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 Zusammenfassung (Deutsch): 

Die Rolle der muskarinischen Acetylcholinrezeptoren in der Tumorigenese wurde bei 

verschiedenen Krebsarten untersucht. In dieser Studie haben wir die Expression von CHRM1, 

CHRM3, CHRM4, CHRM5 und die Expression von CHRM3 und CHRM4 in verschiedenen PDAC-

Zelllinien nachgewiesen. Die Rezeptorfunktion wurde anhand des Kalziumflusses und des cAMP-

Anstiegs bewertet. Wir konnten nachweisen, dass PDAC-Zellen den funktionellen CHRM3 

exprimieren. Die Stimulation von CHRM3 führt zu einem Anstieg des intrazellulären Kalziums in 

zwei PDAC-Zelllinien mit einem eher epithelialen Phänotyp, wobei DanG-Zellen die 

empfindlichste Zelllinie in dieser Studie sind. Im Gegensatz dazu führte die CHRM4-Stimulation 

in unseren Händen nicht zu einem signifikanten Rückgang von cAMP. Darüber hinaus zeigte die 

CHRM3-Stimulation keine signifikante Auswirkung auf die Viabilität der Zellen. In der DanG-

Zelllinie fanden wir jedoch eine eindeutige Untergruppe von Zellen, die CHRM3 exprimierten. Die 

Zellzyklusanalyse zeigte einen höheren Prozentsatz von CHRM3-positiven Zellen in der 

Untergruppe der frühen Apoptose (subG1), was die Möglichkeit aufwirft, dass CHRM3 als 

prognostischer oder Verlaufssparameter in der Behandlung bei PDAC hilfreich sein könnten. Die 

Analyse der öffentlich zugänglichen ATCC-Datenbank unterstützte diese Hypothese. 
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Abstract (English): 

The role of muscarinic acetylcholine receptors during carcinogenesis has been investigated 

in different cancer types. In this study, we have shown the expression of CHRM1, CHRM3, 

CHRM4, CHRM5, and the expression of receptor CHRM3 and CHRM4 in different PDAC cell 

lines. The receptor function was evaluated by calcium flux and cAMP increase. Herein we proved 

that PDAC cells express functional CHRM3. CHRM3 stimulation can lead to an increase of intra-

cellular calcium in two PDAC cell lines with an epithelial phenotype, DanG cells showed to be the 

most sensitive cell line in this study. In contrast, CHRM4 stimulation did not induce a significant 

decrease of cAMP in our hands. Furthermore, CHRM3 stimulation did not reveal a significant 

effect on cell viability. However, in the DanG cell line, we found a distinct subgroup of cells ex-

pressing CHRM3. Cell cycle analysis showed a higher percentage of CHRM3 positive cells in the 

subG1 early apoptosis subgroup, raising the possibility of CHRM3 being useful as a prognostic 

or monitoring treatment parameter in PDAC. Analysis of the publicly available ATCC database 

supported this hypothesis. 
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1 Introduction 

1.1 Pancreatic cancer  

1.1.1 Epidemiology 

According to the data from the world health organization (WHO), from 2018, pancreatic can-

cer ranked 15th when calculated the estimated age-standardized incidence rate. High-Income 

countries (HIC) such as European countries and America tend to have a higher estimated aged-

standardized incidence rate of pancreatic cancer (Figure 1). This incidence of pancreatic cancer 

will keep on rising. In the ranking of the most common cause of cancer-associated deaths, pan-

creatic cancer will jump to second after lung cancer by the year 2030 in the United States and 

Germany [1]. 

 

Figure 1. The worldwide incidence rate of pancreatic cancer (Data source: GLOBOCAN 2018 

Graph production: IARC (http:// gco.jarc.fr/today) World Health Organization) 

 

ASR: Age-standardized incidence rates 

In terms of morbidity, pancreatic cancer did not show a strong sense of presence. The world-

wide new registered case of pancreatic cancer in 2018 was 458,918 which only represents 2.5% 
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of all cancers [2]. However, pancreatic cancer does bring a big challenge to human society.  Ac-

cording to the data from 2017 analyzed by the Institute for Health Metrics and Evaluation (IHME), 

around 0.01% of the population in Germany lives with pancreatic cancer, it is on rank 18 among 

all different cancer types, but when focusing on disease burden rates it comes to the top 4 (Figure 

2. A, B). This difference reminds people how terrifying this disease could be. 

 

Figure 2.  The overview of cancer in Germany. 

