival genes.
Hence survival-promoting activation of cell membrane located
ACh-receptors is reduced by AChE-mediated hydrolysis of
extracellular ACh. Involvement of cell membrane nicotinic
ACh-receptors: Many studies apply nicotine for selective
activation of nicotinic ACh-receptors. Since nicotine is
membrane permeable the observed effects may result from
activation of receptors in cell surface membranes and/or
receptors in mitochondrial membranes (see below).
Distinction between effects mediated by these differently
located receptors requires additional controls. Anti-apoptotic
effects mediated by cell membrane located nicotinic ACh-
receptors have been described in mouse spinal cord and brain
neurons (Carlson et al., 1998; Garrido et al., 2001), rat brain
neurons (Kaneko et al., 1997; Kihara et al., 1998) and different
tumor cell lines (Wright et al., 1993). Cell-protective mechanisms
are often initiated by α7 subunit-containing nicotinic receptors
that display high Ca2+ permeability and may involve PI3K/Akt
signaling (Liu and Zhao, 2004; Yu et al., 2011) eventually
stimulating the expression of anti-apoptotic Bcl-2 (Kihara
et al., 2001). In addition to ionotropic effects, nicotinic
ACh–receptors can directly stimulate intracellular kinases and
protein tyrosine phosphatases (Swope and Huganir, 1994; Kihara
et al., 2001) or physically associate with receptors for growth
factors (epidermal growth factor EGF, vascular endothelial
growth factor VEGF, Chernyavsky et al., 2015) to modulate
their effects on cellular physiology. Involvement of cell
membrane muscarinic ACh-receptors: Muscarinic ACh-
receptors signal through different types of G proteins and

especially M1-, M3-and M5-receptors that activate Gq proteins
have been implicated with anti-apoptotic effects. An
intracellularly located C-terminal region of these receptors
appears to be responsible for anti-apoptotic effects, that occur
independently of typical cell-protective pathways involving
PI3K, MAPK, PKB/Akt or phospholipase C (Budd et al., 2003;
2004). Muscarinic agonists inhibit apoptosis (initiated different
stimuli) in tumor cell lines (Lindenboim et al., 1995; Leloup et al.,
2000; De Sarno et al., 2003; Budd et al., 2004), transfected
hamster ovary cells (Budd et al., 2004) and neurons (Koh
et al., 1991; Yan et al., 1995). Anti-apoptotic mechanisms can
rely on regulation of transcription and/or stabilization of pro-
survival Bcl-2 protein (Budd et al., 2004). Other mechanisms
induced by extracellular AChE accumulation: Experimentally
increased levels of extracellular AChE induced death neuronal
and glia-like cells that was associated with the induction of
TUNEL-positive nuclear labeling (Carlson et al., 1998).
Promotion of cell death persisted in the presence of inhibitors
of AChE’s esterase activity. Though blocking of AChE’s cytotoxic
effect by low temperature suggested enzyme-driven processes,
the mechanism how extracellular AChE activates apoptosis
(endocytosis? Intracellular signaling pathway?) remains to be
identified.

AChE limits ACh-binding to
mitochondrial nicotinic ACh receptors

Mitochondrial outer membranes contain various molecular
subtypes of nicotinic ACh-receptors in a tissue-specific manner
(Lykhmus et al., 2014; Skok and Lykhmus, 2016; Skok, 2022).
Nicotinic receptors have been evolved long before the appearance
of neurons as multifunctional receptors that mediate physiological
responses to various kinds of signals (Hampl et al., 2008). Various
studies indicated that elevated presence of mitochondrial nicotinic
ACh-receptors mediates resistance against apoptogenic signals and
increases cell viability of normal and malignant cells under
unfavorable physiological conditions (Grando, 2014; Uspenska
et al., 2018). Moreover, different types of nicotinic ACh-receptors
promoted survival during exposure to different types of proapoptotic
stress factors (Lykhmus et al., 2014). In contrast to their function as
ligand-gated cation channels in excitable cells,mitochondrial nicotinic
ACh-receptors (like some types of plasma membrane located types)
mediate their effects through ion-independent direct interaction with
other proteins including intramitochondrial kinases and components
of the mitochondrial permeability transition pore (MPTP)
(Chernyavsky et al., 2009; 2010; Gergalova et al., 2012; Skok and
Lykhmus, 2016). Especially nicotinic receptors that contain the
subunits α7 and β2 have been implicated with regulating the
release of mitochondria-derived pro-apoptotic molecules (Lykhmus
et al., 2014). In addition to ACh, which can be generated by cytosolic
and mitochondrial cholineacetyltransferase (Wessler et al., 2012),
nicotine and choline can activate mitochondrial receptors
(Gergalova et al., 2012). Since permanent binding to mitochondrial
nicotinic receptors is required to prevent release of cytochrome C and
reactive oxygen species throughmitochondrial outermembrane pores
(Gergalova et al., 2012), cytosol-localized AChE activity that limits the
availability of the respective ligands can promote the release of these
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proapototic factors from mitochondria (Baldessarini and Karobath,
1973). Hence, elevated levels of cytosolic AChE promote the release of
cytochrome c from mitochondrial intermembrane space which
subsequently enables apoptosome formation and caspase activation
leading to apoptosis.

