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Abstract
Many epithelial and endothelial cells express a cholinergic autocrine loop in which acetylcholine
acts as a growth factor to stimulate cell growth. Cancers derived from these tissues similarly
express a cholinergic autocrine loop and ACh secreted by the cancer or neighboring cells interacts
with M3 muscarinic receptors expressed on the cancer cells to stimulate tumor growth. Primary
proliferative pathways involve MAPK and Akt activation. The ability of muscarinic agonists to
stimulate, and M3 antagonists to inhibit tumor growth has clearly been demonstrated for lung and
colon cancer. The ability of muscarinic agonists to stimulate growth has been shown for
melanoma, pancreatic, breast, ovarian, prostate and brain cancers, suggesting that M3 antagonists
will also inhibit growth of these tumors as well. As yet no clinical trials have proven the efficacy
of M3 antagonists as cancer therapeutics, though the widespread clinical use and low toxicity of
M3 antagonists support the potential role of these drugs as adjuvants to current cancer therapies.
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1 Introduction
The majority of cancers derived from epithelial and endothelial cells express muscarinic
acetylcholine receptors (mAChR) and activation of the Gq-linked muscarinic receptors (M1,
M3 and M5) leads to increased cell proliferation. In addition, many of those cancers also
secrete acetylcholine (ACh) which stimulates cell growth; thus for many cancers, ACh acts
as an autocrine growth factor. For cancers that do not synthesize ACh, muscarinic receptor
activation can also come from neuronal, endocrine or paracrine sources of ACh or from
constitutive activity of muscarinic receptors. To a large extent, expression of muscarinic
receptors by cancers follows expression of the receptors by the normal tissue, though
patterns of both muscarinic receptors and ACh synthesis can change between normal tissues
and tumors. The ability of muscarinic activation to stimulate cancer growth clearly suggests
that muscarinic antagonists will have the potential to inhibit lung cancer growth.
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2 The Non-neuronal Cholinergic Autocrine Loop
The expression of muscarinic receptors in cancer derives from the continued expression of
the non-neuronal cholinergic autocrine and paracrine signaling loop that exists in most
endothelial and epithelial tissues. The best characterized non-neuronal cholinergic autocrine
loop is in lung, and elements of that loop and how they pertain to cancer are discussed
below.

2.1 The Cholinergic Autocrine Loop Expressed in Normal Lung
Bronchial epithelial cells (BEC) synthesize and secrete ACh which interacts with mAChR
and nicotinic ACh receptors (nAChR) expressed by the BEC (Klapproth et al. 1997;
Proskocil et al. 2004; Reinheimer et al. 1998). ACh secretion and signaling by BEC are
similar in some ways to cholinergic signaling by neurons and different in other ways (Fig.
1). In BEC, as in neurons, ACh is synthesized from choline and acetyl-CoA by the enzyme
choline acetyltransferase (ChAT). ACh secreted by BEC interacts with the same receptors
(nAChR and mAChR) as ACh secreted by neurons; and ACh secreted by BEC is inactivated
by acetylcholinesterase and butyryl cholinesterase just like neuronal ACh. The key
differences between neuronal cholinergic signaling and BEC cholinergic signaling is the
transport of choline into the cell, the secretory process and signal transduction mechanisms.
Understanding these differences is important as it has implications for how muscarinic
receptors stimulate cancer growth and how that stimulation can be potentially targeted.
Because the key focus of this chapter is on muscarinic signaling in cancer, detail is provided
on how these mechanisms affect cancer growth. A more general discussion of non-neuronal
cholinergic signaling is in Wessler and Kirkpatrick (2011).

2.2 The Cholinergic Autocrine Loop Expressed in Lung Cancer
The cholinergic autocrine loop expressed in normal BEC is similarly expressed in lung
cancers that derive from airway epithelial cells (Song et al. 2003) (Fig. 2). The
overwhelming majority of lung cancers derive from airway epithelial cells. Lung cancers are
classified as small cell lung carcinoma (SCLC), which accounts for approximately 15–20%
of the cases and non-small cell lung carcinoma (NSCLC), which accounts for the remaining
80–85% (Gabrielson 2006). SCLC derives from cells related to pulmonary neuroendocrine
cells (Kumar et al. 2009). The two most common forms of NSCLC are squamous cell lung
carcinoma (SCC) and lung adenocarcinoma, which together represent at least 80% of all
NSCLC (Gabrielson 2006). Based on histology, gene expression and location, SCC is
considered to arise from BEC of large airways and adenocarcinoma from epithelial cells of
smaller airways (Kumar et al. 2009). These cell types of origin of SCLC, lung
adenocarcinoma and SCC all express muscarinic receptors and synthesize ACh, thus not
surprisingly the majority of these cancers also synthesize ACh and express muscarinic
receptors.