A, 

 

           B, 
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1.1.2 Diagnostics of pancreatic ductal adenocarcinomas (PDAC) 

Pancreatic cancer comprises all neoplasms that arise from the pancreas. These pancreatic 

neoplasms have a broad spectrum and are classified by histological differentiation and biological 

behavior. Pancreatic ductal adenocarcinomas (PDAC) which arise from the exocrine glands and 

ductular cells of the pancreas are accountable for 85% of all pancreatic neoplasms.  

The early symptoms of PDAC are insidious. Some non-specific symptoms like anorexia, early 

satiety, or asthenia are often missed, abdominal pain is also missing. As the disease progresses, 

patients may suffer digestive insufficiency, weight loss, or paraneoplastic thromboembolic events. 

New-onset diabetes or malnutrition is also common when there is cancer-associated pancreatic 

insufficiency. When there is a suspected PDAC case, a pancreatic protocol computer tomography 

(CT-scan) and the Carbohydrate antigen 19-9 (CA 19-9) level are early clinical diagnostic tools. 

When the tumor is located in the pancreatic head, the appearance of jaundice can be an early 

clinical sign due to compression of the intrapancreatic bile duct. 

Neuropathy is a hallmark feature in PDAC. The incidence of Perineural invasion (PNI) is as 

high as 80%-100% and therefore higher than in most solid tumors. Due to this fact, the typical 

pain during PDAC progress is neuropathic. It is commonly described as severe abdominal pain 

radiating toward the back. Different from somatic pain and visceral pain, neuropathic pain is 

caused by the perineural invasion of retro-pancreatic nerves. The pathophysiology for this neuro-

pathic pain might be the cancer cell invasion associated nerve damage which leads to growth 

stimulation of sensory fibers. During this nerve repair process, an increase in neuroplasticity and 

neuropathic pain immerges [3,4]. The severity of neural invasion is also associated with a worse 

prognosis [5]. 

 

1.1.3 The origin of PDAC 

Like other cancers, PDAC also arises from precursor lesions, including pancreatic intraepi-

thelial neoplasia (PanIN) and intraductal papillary mucinous neoplasm (IPMN).   
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Pancreatic intraepithelial neoplasia (PanIN) is believed to be the precursor lesions for the 

vast majority of PDACs [6]. The transform from PanIN to invasive PDAC can be divided into 3 

different stages from lower to a higher grade, which are PanIN-1, PanIN-2, and PanIN-3. Accord-

ing to research, in the healthy pancreas, there is no PanIN-3, but in the case of chronic pancrea-

titis, 4% of all cases have PanIN-3. The morbidity further increases in pancreatic cancer patients, 

40% of these patients harbored a PanIN-3 lesion [7]. Morphologically, the PanIN lesions show 

cytologic and architectural atypia, and the degree of dysplasia is gradually enhanced from PanIN-

1 to PancIN-3. The PanIN-1 lesions have two types: flat (PanIN-1A) and papillary (PanIN-1B). 

The size of PanIN-1 is small (<0.5 cm in diameter), under the microscope, they present as flat or 

papillary noninvasively epithelial neoplasms with ductular phenotype. PanIN-2 lesions have a 

more complex architecture, cell nuclear began to lose the polarity, combine with the emerge of 

other nuclear changes like crowing, pleomorphism, hyperchromasia, and pseudosrtratification [8]. 

PanIN-3 lesions have more advanced dysplasia, a typical structure of the gland becomes rare, 

and cribriform structures forms. The cells show higher invasiveness ability behaver as break-

through the basal layer and growing into the lumen of the duct. Cytologically, during PanIN-3, 

there are more obvious morphological changes in the nucleus. Widely emerge cells whose nu-

cleus are enlarged, pleomorphic, and poorly oriented, a more prominent of mitotic figures or even 

abnormal mitosis in nucleoli [8]. 

