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Abstract

Acetylcholinesterase (AChE) plays a key role in catalytic hydrolysis of cholinergic
neurotransmitters. Intensive research has proven the involvement of this protein in
novel functions, such as cell adhesion, differentiation, and proliferation. In addition,
several recent studies have indicated that acetylcholinesterase is potentially a marker
and regulator of apoptosis. Importantly, AChE is also a promising tumor suppressor.
In this review, we briefly summarize the involvement of AChE in apoptosis and
cancer, focusing on the role of AChE in lung cancer, as well as the therapeutic consid-
eration of AChE for cancer therapy.

Introduction

Lung cancer is the most commonly diagnosed cancer and is
the leading cause of death among male cancer patients
worldwide. Lung cancer accounts for 17% of the total new
cancer cases and 23% of total cancer mortality in male
patients.1 Worldwide, 80% of lung cancer diagnosed in men
and at least 50% in women is caused by smoking, which is
characterized as one of the main factors leading to cancer
growth.2 Other risk factors contribute to lung cancer,
including exposure to several occupational and environ-
mental carcinogens, such as crystalline silica dust, asbestos,
arsenic, residential radon, polycyclic aromatic hydrocar-
bons, passive smoking, and ambient air pollution, as well as

unknown risk factors.3 Lung cancers are classified into small
cell lung carcinomas (SCLC) and non-small cell lung carci-
nomas (NSCLC) based on morphological criteria and clini-
cal outcome.4 SCLC, comprising 20–25% of lung cancers,
are closely associated with smoking and develop and metas-
tasize rapidly.5–7 NSCLC are categorized into adenocarcino-
mas (AC), squamous cell carcinomas (SCC), and large cell
carcinomas (LCC). Despite innovations in diagnostic
testing, surgical techniques, and chemotherapeutic treat-
ments, the five-year survival rate of lung cancer patients
remains low (13–15%).8 Because of a lack of specific
biomarkers and tools for early screening, most patients are
only diagnosed at advanced stage, and most die from metas-
tasis.9,10 A better understanding of the molecular mechanism
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underlying lung cancer would lead to new therapies for
improving patient survival and quality of life.

Acetylcholinesterase (AChE), a member of the alpha/beta-
hydrolase fold superfamily of proteins, is a serine hydrolase
responsible for terminating transmission at cholinergic syn-
apses by rapidly hydrolyzing the neurotransmitter acetylcho-
line (ACh).11 The gene-encoding AChE is located at 7q22 in
the human genome.12 There are three distinct alternative
splicing isoforms.13 Tetrameric AChE-synaptic (S) isoform
expressed in brain and muscle tissue contains C-terminal col-
lagen tail or hydrophobic subunits, which can anchor to the
membrane. Dimeric AChE-erythrocytic (E) isoform can gen-
erate a hydrophobic glycosylphosphatidylinositol (GPI)
group near the C-terminal. This isoform is prevalent in the
human erythrocytes. The third isoform AChE-read-through
(R) can produce a hydrophilic monomer at the cholinergic
synapse in response to stress.14–16

Although AChE is an essential enzyme primarily expressed
in the central and peripheral nervous systems, different
isoforms of AChE are also constitutive of various cell types,
including human fibroblasts, osteoblasts, rat kidney cells,
erythrocytes,vascular endothelial cells,and leukocytes,as well
as tissues, such as nerve endings, and the brain, lung, and
spleen.17 In these tissues, the biological role of AChE is not
limited to its classical role in hydrolyzing ACh, but includes
non-classical functions, such as neuritogenesis and
neurodegeneration, which are related to Alzheimer’s disease,
and influence apoptotic sensitivity, cellular proliferation, and
differentiation, suggesting a possible role of cholinesterases in
tumorigenesis.16,18–24 AChE has also been reported to be associ-
ated with stress responses and related to inflammation.25–27

Furthermore, abnormal expression and structural alteration
of AChE and multiple activities have been found in different
typesof tumors,suchasbrain,lung,ovarian,breast,hepatocel-
lular, renal,and colon cancers,which indicate the involvement
of AChE in regulating tumor development.14,28–34 However, the
mechanism of AChE gene regulation in tumors remains
unclear; therefore, its detailed functions need to be investi-
gated. Recent reports have revealed that AChE activity in lung
cancer is reduced, which may contribute to lung cancer
growth. Moreover, AChE may participate in apoptosis, con-
tributing to tumor suppression. In this review,we focus on the
latest developments of AChE function in lung cancer.