AChE as structural component

AChE associates with various intracellular molecules involved in
apoptotic pathways such as cytochrome c and caveolin-1 (Park et al.,
2008; see above). AChE also binds extracellularly exposed proteins
such as laminin in order to modulate their receptor-binding
properties (Layer et al., 2005). Various cell adhesion molecules
(including neuroligins, gliotactin, glutactin) contain catalytically
inactive AChE-homologous domains that bind to other molecules
(Grisaru et al., 1999; Karczmar, 2010). Interaction with their
designated binding partners (e.g., neurexins that associate with
AChE-like domains of neuroligins) on other cells initiates
intracellular events in both cells that regulate neurite outgrowth,
cell-to-cell contacts and synaptogenesis (Grisaru et al., 1999).
Elevated levels of AChE induced by apoptogenic stimuli may
interfere with regular protein-protein interactions by saturating
binding sites for AChE-like domains, weakening cell adhesion
and altering cellular physiology.

AChE in invertebrate apoptosis

Current knowledge suggests that complex regulation of apoptosis
including mitochondrial cytochrome c release and apoptosome-
mediated activation of caspases evolved in early metazoans
(Zmasek and Godzik, 2013; Chai and Shi, 2014; Green and
Fitzgerald, 2016). Elevated levels of AChE expression induced by
apoptogenic stressors and apoptosis inhibition by experimental
reduction of AChE presence and/or catalytical activity have also
been detected in insects (Knorr et al., 2020; Knorr et al., 2022)
paralleling previous reports from studies with vertebrate cells. The
molecular mechanisms underlying AChE’s pro-apoptotic functions
have not been revealed in any invertebrate species. Pro-apoptotic
elevation of AChE expression in locust and beetle neurons is
suppressed by activation of CRLF3 (cytokine receptor-like factor 3)
stimulation with various cytokine ligands (Knorr et al., 2022).
CRLF3 represents a phylogenetically (from cnidarian to mammals)
conserved cytokine receptor that initiates anti-apoptotic processes via
activation of intracellular JAK/STAT signaling (Hahn et al. 2017;
Hahn et al. 2019). Since this anti-apoptotic pathway is stimulated by
various cell-protective cytokine receptors, the prevention of AChE
accumulation under apoptogenic conditions, might represent a
general cytoprotective mechanism in insect, invertebrate and
vertebrate cells. CRLF3 belongs to group 1 of the prototypic class I
cytokine receptors that also includes the vertebrate-specific
erythropoietin receptor EpoR (Boulay et al., 2003; Lionge and
Ward, 2007). A connection between EpoR activation and elevated
expression of AChE-E via GATA1 transcription factors promoting
survival and maturation was reported from mammalian erythrocyte
progenitor cells (Xu et al., 2018).

Summary

Increased expression and/or activity of AChE sensitizes cells for
apoptogenic stimuli and promotes various apoptotic cellular
processes. AChE can either directly contribute to apoptotic events
by promoting apoptosome formation or degrading nuclear DNA or
indirectly by limiting the availability of ACh as a ligand for ACh-
receptors on cytomembranes and mitochondrial membranes.
However, the pathways from sensing the apoptogenic stimulus to
AChE accumulation and targeting to particular cellular
compartments as well as the mode of AChE action have only been
incompletely identified and likely vary between cell types, their
physiological state and the type of apoptogenic insult. While
elevated presence and activity of AChE seems to contribute to cell
loss in degenerative diseases (including Alzheimer’s and Parkinson’s
Disease) reduced AChE may impair apoptosis in cancer cells and
therefore interfere with chemotherapy. Increasing knowledge about
the induction and functions of AChE in apoptosis may identify points
of intervention to prevent the disease-related dysregulations of AChE.
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