3 M3 Muscarinic Receptors and Lung Cancer Growth
As described above, muscarinic receptors are expressed by lung cancers as part of a
cholinergic autocrine loop expressed in both normal and neoplastic lung. Proliferation is
stimulated by several mechanisms. First, activation of M3 receptors leads to increased
intracellular calcium which in turn leads to activation of Akt and MAPK (Figs. 3 and 4)
(Song et al. 2003, 2007) . As shown in Fig. 3, ACh rapidly increases intracellular calcium in
lung cancer cell lines and the increase is blocked by M3 antagonists and by knockdown of
M3 RNA by siRNAs (Song et al. 2003, 2007). As shown in Fig. 4, M3 receptor activation
leads in turn to Akt and MAPK activation, which is also blocked by M3 antagonists. This
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activation then leads to cell proliferation as shown in Fig. 5, and as for activation of
signaling, cell growth can be inhibited by M3 antagonists (Song et al. 2003, 2007).

As can be seen in Figs. 4 and 5, the addition of M3 antagonists inhibits kinase activation and
cell proliferation, in the absence of added ligand. This implies either a role for ACh secreted
by the cells into the cell culture medium or constitutive activity of the M3 receptor.
Constitutive (unliganded) activity is well established for G-protein coupled receptors in
general (Kenakin 2004) and has been specifically demonstrated for the M3 muscarinic
receptor (Casarosa et al. 2010). Most likely, both of these mechanisms are involved in
muscarinic stimulation of lung cancer growth. M3 antagonists inhibit growth of cell lines in
vitro which express very little ChAT (Song et al. 2007) which implies a role for constitutive
activity. However, the ability of M3 antagonists to inhibit cell proliferation and generation
of IP3 metabolites is decreased (though not eliminated) by the addition of cholinesterase to
cell culture medium which implies a role for autocrine cholinergic activation as well
(Spindel, unpublished observation). Therefore, in patients, as discussed further below, the
growth of lung cancers expressing muscarinic M3 receptors can be stimulated by ACh
secreted from the tumor by paracrine sources of ACh from neighboring airway epithelium
and by ACh from distal sources present in blood (Fujii et al. 1995).

4 Muscarinic Receptors and Specific Cancers
The ability of ACh to stimulate the growth of normal and neoplastic lung suggests that
growth of any cancers that express M3 receptors can potentially be inhibited by muscarinic
antagonists and that cancers that express both ACh and M3 receptors should be especially
sensitive. As outlined in Table 1, this includes most lung cancers, pancreatic cancer and
cervical cancer as analyzed by our laboratory, as well as other cancers as discussed below.
Broadening the range of potentially sensitive cancers even further, we have observed that
lung cancers that express M1 or M5 receptors can also be inhibited, suggesting that these
Gq-linked subtypes may also confer sensitivity to lung cancers (Song et al. 2009).

4.1 Lung Cancer
The initial report of muscarinic receptor expression in normal lung was in 1984 by Whitsett
and Hollinger (1984) based on QNB binding. Subsequently, Mak et al. (1992) demonstrated
that in airway epithelium, expression of the M3 receptor predominated. Studies by Wessler
and co-workers (Klapproth et al. 1997; Reinheimer et al. 1996; Wessler and Kirkpatrick
2001) and Proskocil et al. (2004) then established that airway epithelium also synthesized
ACh. Expression of muscarinic receptors in lung cancers was initially shown by
Cunningham et al. (1985) and Morin et al. (1987) though effects on proliferation were not
clearly determined. Subsequently, studies by Spindel and co-workers (Song et al. 2003,
2007, 2008) demonstrated that the majority of SCLC and NSCLC expressed M3 receptors as
shown in Table 1. As discussed above, Song et al. also showed that both SCLC and NSCLC
synthesized and secreted ACh (Song et al. 2003, 2007, 2008) which acted as an autocrine
growth factor for lung cancers. An example of expression of ChAT and M3 receptors in
SCLC tumor and a cell line is shown in Fig. 6.