Acetylcholinesterase (AChE)
expression is related to apoptosis and
oxidative stress

Many studies have found that the expression level of AChE
increases during apoptosis in various cell types. It has been
demonstrated that normal human lung fibroblast (HLF)
cells have almost no expression of AChE; however the
expression level of AChE is highly upregulated during apop-

tosis or stimulated states.20,35 During apoptosis in normal rat
kidney (NRK) cells, the expression of AChE protein is
upregulated, which results in reducing cell proliferation and
promoting apoptosis.35 AChE-R was shown to increase germ
cell apoptosis.36 Furthermore, AChE is weakly expressed in
normal human retina pigment epithelial (RPE) cells;
however H2O2 treatment in RPE cells stably increased AChE
expression.37 It has also been demonstrated that AChE can
hydrolyze lipid peroxides, which may support the possibility
that a reduction in enzyme activity augments oxidative
stress and cellular damage of bronchopulmonary epithelial
cells.38 Stress stimuli in the cortex of thymus may also
induce AChE expression.39

Park et al. discovered that AChE plays a pivotal role in the
formationof apoptosomebyaffectingthe interactionbetween
apoptotic protease-activating factor-1 (Apaf-1) and cyto-
chrome c, which consequently triggers cleavage of pro-
caspase-9 to its active form (Fig 1).40 Inhibition of the
expression of AChE by small interfering ribonucleic acids
(siRNAs) impedes the interaction between Apaf-1 and cyto-
chrome c, which results in a blockage of caspase-9 activation,
leading to a decrease of cell viability, nuclear condensation,
and poly (adenosine diphosphate-ribose) polymerase cleav-
age.40 The anti-sense oligonucleotides of AChE may also
prevent apoptosis.20 A further study showed that the expres-
sion of AChE was upregulated in MCF-7 cells treated with
cisplatin, an anti-tumor drug; when p53 is blocked with
siRNA, cisplatin-induced AChE expression is decreased in
cisplatin treated MCF-7 cells. These results imply that AChE
might be a downstream component of p53, which induces
apoptosis in chemotherapy.41

Growing evidence suggests that AChE-R is involved in cell
proliferation, whereas AChE-S is involved in apopto-
sis.19,20,40,42,43 Over-expression of the N-terminally extended
N-AChE-S variant induces cell death and morphological
impairments both in primary cortical cells and in different
cell lines of various tissue and species origins, attributing to
its conserved and ubiquitous role as a general trigger of apop-
tosis by activating an apoptotic pathway that includes activa-
tion of glycogen synthase kinase 3 (GSK3), Bax, and
caspases.44,45 Silencing the expression of AChE protein by
small hairpin RNA prevented the Y79 cell from entering the
apoptotic pathway.46 In addition, the decrease of AChE activ-
ity in LCC and, particularly, in SCC, may contribute to tumor
development by increasing cell growth or proliferation.47 In
this regard, AChE may act as a pro-apoptotic gene in NSCLC
cells, and attenuate the growth of xenografts in nude mice
when the expression is upregulated.

However, recent reports observed an increase in AChE
activity in the blood of lung cancer and acute lymphoblastic
leukemia (ALL) patients. These results indicate that AChE
related reduction of ACh levels in the blood may cause a con-
sequent decrease in the anti-inflammatory activity promoted
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Figure 1 Schematic diagram for signaling regulation of acetylcholinesterase (AChE). AChE may bind laminin-1 contributing to cell-to-cell recognition.
During the early phase of apoptosis, AChE may translocate into the nucleus, and then shuttle to the cytoplasm. In the nucleus, AChE may interact with
nuclear proteins, for example, transcriptional co-repressor C-terminal binding protein (CtBP), while in the cytoplasm, AChE may bind to caveolin-1,
assisting the interaction of apoptotic protease-activating factor-1 (Apaf-1) and cytochrome C (Cyt C), promoting apoptosis. Anticancer drugs, such as
thapsigargin and cisplatin, ZD55-AChE (overexpressed AChE by oncolytic adenoviral vector), could upregulate the expression of AChE, and may promote
apoptosis through the c-Jun N-terminal kinase (JNK) pathway, inhibiting phosphatidylinositol-3 kinase (PI3K)/protein kinase B (Akt) and mitogen acti-
vated protein kinase (MAPK) signaling pathways while activating glycogen synthase kinase (GSK)-3β, which may suppress cell proliferation. High cyto-
plasm calcium concentration also upregulated AChE expression, while the intracellular Ca2+ chelator, BAPTA-AM, decreased the AChE level. (a) AChE
involved in transforming growth factor (TGF)-β1-induced epithelial-mesenchymal transition (EMT). (b) AChE may associate with anti-angiogenesis. EGF,
epidermal growth factor; FGF2, fibroblast growth factor 2; mAchR, muscarinic acetylcholine receptor; nAchR, nicotinic acetylcholine receptor;
SP600125, specific inhibitor of stress activated kinases (SAPK)/JNK; TNF-α, tumor necrosis factor α; VEGF, vascular endothelial growth factor.
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by this molecule, which contributes to the regulation of
immune function, suggesting a dual role of AChE.48,49