The origin of PDAC is quite controversial. There are three major epithelial cell types in the 

pancreas, which are acinar, duct and islet cells. According to the existing research, the acinar and 

duct cells both have the potential to form pancreatic ductal adenocarcinoma. The acinar cell is a 

kind of terminally differentiated cell which synthesizes, stores and secretes pancreatic digestive 

enzymes. These cells are normally postmitotic and mitotically quiescent. However, when there is 

a chronic injury accompanied by inflammation that happens to pancreatic tissue, the acinar cells 

undergo a metaplastic process that can reverse the postmitotic and differentiated cell fate, the 

cell shape change into duct-like structures, this process is called acinar-to-ductal metaplasia 

(ADM). ADM is a common and reversible pathological process during pancreatitis. This has al-

ready been shown in both mouse and human tissue [9,10]. However, the transition from ADM to 

PDAC in humans is still under investigation. Studies in mouse acinar cells and transgenic mouse 
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models show that ADM becomes irreversible after cells having acquired an oncogenic Kras mu-

tation. On the other hand is a Kras mutation in mice not sufficient to develop full blown cancer, 

without further events as inflammation or acquisition of additional gene mutations (“2nd hit”) [11–

13]. By now, only under such conditions, the ADM cells show the ability to give rise to PanIN [14].  

Pancreatic duct cells are epithelial cells from branched tubes that deliver pancreatic acinar 

cells produced enzymes into the duodenum. These cells can also be transformed and therefore 

progenitors of Intraductal Papillary Mucinous Neoplasms (IPMN). The IPMN is characterized by 

ductal dilation with intraductal papillary proliferation and thick mucus secretion. There are four 

types of IPMN, which are gastric type, intestinal type, pancreaticobiliary type, and oncocytic type 

[15]. Most IPMN derived PDAC are developed from the intestinal type instead of the gastric type, 

while the other two types are usually malignant lesions [16].  

A study using genetically engineered mouse models (GEMMs) shows, that acinar cells were 

much more susceptible to transformation than ductal cells [16]. This study led to the conclusion 

that the pancreas acinar cells are more likely the cell type of origin for pancreatic cancer in mice. 

However, the situation in human PDAC is less clear. 

  

Figure 3. The process of PDAC oncogenesis (Adapted from Ref. [17]). 
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1.1.4 Treatment for PDAC 

A multidisciplinary approach is recommended for PDAC treatment. The strategy may com-

bine surgery, chemotherapy, and chemoradiotherapy. Also, supportive care is necessary for the 

patients who are suffering from challenges of physical, practical, and emotional conditions. 

For PDAC, surgical treatment is still the only potentially curative option. A careful evaluation 

and pretherapeutic staging have to be carried out for the selection of suitable surgical candidates. 

The surgical options for PDAC normally include partial pancreatoduodenectomy (Whipple proce-

dure), distal pancreatectomy, and in selected cases a total pancreatectomy. A partial pancre-

atoduodenectomy is recommended when the tumor is located in the head of the pancreas. During 

the operation, the head of the pancreas, the duodenum, the gallbladder, and the bile duct will be 

resected. A distal pancreatectomy is recommended for patients with adenocarcinoma in the body 

or tail of the pancreas. The surgical resection part involves the body and tail of the pancreas [18]. 

During operation, harvesting of at least 15 lymph nodes is recommended [19]. The margin of 

the posterior pancreatic surface, superior mesenteric vein, and medial margin are examined and 

reported according to the standardized pathological protocol from American Joint Committee on 

Cancer (AJCC). The definition of tumor clearance is the precise distance between the tumor cells 

and the margin [20]. The microscopically negative margins (R0) are defined as the margin of the 

removed tumor and the healthy tissue larger than 1mm. If R0 cannot be achieved, it should be 

distinguished between a tumor-free margin less than1 mm (R1(<1 mm)) and tumor cells detect on 

the margin (R1 (direct)). A tumor cell positive margin indicates a worse prognosis [21].   