Song et al. (2008) also demonstrated an apparent activation of cholinergic signaling in lung
cancer with increased levels of ChAT and ACh, and decreased levels of cholinesterase in
lung cancers compared to normal lung. Martinez-Moreno has similarly reported that
cholinesterase levels are reduced in lung cancer, thus increasing the available ACh to
stimulate tumor growth (de Martinez-Lopez et al. 2008; Martinez-Moreno et al. 2006).

The potential of M3 muscarinic receptor antagonists to inhibit lung cancer growth was
demonstrated by Song et al. (2003, 2007, 2008, 2010) who showed that multiple M3
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antagonists, including 4-diphenyl-acetoxy-N-methyl-piperidine (4-DAMP), para-fluoro-
hexahydrosila-difenidol (P-F-HHSiD), darifenacin and tiotropium all could inhibit lung
cancer cell proliferation in vitro and the effectiveness of darifenacin and tiotropium to
inhibit lung cancer cell growth in vivo in nude mice was also demonstrated. While most
reports suggest that M3 receptors are most important for lung cancer proliferation,
Matthiesen et al. (2006) has suggested for lung fibroblasts that M2 receptors may be more
important, though Pieper et al. (2007) also support a key role for M3 receptors in mediating
lung fibroblast proliferation. It is important to note that fibroblasts are not, however, the
primary cell of origin for most lung cancers. Interestingly, in a preliminary observation,
Song et al. (2004) has suggested that M2 receptors might play an inhibitory role in the
growth of lung cancers. This observation which needs further study would suggest that
greater selectivity of M3 over M2 for muscarinic antagonists used for lung cancer therapy
would be desirable.

4.2 Skin Cancer
Skin cancer is by far the most common form of cancer. Basal and squamous cell skin
carcinomas are most frequent and arise from keratinocytes though rarely cause significant
morbidity or mortality. Melanomas arise from melanocytes and while they represent only
about 3% of skin cancer, they cause by far the majority of skin cancer morbidity and
mortality.

4.2.1 Squamous and Basal Cell Skin Carcinoma—Squamous and basal cell skin
carcinomas arise from keratinocytes. As discussed in “Muscarinic Receptor Agonists and
Antagonists: Effects on Keratinocyte Function” by Grando (2011), non-neuronal cholinergic
signaling by keratinocytes has been extensively described by Grando and co-workers and
the ability of acetylcholine and muscarinic receptors to stimulate keratinocyte proliferation
and muscarinic antagonists to inhibit proliferation is well characterized (Arredondo et al.
2003; Chernyavsky et al. 2004; Grando et al. 1993, 2006). As squamous and basal cell
carcinomas are treated by local curative surgery, the role of muscarinic antagonists to inhibit
their growth is not likely to be clinically significant.

4.2.2 Melanoma and Merkel Cell Carcinoma—Expression of M2–M5 muscarinic
receptors in normal melanocytes was reported by Buchli et al. (2001). Subsequently multiple
reports have established that melanomas primarily express M3 muscarinic receptors (Boss et
al. 2005; Lammerding-Koppel et al. 1997; Noda et al. 1998; Oppitz et al. 2008); and,
critically, that M3 muscarinic receptors expression appears elevated in leading edges of
tumors and in metastases (Lammerding-Koppel et al. 1997; Oppitz et al. 2008). Consistent
with this, Boss et al. (2005) have shown that M3 receptors play a role in chemotaxis of
melanoma cells. This would suggest a potential for M3 antagonists to inhibit melanoma
growth or metastasis, but this remains to be determined.

Merkel cell carcinomas derive from skin neuroendocrine cells and, though relatively rare,
can have an aggressive clinical course. By immunohistochemistry, Bowers et al. (2008)
reported that 15 of 15 primary cutaneous cases of Merkel cell carcinoma expressed M3 and
M5 receptors. Given that the proliferation of other types of neuroendocrine cells such as
pulmonary neuroendocrine cells that express muscarinic receptors can be inhibited by M3
antagonists, this would suggest that muscarinic antagonists might also inhibit growth of
Merkel Cell Carcinomas, but this again needs to be determined.