Signaling pathways involved in
regulation of AChE

With the discovery of non-classical functions of AChE, the
partners that interact with AChE and the signaling pathways
that regulate AChE have been intensively investigated. For
example, an AChE protein localized to the nucleus has been
documented. AChE may move into the nucleus in early
phases of apoptosis and translocate from the nucleus to the
cytosol.50 The variations of AChE cellular localization led to
the detection of a variety of interaction partners for the AChE
protein. AChE may localize to caveolae via interacting with
caveolin-1.51 Nuclear proteins, such as the transcriptional
co-repressor C-terminal binding protein or β-amyloid, and
cytoplasmic proteins, such as receptors for activated
C-kinase, can interact with AChE and, consequently, may
contribute to its functional diversity.52–55 Recent findings have
revealed that laminin-1 is an interaction partner for AChE.
The binding of AChE to this extracellular matrix component
may allow cell-to-cell recognition and cell signaling via mem-
brane receptors. Recent research has suggested that several
signaling pathways are involved in the regulation of AChE
(Fig 1).

Recently, Deng et al. demonstrated that the mechanism
underlying AChE upregulation is mediated by the c-Jun
N-terminal kinase (JNK)/c-Jun pathway in colon cancer cell
line SW620.56 The JNK signaling pathway can be activated
under multiple forms of stress, such as growth factor with-
drawal,excitotoxic stress,and ultraviolet radiation,contribut-
ing to apoptotic signal transduction and regulation of the
transcription of some downstream genes and some pro-
apoptotic or anti-apoptotic proteins, such as Bax and B-cell
lymphoma 2.57–61 Inhibition expression of JNK1/2 by a specific
inhibitor SP600125 or siRNA can block the expression of
AChE, induced by anti-cancer drugs etoposide or excisanin-A
in messenger (m)RNA and protein levels.56 Furthermore, an
overexpression of AChE in cancer cells could inhibit critical
proliferation pathways, including the phosphatidylinositol-3
kinase (PI3K)/protein kinase B (Akt) pathway.32 AChE also
inactivates mitogen activated protein kinase (MAPK) and
PI3K/AktpathwaysandactivatesGSK3β inhepatocellularcar-
cinoma (HCC) cells. Moreover, AChE is reported to restrain
intestinal cell or stem cell differentiation, probably through
inhibition of signal transduction of the PI3K/Akt pathway.62–64

Activation of the PI3K/Akt signaling pathway was discovered
in lung epithelial cells induced by both nicotine and nicotine-
derived carcinogenic nitrosamine, indicating a correlation
between cholinergic stimulation and lung cancer.65

Another important factor that needs to be highlighted is
that synaptic AChE may be a tumor suppressor in NSCLC,

which could increase cell apoptosis and attenuate NSCLC
growth. In addition, cisplatin combined with upregulated
AChE effectively suppressed xenograft growth, while micro
ribonucleic acid (miR)-212 that directly targeted the 3′
untranslated region (UTR) of AChE mRNA in NSCLC cells
negatively regulated AChE expression and inhibited
cisplatin-induced apoptosis. These results demonstrate that
targeting to AChE and/or miR-212 may improve the
pharmaco-toxicological profile of cisplatin in NSCLC.66

AChE inhibition also restricts inflammation in both the
peripheral and central nervous systems.67 MiR-132 targeted
AChE potentiates cholinergic anti-inflammatory activity,
which facilitates tumor progression.27

Cytosolic calcium concentration also plays an important
role in AChE regulation during apoptosis. Calcium iono-
phore A23187 could significantly elevate AChE expression in
both mRNA and protein levels, while the intracellular Ca2+

chelator, BAPTA-AM, suppresses AChE expression.68 During
thapsigargin-induced apoptosis in HeLa and MDA-MB-
435 s cells, thapsigargin interfered with cellular Ca2+ homeo-
stasis, which gave rise to the upregulation of AChE expression
and AChE promoter activity.69 Recent research has indicated
that nicotine binds to the nicotinic acetylcholine receptors,
activates Ca2+ channels, and triggers the secretion of growth
factors, including vascular endothelial growth factor, epider-
mal growth factor, and fibroblast growth factor 2, which may
consequently promote cell proliferation and tumor angio-
genesis in lung cancer (Fig 1a).70 These findings possibly indi-
cate the role of AChE in angiogenesis and tumor
development. Further investigation is required to unveil the
anti-angiogenesis function of AChE in cancer therapy.