Adjuvant chemotherapy for physically fit patients consists of FOLFIRINOX (Fluorouracil, Fo-

linic acid, Irinotecan, and Oxaliplatin) or Nab-paclitaxel and Gemcitabine (GEM). For patients 

older than 75, single-drug therapy of GEM is recommended. Chemotherapy can only provide a 

dramatically improved outcome for those patients with resectable disease, once the tumor is 

spread the benefit becomes limited [22]. 
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1.2  The involvement of the nerve system in PDAC  

1.2.1 The pancreatic innervation 

The pancreas is innervated by nerve fibers originating from the ventral plexus. There are 

three qualities of never fibers present in the pancreas, sensory, sympathetic, and parasympa-

thetic. 

The spinal and vagal pathways are the main route for the transmission of the pancreas sen-

sory information. The T6-L2 dorsal root ganglia (DRG) contain the cell body of the spinal afferent 

pancreatic neurons, the axons traverse through the splanchnic nerve and celiac plexus, then en-

ter the pancreas. These sensory nerve fibers transmit the mechanoreceptive and nociceptive in-

formation to the central nerve system (CNS) through the preganglionic sympathetic neurons 

[23,24].  

The sympathetic preganglionic neurons are located in different segments of the spinal cord, 

from the lower thoracic segments T5 to the upper lumbar segment T9. The sympathetic axons 

that leave the spinal cord are then divided into two branches, one supplies the paravertebral 

ganglia of the sympathetic chain while the other supplies the celiac and mesenteric ganglia. The 

postsynaptic catecholaminergic neurons of these ganglia innervate islet, blood vessels, intrapan-

creatic ganglia, and to a lesser extent the exocrine unit of the pancreas [25]. 

The parasympathetic nervous system of the pancreas is better studied, it is now clarified that 

the effect of this nervous system is mainly focused on the regulation of the exocrine function. The 

preganglionic parasympathetic neurons arise from the dorsal motor nucleus of the vagus (DMV) 

which receives signals from the adjacent nucleus tractus solitarius (NTS) and the area of 

postrema and hypothalamic, also the higher-order neurons like the prefrontal, piriform and gus-

tatory cortices. This wide connection in the CNS supports the existence of the cephalic phase of 

exocrine secretion [26]. The parasympathetic nerves combine with a part of sensory nerves, be-

fore entering into the pancreas. In the pancreas, parasympathetic nerves also show a wider dis-

tribution than sympathetic and sensory nerves. The parasympathetic innervation has a higher 

density in the head and neck of the pancreas, but also has a wide distribution in the rest of the 
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pancreas. Due to the sensory nerve fibers component, the vagus nerve can influence the pancre-

atic endocrine secretion. However, the more crucial role of the vagus nerve is the regulation of 

pancreatic exocrine secretion[27]. 

 

Figure 4. The Neuroanatomy of the pancreas (Netter's Neuroscience Flash Cards). 

 

 

1.2.2 Neuropathy in PDAC 

During PDAC progression, cancer-associated neuropathy is very common phenomenon, his-

tologically manifested as perineural invasion. The pancreatic cancer cells invade the perineurium 
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of the neuronal sheath, enter into the endoneurium spaces. Those involved pancreatic nerve fi-

bers undergo neural remodeling processes. Intriguingly, in PDAC neural density and size are 

significantly increased. These changes are described as neural hypertrophy [28].  

There is a positive correlation between the severity of perineural invasion and patient sur-

vival. For patients who have survived longer than 3 years after surgical resection, the extrapan-

creatic nerve invasion was all negative at the time of surgery [29]. Not only in pancreatic adeno-

carcinoma but other gastrointestinal tumors, neural invasion indicates aggressive tumor behavior 

and is involved in tumorigenesis and progress (Table 1). 

 

Table 1. The incidence of PNI in different digestive system tumors 

Cancer type 
Percentage of PNI 

patients (%) 
Effect on survival Refs. 