4.3 Colon Cancer
Initial reports of muscarinic receptor expression in colon adenocarcinoma were by Frucht et
al. (1992) based on the presence N-methylscopolamine and carbamylcholine binding to most
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colon cancer cell lines. Follow-up studies by Frucht and co-workers (Frucht et al. 1999;
Yang and Frucht 2000) demonstrated that the receptors were primarily M3, were increased
approximately eightfold in tumor versus normal, and that carbamylcholine stimulated
proliferation of colon carcinoma cell lines expressing M3 receptors. Raufman et al. (2003)
and Ukegawa et al. (2003) confirmed those findings, again showing the importance of M3
receptors and also demonstrated that the proliferative action of M3 receptors depended in
part on the transactivation of EGF receptors. The actual role of M3 receptors in colon cancer
development was further confirmed by Raufman et al. (2008) who showed that M3 receptor
knockout mice were resistant to the development of colon tumors in the azoxymethane-
induced colon neoplasia model. This suggests that M3 receptor antagonists may be useful
for colon cancer treatment or chemoprevention.

Showing that the cholinergic autocrine loop also played an important role in colon cancer,
Cheng et al. (2008) showed that most colon cancers, such as lung cancers, synthesize ACh
and that ChAT expression is higher in colon adenocarcinoma than in normal colon
enterocytes. The role of ACh as an autocrine growth factor for colon cancer was further
confirmed by showing that the choline transport inhibitor hemicholinium-3 could inhibit
growth of colon adenocarcinoma cell lines and that the addition of cholinesterase inhibitors
to the cell culture medium could stimulate colon cancer cell growth (Cheng et al. 2008).
This observation may be clinically important since the levels of cholinesterase appear
decreased in colon cancer (Montenegro et al. 2005). Thus in colon cancer, as in lung cancer,
there is upregulation of the cholinergic autocrine loop with increased levels of M3 receptors,
increased ChAT expression and decreased cholinesterase expression.

Raufmann et al. have also demonstrated that some bile acids can bind to the M3 receptor;
thus bile acids may represent another endogenous ligand to stimulate colon cancer growth
through muscarinic receptors (Raufman et al. 2002, 2003).

4.4 Gastric Cancer
M1, M3 and M5 receptors are expressed in normal gastric epithelium consistent with their
role in regulation of acid and enzyme secretion (Aihara et al. 2005; Leonard et al. 1991; Xie
et al. 2005). Consistent with this, gastric carcinomas also express muscarinic receptors. In
early studies, two out of four gastric carcinoma cell lines established by Park et al. expressed
muscarinic receptors (Park et al. 1990) though muscarinic subtype was not determined.
Subsequently, Kodaira et al. (1999) demonstrated that five out of eight gastric carcinoma
cell lines examined expressed M3 receptors and that carbachol treatment stimulated MAP
kinase in those cell lines but did not stimulate cell proliferation. This would argue against a
proliferative role for muscarinic receptors in stomach cancer.

4.5 Pancreatic Cancer
While a key role for muscarinic receptors in regulating pancreatic endocrine and exocrine
function of the pancreas is well established (Gautam et al. 2005, 2006; Williams 2006),
muscarinic effects on pancreatic carcinoma are less well defined. In normal pancreas, M3
receptors play a role in regulating insulin and glucagon secretion (Gautam et al. 2006;
Gromada and Hughes 2006), while M1 and M3 receptors are involved in acinar secretion
(Gautam et al. 2005). In an examination of pancreatic carcinoma cell lines, two out of five
lines expressed muscarinic receptors, though the subtype was not identified (Ackerman et al.
1989). Similarly, nafenopin-induced pancreatic carcinomas in rats expressed muscarinic
receptors that were linked to calcium mobilization, though the subtype and muscarinic
effects on cell proliferation were not determined (Chien and Warren 1985, 1986). Notably,
approximately 50% of pancreatic adenocarcinomas examined by Sekhon et al. (2002)
expressed ChAT; so depending on the degree of muscarinic receptor expression by
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pancreatic carcinomas, there is potential for autocrine stimulation. Effects of muscarinic
antagonists on pancreatic carcinoma growth have not been characterized.

4.6 Breast Cancer
The degree of expression of muscarinic receptors in breast cancer has not been well
characterized. It has, however, been clearly demonstrated that muscarinic activation
stimulates growth of MCF-7 human breast carcinoma cells (Jimenez and Montiel 2005;
Schmitt et al. 2010). As shown by siRNA studies, stimulation of proliferation is mediated by
M3 receptors leading to Erk 1/2 activation with partial dependence on Src and Cam Kinase
pathways. Negroni et al. (2010) have also demonstrated the presence of autoantibodies in
blood of breast cancer patients that directly stimulates MCF-7 cell proliferation in an M3-
dependent manner. Similar M3-dependent stimulation of proliferation has also been
observed for mouse breast cancer cell lines (Espanol et al. 2007; Fiszman et al. 2007).
Interestingly, Cabello et al. (2001) have demonstrated that organophosphorus pesticides lead
to rat mammary tumors perhaps by inhibiting cholinesterase through a muscarinic
mechanism since the effect could be blocked by atropine. The potential for cholinergic
stimulation to lead to development of breast cancer is further supported by the recent paper
linking α9 nAChR to breast cancer (Lee et al. 2010).