AChE may function as a potential
biomarker for cancer diagnosis
or prognosis

As reported previously, AChE is involved in apoptosis; thus,
AChE activity is a potential marker of apoptosis. Xiao et al.
proved this hypothesis, utilizing AChE with Bax, c-fos, and
p53 genes as markers of apoptosis.71,72 Cholinesterases have
been implicated in the development process as cellular prolif-
eration stimulators.73,74 AChE can be considered a marker of
early differentiation, while butyrylcholinesterase may be
involved in cellular migration and fiber guidance.75,76 Previ-
ous studies have indicated that the AChE gene is frequently
amplified, mutated or deleted in cancer patients. The AChE
activity in lymphocytes from chronic lymphocytic leukemia
patients was significantly lower than normal.77 Later reports
have indicated that mutations in the AChE genetic locus at
7q22 are associated with leukemias and myelodysplastic syn-
drome, and structural alteration or aberrant expression of
AChE are commonly found in a variety of tumor types, such
as lung, prostate, head and neck cancers.47,78–81 AChE enzyme
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composition, glycosylation, and enzyme activity are altered in
breast cancer.31 Amplification of the proto-oncogene ERBB2
was at a higher frequency after deletion of the AChE gene.82

All of these results suggest that AChE activity may be a poten-
tial biomarker for cancer diagnosis or prognosis.

Zhao et al. demonstrated that the expression of AChE was
significantly decreased in the cancer tissues of 69.2% of HCC
patients, and the low expression level of AChE in HCC was
correlated with tumor aggressiveness, the increased risk of
postoperative recurrence, low survival rate, and poor progno-
sis.32 Overexpression of AChE significantly inhibited HCC
cell growth in vitro and tumorigenicity in vivo, suggesting the
function of AChE as a tumor growth suppressor that acts in
the regulation of cell proliferation, relevant signaling path-
ways, and the chemosensitivity of HCC cells. Thus, AChE is a
promising independent prognostic biomarker to predict
HCC recurrence and the survival of HCC patients. Gastric
cancer patients with higher AChE levels also demonstrated a
longer survival. AChE activity in breast cancer has been
reported to be reduced in metastasis-bearing lymph nodes
(MLN) when compared with normal lymph nodes (NLN).13

The different profile of AChE forms in NLN and MLN may be
useful for diagnosis.

Several studies have compared AChE expression levels and
activities in patients with different subtypes of lung cancers
and normal controls, revealing that AChE activity was signifi-
cantly lower in lung cancer.29,47 According to Song et al., ace-
tylcholine stimulates cancerous cells growing in lung
tumors.83 As a result of the abnormal expression of AChE,
elevated ACh was observed in lung cancer tissues.47 The
decrease in cholinesterase activity and the consequent
increased level of acetylcholine could cause cholinergic over-
stimulation and enhance the cell proliferation in cancer,
which indicates the role of AChE in the regulation of lung
cancer growth. Furthermore, cholinesterases were also
downregulated in human colorectal carcinoma, squamous
cell carcinoma, and retinoblastoma.14,84 AChE has been
reported to suppress cell proliferation via catalytic hydrolysis
of acetylcholine in human colorectal carcinoma, and modu-
late programmed cell death in colon tumor cells, which might
be consistent with the tumor suppressor role.14,20,40

Although many results have shown that AChE activities are
decreased in cancer patients, the opposite variation of AChE
activities have also been found.13,31,85,86 Therefore, the detailed
functions of AChE in different types and stages of cancer need
to be further investigated.