Pancreatic ductal 

adenocarcinoma 
70-100 Shorten the OS 

 

[30–32] 

 

Gastric carcinoma 60 Shorten the OS [33] 

Colorectal cancer 33 

⚫ Shorten the Five-

year OS; 

⚫ Decrease the   five-

year disease-free 

survival 

[34] 

 

1.2.3 The cholinergic nerve system in pancreatic cancer progression 

As mentioned above, the pancreas is innervated by nerves with qualities. The density and 

distribution of sympathetic, sensory, and parasympathetic nerve fibers have significant tissue var-

iance, even in different parts of the same organ. Along these lines, studies in different cancers 

entities have been carried out and provide a further understanding of neural regulation in cancer 

(Table 2).  
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Table 2. Effect of different peripheral nervous systems in different digestive system tumors. 

Cancer type 
Protumorigenic nerve 

system 

Antitumorigenic 

Nerve system 
Refs. 

Pancreatic cancer 

⚫ General innervation 

⚫ Sympathetic 

Sensory 

Parasympathetic 

 

[35–39] 

 

Gastric cancer Parasympathetic Sympathetic [33,40] 

Colon cancer General innervation Parasympathetic [41–43] 

 

In pancreatic cancer, previous studies have shown a cancer-promoting effect of sensory 

nerves and sympathetic nerves. This effect is mainly attributed to Substance P signaling and 

adrenergic signaling [35,37]. Recently it was shown that cholinergic signaling can inhibit pancre-

atic tumor progression [36]. According to the data, this effect is mediated by the muscarinic re-

ceptor M1 (CHRM1) on pancreatic cancer cells, which is in contrast to the results of previous 

denervation experiments in prostate and gastric cancer [33,44]. The vagus nerve is composed of 

80% sensory nerve fibers and 20% parasympathetic nerve fibers. Although the cancer-promoting 

effect of sensory nerves on pancreatic cancer has already been reported, the overall effect of 

parasympathetic nerve fibers seems to be tumor-suppressive [37]. This stresses the complexity 

of a tumor-neuronal cross-talking. 

Acetylcholine is the main neurotransmitter of the parasympathetic nervous system and sig-

nals through nicotinic and muscarinic receptors. For nicotinic receptors, a PDAC promoting effect 

has been already shown [38]. The tumor-suppressive effect of muscarinic receptors mentioned 

above, shows that the receptor subtype is important. Furthermore, other types of cells in the tumor 

microenvironment also express muscarinic and nicotinic receptors. Therefore, an indirect effect 

on tumor regulation is also possible.    

There are five subtypes of the muscarinic receptor, named cholinergic receptor muscarinic 

1to 5 (CHRM1-5). All these muscarinic receptors are GTP-binding proteins (G proteins) coupled 

receptors. CHRM1, CHRM3, and CHRM5 belong to the Gq/11 family, receptor activation led to 

the activation of phospholipase C and the increase of cytosolic Ca2+. CHRM2 and CHRM4 belong 
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to the Gi/o family, causing the inhibition of adenylyl cyclase, leading to a decrease of intracellular 

adenosine 3′,5′-cyclic monophosphate (cAMP) concentrations (Figure 5) [45]. 

 

Figure 5. The activation mechanism of the Muscarinic receptor 

 

 

Different kinds of cancer cells can express functional muscarinic receptors, and these recep-

tors can have influences on tumor progression (Table 3). As expected, these studies show that 

the effect of muscarinic receptor activation depends on the cellular phenotype and receptor sub-

types. For instance, activation of the CHRM3 receptor can induce proliferation in prostate carci-

noma cells but can inhibit DNA synthesis in small cell lung carcinoma [46,47]. Although CHRM1 

has already been proven inducing a cancer inhibitory effect, there are also data reporting that 

pancreatic tumors are significantly promoted after an in vivo muscarinic receptor agonist treat-

ment [36]. The specific subtype of the muscarinic receptor involved was not investigated [48]. 

 

 

 

  



 

Page | 22  

 

 

Table 3. The studies of Muscarinic receptor effect in different cancers. 

 

Tumor type 

Muscarinic 

Receptor 

involved 

Biological 

influence 
Refs. 