4.7 Ovarian Cancer
Initial studies by Batra et al. (1993) showed the presence of muscarinic receptors in ovarian
adenocarcinoma with binding profile most consistent with M3 receptors. Studies by Oppitz
et al. (2002) reported that 23 of 39 ovarian cancers studied expressed muscarinic receptors.
Studies by Mayerhofer and co-workers (Fritz et al.2001; Mayerhofer and Kunz 2005) have
clearly demonstrated a clear cholinergic autocrine loop expressed by normal ovary. As for
colon and lung, cholinergic agonists stimulate the growth of ovarian cells, which would
suggest that muscarinic antagonists might have a beneficial effect in ovarian cancer.
Consistent with this, expression of muscarinic receptors by ovarian cancer is associated with
decreased patient survival (Oppitz et al. 2002).

4.8 Prostate Cancer
Relatively less is known about the role of muscarinic receptors in prostate cancer and the
potential of anti-muscarinics to inhibit cancer growth (Witte et al. 2008). In normal prostate
gland epithelium, M1 receptors predominate (Ruggieri et al. 1995) and sparse M2 receptors
are found in the stroma (Obara et al. 2000). M1 receptors similarly predominate in benign
prostate adenomas and benign prostatic hyperplasia (BPH) (Ruggieri et al. 1995). Luthin et
al. (1997) showed that carbachol stimulated proliferation in three out of three prostate
carcinoma cell lines (PC3, LnCaP, DU145) tested and based on antagonists, the primary
mechanism appeared to be M1 activation of the Erk cascade, though M3 effects could not be
excluded. Rayford et al. (1997) similarly showed that carbachol stimulated proliferation of
LnCaP cells and that the effect appeared mediated by M3 receptors. Neither the studies by
Luthin et al. nor Rayford et al. used siRNA techniques, so determinations of specificity of
receptor mediation was based only on relative antagonist potencies. Rayford et al. (1997)
also reported that carbachol stimulated the proliferation of primary cultures of normal
prostate, BPH and prostate carcinoma. Notably they also reported that the ability of
carbachol to stimulated proliferation was significantly increased in prostate carcinoma
compared to normal prostate or BPH (Rayford et al. 1997). This suggests that muscarinic
antagonists with M3 or M3 combined with M1 selectivity might be helpful for prostate
carcinoma therapy. In addition, whether there will be differences between responses of
androgen-dependent and -independent prostate carcinomas remains to be determined.
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4.9 Brain Cancer (Astrocytoma and Neuroblastoma)
One of the earliest reports on the ability of acetylcholine to stimulate cell proliferation
through Gq-linked muscarinic receptors was by Ashkenazi et al. (1989) who reported that
carbachol could stimulate proliferation of primary cultures of astrocytes, and astrocyte and
neuroblastoma cell lines. This was confirmed by Guizzetti et al. (1996) who also
demonstrated that astrocytes expressed M2, M3 and M5 receptors. Wessler et al. (1997) then
demonstrated that astrocytes also synthesized acetylcholine, thus establishing that normal
astrocytes, such as lung epithelial cells express the cholinergic autocrine loop. As for lung,
carbachol activation of M3 receptors leads to rapid activation of MAPK and Akt (Guizzetti
and Costa 2001; Tang et al. 2002; Yagle et al. 2001). These data suggest that muscarinic
antagonists may have the potential to inhibit growth of both astrocytomas and
neuroblastomas.

5 Targeting Muscarinic Signaling for Lung Cancer Therapy
Muscarinic signaling in lung cancer is summarized in Fig. 2 which shows potential levels to
target proliferation. Muscarinic activation of lung cancer growth can potentially be targeted
at the following levels: (1) by blocking choline transport into the cancer cell; (2) by blocking
ChAT activity in the cancer cell; (3) by blocking ACh secretion from the cancer cell; (4) by
muscarinic antagonists; and (5) by blocking muscarinic receptor activated proliferative
pathways. Some of these approaches are clearly more promising than others.