Increasing the expression of
AChE could be used in future
cancer treatment

Most of the previous studies aimed to inhibit AChE activity to
prevent the development of Alzheimer’s disease, as AChE was

believed to play a critical role in the pathogenesis of
neurodegenerative diseases.44 By contrast, the development of
the therapeutic strategy of upregulating AChE activity is a
growing field.To date,many studies have suggested that AChE
is upregulated in a variety of apoptosis systems: human colon
cancer HT-29 cells treated with etoposide, sulindac,
thapsigargin, or LY294002 (a PI3K inhibitor); raw264.7 cells
treated with 3-morpholinosyndnomine (a nitric oxide
donor); human brain tumor TE671 and U373MG cells treated
with etoposide; human melanoma SK-MEL-5 and Malme-
3 M cells treated with etoposide; interleukin-3 deprived
(murine) bone marrow derived mast cells and primary cul-
tured rat articular chondrocytes treated with sodium nitro-
prusside (a nitric oxide donor), or infected with adenoviral
TRAIL.40,51 In the promoter region of the AChE gene, there are
GC rich element,activator protein-1,and specificity protein-1
transcription factor binding sites. Additionally, many factors,
such as GSK3, Aurora, and G-associated kinases, the mem-
brane integrin receptors, and the death receptor FAS, could
potentially modulate N-AChE-S-induced apoptosis with pos-
sible therapeutic value for the treatment of relative diseases.
Cytokines,such as tumor necrosis factor-α have also been sug-
gested as upregulating the expression of AChE. Thus, the sig-
nificant challenge will be the development of a highly specific
strategy of upregulating AChE activity for clinical trials and,
eventually, cancer therapies.

A recent study showed that overexpressed AChE by an
oncolytic adenoviral vector (ZD55-AChE) significantly
inhibited gastric cancer cell proliferation and reduced the
growth of gastric tumors in mice. In addition, ZD55-AChE
suppressed gastric cancer stem cell growth.70 This work dem-
onstrated for the first time that the overexpression of AChE is
effective for suppressing digestive system cancers. Elevated
AChE levels induced by the inhibition of AChE-antisense
transcript (AS) enhanced anticarcinogen-induced apoptosis.
These observations demonstrated that AChE-AS modulates
AChE expression and exerts an anti-apoptotic effect through
direct repression of AChE expression in HCC cells. Thus,
natural antisense RNA may play an important role in AChE
regulation via affecting the epigenetic modification in the
AChE promoter region.87 Therefore, introducing the AChE
protein back may lead to growth inhibition of cancer cells.

Tumor necrosis factor-β1-induced epithelial-
mesenchymal transition (EMT) in lung epithelial A549 cells
can be blocked by muscarinic acetylcholine receptor
(mAChR) antagonists and enhanced by the AChE inhibitor
physostigmine,whileACh synthesis and release from lung epi-
thelial cells can be enhanced by transforming growth factor-
β1. In addition, physostigmine alone or mAChR stimulation
withACh analogue carbachol also induced lung epithelial cells
toundergoEMT(Fig. 1b).88 Thesefindingsdemonstratedthat
non-neuronal cholinergic system components, as well as
AChE, were involved in EMT in lung epithelial cells. These
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results provided insights into novel therapeutic strategies for
airway diseases in which lung remodeling occurs.

Despite the fact that AChE is a potential tumor suppressor,
several results imply a dual role of AChE in colon cancer. For
example, etoposide or excisanin A-induced the expression of
AChE in the colon cancer SW620 cell line in both mRNA and
protein levels; however, in contrast, several AChE inhibitors
dose-dependently suppressed colony formation of HTB-38
cells in soft agar, suggesting a potential effect of AChE in con-
trolling tumor cell adhesion.56 Another report suggested that
the AChE-peptide has a novel, selective bioactivity on breast
cancer cells and can potentiate metastatic cell behavior.
Accordingly, the non-enzymatic function of AChE could be a
novel target for the clinical management of metastatic breast
cancer.

Although elevated AChE activity could be a promising
anticancer therapeutic, there are still many challenging task
and factors, such as the significant gap between in vivo and in
vitro activity of AChE. Furthermore, AChE functions by
binding with specific partners or by influencing other ele-
ments involved in apoptosis, thus, the detailed molecular
mechanism of AChE should be further investigated for the
development of therapeutics modulating AChE activity.89

Conclusions

Increasing evidence has shown that AChE may be involved in
pivotal processes of carcinogenesis and tumor progression,
although it is well known as the enzyme that hydrolyses ace-
tylcholine. However, the exact role of AChE still requires deci-
phering. During recent years, investigations have revealed
that regardless of the cellular origin, AChE gene expression is
always decreased in tumor tissues, and AChE is a novel regu-
lator in cell proliferation and cell death, allowing AChE as a
potential marker for cancer diagnosis and prognosis. The
application of an AChE enhancer, in the near future, as single
agents or in combination with conventional cytotoxic drugs
or other molecular targeted agents, would provide promising
efficacy in anticancer therapeutics. Improved understanding
of this complicated regulation will yield new insights into
apoptosis biology and pathways that might be strategic
targets for the design of anticancer therapeutics.
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