Enhancement 

effect on 

tumor 

Melanoma CHRM3, CHRM5 Enhance cell migration [49] 

Colon cancer CHRM3 Enhance proliferation [50] 

Small cell lung carcinoma 

(SCLC) 
CHRM3 Enhance proliferation [51] 

Prostate cancer 
CHRM1 

Enhance migration and 

invasion 
[46] 

CHRM3 Enhance proliferation [46] 

Breast cancer CHRM2, CHRM3 Enhance proliferation [52,53] 

Mammary Adenocarcinoma CHRM3 
⚫ Enhance proliferation 

⚫ Angiogenesis 
[54] 

Astrocytoma CHRM3 Enhance proliferation [55] 

Oral cancer CHRM4 Enhance cell migration [56] 

Inhibition 

effect on 

tumor 

Glioblastoma CHRM2 
Inhibited cell 

proliferation 
[57] 

Pancreatic cancer CHRM1 
Inhibited cell 

proliferation 
[36] 

Neuroblastoma CHRM1 
Inhibited cell 

proliferation 
[58] 

Astrocytoma CHRM3 Inhibited cell migration [55,59] 

 

The nerve network may influence the tumor microenvironment. The effect might be direct or 

indirect. When there is a direct effect, the muscarinic receptor may work as one of the first line 

signals between neurons and cancer cells. Knowing the distribution of different subtypes of mus-

carinic receptors on PDAC cells, and the biological behavior between different receptor express-

ing cell populations, may give us a better understanding of the role of the muscarinic receptor 

during PDAC progress. 
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1.3 Aim 

As there is a lack of understanding regarding the different muscarinic receptors in PDAC, this 

study aimed to investigate expression levels and biological relevance of muscarinic receptor sub-

types in different human pancreatic ductal adenocarcinoma cell lines and pancreatic cancer tissue. 

Furthermore, the expression levels will be correlated with PDAC patients’ survival. 
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2 Material and Methods 

2.1 Materials 

2.1.1 Consumables 

 

Consumables Source 

6-well plate NunclonTM delta surface 

12-well plate NunclonTM delta surface 

24-well plate NunclonTM delta surface 

96-well plate Sarstedt 

5 mL Pipette Costar 

10 mL Pipette Costar 

25 ml Pipette Costar 

1.5ml tip Eppendorf 

2.0ml tip Eppendorf 

15ml tube TPP 

50ml tube Falcon 

Blot paper Bio-Rad 

Cell culture flask T25 NunclonTM delta surface 

Cell culture flask T75 NunclonTM delta surface 

Cell culture flask T125 NunclonTM delta surface 

Cell scraper TPP 

FACS tube Falcon 

Filters 0.25ul Sartorius stedim 

Filters 0.45ul Sartorius stedim 

QIAshredder spin column Qiagen 

Glass coverslips Menzel Gläser 
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Glass slides Marienfeld 

PVDF transfer membrane Thermo 

96-Well White, 

Clear Flat-Bottom, 

TC-Treated, 

Sterile Plates with Lid 

DiscoverX 

Sterile needle BD Microlance TM 

 

2.1.2 Chemicals 

 

Chemicals Source Identifier 

β-Mercaptoethanol Sigma M6250 

Agarose Peqlab 35-1020 

Ammonium persulfate (APS) Serva 13376.01 

BSA Biomol 01400.100 

Crystal violet Sigma C0775 

6x DNA Sample Loading 

Buffer 
Thermo R0611 

DMSO Sigma D2650 

1 Kb Plus DNA Ladder Invitrogen 10787-018 

ECLTM Western Blotting  

Detection System 
Amersham Biosciences RPN2209 

70% ethanol Pharmacy T868.1 

FBS Sigma F7524 

SYBR Safe DNA Gel Stain Invitrogen S33102 

Precision Plus Protein™ 

Dual Color Standards 
BIO-RAD #161-0394 
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Isopropanol Roth UN1219 