Clearly of great promise is the use of M3 muscarinic antagonists to block cancer growth.
This has been demonstrated in multiple in vitro studies and in limited mouse studies as
discussed above. If additional preclinical studies appear promising, then clinical trials should
be considered. Given that multiple muscarinic antagonists are already in routine clinical use
for overactive bladder and COPD with minimal side effects, the barriers for clinical studies
should be relatively low and even small effects of muscarinic antagonists on survival or
quality of life would suggest a place for these drugs as adjuvants to existing therapeutic
regimes. In addition, because of the common use of these drugs, there may be epidemiologic
data that could be mined to determine if there is indeed therapeutic potential for their use as
cancer therapeutics.

Blocking choline transport into cancer cells so as to prevent ACh synthesis is potentially
promising since the choline transporters used for ACh synthesis by lung cancer cells are
different than the transporters used for neuronal ACh synthesis. Neurons use the choline
high-affinity transporter (CHT1) to mediate ACh synthesis (Ferguson et al. 2004; Okuda et
al. 2000) while cancer cells do not need CHT1 and may use the choline transporter-like
proteins (CTL1-5) (Machova et al. 2009; Song and Spindel 2007; Wang et al. 2007). In
addition, choline is needed for membrane phospholipids, so this approach would potentially
block cancer growth both by limiting ACh synthesis and phospholipid synthesis (Glunde et
al. 2006).

Blocking ChAT activity in cancer cells is not likely to be a viable approach as the same
enzyme is also used in neurons (Song et al. 2003), thus resulting in impaired
neurotransmission, respiration and muscle contraction. Similarly, stimulating cholinesterase
activity in the tumors would likely be highly toxic as that would also affect neuronal and
muscular neurotransmission. At present very little is known about the regulation of ACh
secretion by cancers to determine if that could be successfully targeted. Discussion of
strategies to block kinase pathways activated by muscarinic receptors is clearly promising,
but is not unique just for muscarinic activation, since multiple factors activate the same
pathways in many cancers. Inhibition of these pathways is a major area of cancer therapy
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development in general (Bennasroune et al. 2004; Engelman 2009; Friday and Adjei 2008;
Natoli et al. 2010).

Thus the near term prospects for targeting muscarinic activation of cancer growth rests with
muscarinic antagonists and downstream kinase inhibitors. Future approaches will likely
include blocking ACh synthesis in cancers by targeting choline transport.

In summary, there are considerable data suggesting that muscarinic receptors may be
therapeutically useful as an adjunct to existing cancer therapies. The case is most compelling
for M3 antagonists for lung and colon cancer; and additional studies are clearly warranted
for melanoma, pancreatic, breast, ovarian, prostate and brain cancers. As for many potential
uses of muscarinic antagonists, more selective antagonists with greater ratios of M1, M3 and
M5 selectivity relative to M2 and M4 would be desirable, though siRNA-based approaches
may solve this problem.
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Fig. 1.
Cholinergic signaling in neurons and bronchial epithelial cells. (a) In neurons, choline for
ACh synthesis is transported by the choline high-affinity transporter (CHT1). ACh is then
synthesized by the action of choline acetyltransferase (ChAT), and packaged into synaptic
vesicles by the action of the vesicular acetylcholine transporter (VAChT) and CHT1. ACh is
then secreted by the complex processes that control synaptic release. Released ACh then
interacts with postsynaptic nAChR and mAChR as well as presynaptic receptors. Signaling
is terminated by acetylcholinesterase (AChE) and butyrylcholinesterase (BChE). Key signal
transduction events lead to the generation of action potentials, opening of membrane and
internal ion channels, muscle contraction and kinase activation. (b) In bronchial epithelial
cells (BEC), though CHT1 is present, CHT1 does not appear necessary for choline transport
for ACh synthesis. In BEC, as for neurons, ChAT is utilized for ACh synthesis, though since
there are multiple isoforms of ChAT, different splicing products may be utilized in different
cell types. Since CHT1 is not required, and BEC do not have synaptic vesicles, the role of
VAChT and CHT1 in ACh secretion is unknown, though both are expressed in BEC
(Proskocil et al. 2004). ACh released by BEC is inactivated by the same cholinesterases as
expressed in neurons. A key difference is that released ACh is not limited just to synaptic
communication, but can also signal multiple neighboring cells as a paracrine factor or more
distal cells as a hormone

Spindel Page 14

Handb Exp Pharmacol. Author manuscript; available in PMC 2013 March 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Cholinergic signaling by lung cancer cells. Cholinergic signaling by lung cancer cells is
similar to normal bronchial epithelial cells. Steps for ACh synthesis and signal transduction
in lung cancer provide the potential steps to target for development of therapies. In
particular, inhibition of choline transport and muscarinic receptor antagonists offer unique
advantages as discussed in Sect. 5. Targeting proliferative kinase pathways such as MAPK
and Akt is an area of major development for cancer therapy in general since so many growth
factors activate those pathways
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Fig. 3.
Calcium responses to muscarinic agonists and antagonists in H82 cells. (a) A representative
trace of the [Ca2+]I response of H82 cells to ACh in the absence (−) or presence (+) of
atropine. (b) Rank order potency of selective muscarinic antagonists to inhibit the [Ca2+]I
increase elicited by ACh in H82 cells. Antagonists tested were 4-DAMP (filled square, a
selective M3 antagonist), pirenzepine (filled triangle, a selective M1 antagonist) and AFDX
116 (filled circle, a selective M2/M4 antagonist). The rank order potency of these
antagonists is most consistent with mediation by the M3 mAChR. (c) siRNA knockdown of
M3 mAChR blocked the ACh induced increase in [Ca2+]I but control, M1 and M5 mAChR
knockdowns had no effect. Filled circle = control siRNA, filled square = M1 siRNA, filled
triangle = M3 siRNA, filled diamond = M5 siRNA. Data are presented as mean ± SE of at
least 12 replicates from 3 separate experiments. Modified after Song et al. (2007)
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Fig. 4.
Effect of ACh on phosphorylation of MAPK and Akt in H82 SCLC cells. (a) Western blot
showing increased MAPK and Akt phosphorylation induced by concentrations of ACh
shown. (b) Western blot showing that phosphorylation of Akt and MAPK induced by 3 ×
10−5 M ACh was decreased by the M3 antagonist 4-DAMP in a concentration-dependent
fashion. (c) Western blot showing that 4-DAMP alone decreased basal phosphorylation of
Akt and MAPK. Modified after Song et al. (2007)
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Fig. 5.
Regulation of H82 cell proliferation by mAChR subtype antagonists. The MTS assay was
used to detect H82 cell growth after treatment with 4-DAMP and AFDX-116. (a) The M3
mAChR antagonist 4-DAMP inhibited H82 cell proliferation in a concentration-dependent
manner. (b) The M2/M4 selective mAChR antagonist, AFDX 116 had no significant effect
on cell growth. All data are expressed as the mean ± SE of 24 replicates of two separate
experiments. White column, control; dotted-pattern column, 10−9 M; horizontal-pattern
column, 10−8 M; diagonal-pattern column, 10−7 M; gray column, 10−6 M; black column,
10−5 M. *p < 0.001 and †p < 0.05 compared to control at 9 days by Tukey–Kramer multiple
comparison test after 2-way ANOVA. (c) Effect of darifenacin on growth of H82 tumor
xenografts in nude mice. (c) Tumor weight. *p < 0.05 compared to control by t test.
Modified after Song et al. (2007)
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Fig. 6.
Immunohistochemistry of ChAT and M3 mAChR expression in an SCLC biopsy. (a) ChAT
immunostaining (400×, chromogen = VIP), insert box = 1,000×. (b) M3R immunostaining
(400×, chromogen = VIP). (c) Confocal image showing coexpression of M3 mAChR (red)
and ChAT (green) in tumor cells in same sample as (a) and (b). Modified after Song et al.
(2007)
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Table 1

Frequency of ChAT and M3 coexpression in selected cancers

Cancer type N % M3 % ChAT % M3 and chat coexpression

Lung (SCLC) 24 70 92 70

Lung (BAC) 20 85 80 70

Lung (SCC) 31 71 58 45

Pancreatic 32 78.1 65.6 50

Cervical 14 50 71 43

Frequency of M3 mAChR, ChAT and their coexpression in archival samples of SCLC, bronchoalveolar lung carcinoma (BAC), squamous cell
lung carcinoma (SCC), pancreatic carcinoma and cervical carcinoma as determined by immunostaining. Sample size of each series as shown (N).
Modified after Song et al. (2007)
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