Loading buffer 4x Bio-Rad 161-0747 

Methanol Merck 1.06009.1000 

Milk powder Roth T145.2 

PBS PAN-Biotech P04-36500 

IC Fixation buffer eBiosciences 00-8222-49 

Penicillin-Streptomycin Lonza DE17-602E 

Permeabilization Buffer 10x eBiosciences 00-8333-56 

Phosphatase inhibitor  

cocktail 
Roche 04906837001 

Protein standards Bio-Rad 161-0374 

Protease inhibitor cocktail Roche 05892791001 

RNase-free water Qiagen 129112 

RPMI 1640 Medium GibcoTM 21875-034 

RIPA lysis buffer 10x Millipore 20-188 

SDS Carl Roth 2326.2 

SYBR safe DNA gel stain Invitrogen S33102 

TAE buffer 50x SERVA 42549.01 

TEMED Bio-Rad 161-0800 

Tris Base Bio-Rad 161-0716 

Triton-X-100 Sigma T8787 

Trypan blue Sigma T8154 

Trypsin/EDTA Lonza BE17-161E 

Tween 20 Sigma P1379 

Magnesium 

 sulfate-Heptahydrate 
Merck 10034-99-8 

Calciumchlorid-Dihydrate Merck 10035-04-8 

Pluronic F-127 20% solution 

in DMSO 
Invitrogen P3000MP 
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Versene GibcoTM 15040066 

 

2.1.3 Antibodies  

 

Antibodies Source Identifier 

Rabbit anti-M4 Muscarinic 

Receptor Antibody 
Alomone Labs AMR-004 

GAPDH(D16H11) XP 

Rabbit mAb 
Cell Signaling #5174 

Anti-rabbit IgG,  

HRR-linked Antibody 
Cell Signaling #7074 

Muscarinic Acetylcholine 

Receptor M3 antibody 
Novus Biologicals NBP2-19444 

Rabbit IgG Isotype  

Control 
Novus Biologicals AB-105-C 

Rabbit IgG  

APC-conjugated Antibody 
Novus Biologicals F0111 

 

2.1.4 Agonist and Antagonist  

 

Product Source Identifier 

Carbachol Sigma-Aldrich Y0000113 

Darifenacin hydrobromide Sigma-Aldrich SML1102 

Forskolin DiscoverX 92-0005 

Ionomycin calcium salt Sigma-Aldrich I0634 

Isoprenaline 

hydrochloride 
Sigma-Aldrich I0599990 
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2.1.5 Commercial Assays 

 

Product Source Identifier 

Pierce™ BCA Protein Assay Kit Thermos fisher #23225 

Human brain tissue-derived BioBank 

cDNA 
Primer Design 

cDNA-hu-ti 

C0166 

Clarity Max™ Western ECL Substrate BIO-RAD #1705062 

RNeasy Mini Kit Qiagen  74106 

QuantiTect Reverse Transcription Kit Qiagen 205311 

QuantiFast SYBR Green PCR Kit Qiagen 204056 

HitHunter® cAMP Assay for Small  

Molecules 
DiscoverX 90-0075SM2 

BD Pharmingen™ BrdU Flow Kits BD 559619 

Indo-1, AM, cell permeant - Special  

Packaging 
Invitrogen I1223 

EZ4U kit Biomedica BI-5000 

 

2.1.6 Primers 

 

Primers Source Identifier 

CHRM1 Qiagen QT00215404 

CHRM2 Qiagen QT00092134 

CHRM3 Qiagen QT00200354 

CHRM4 Qiagen QT00214963 

CHRM5 Qiagen QT00206346 
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β-actin Qiagen QT00095431 

                                   

2.1.7 Apparatus 

 

Apparatus Company 

Autoclave Unisteri 

AxioCam MRC5 ZEISS 

Centrifuge Hettich 

Cool Centrifuge Eppendorf 

Microcentrifuge Labtech 

CO2 Incubator Binder 

DNA workstation Uni Equip 

Drying cabinet Heraeus 

Electronic pH meter Knick 

FACS Fortessa BD Biosciences 

4°C Fridge Siemens 

‐20°C Fridge Siemens 

-80°C Fridge Siemens 

Thermomixer eppendorf 

Ice machine KBS 

Liquid Nitrogen tank MVE 

Lamina flow Heraeus flow laboratories 

Microscope Olympus 

Microwave Oven Siemens 

Micro weigh Chiyo 

Nanodrop 2000 Peqlab 

Step one PCR system Applied Biosystems 

Pipette controller Eppendorf 
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Microplate reader VERSA max 

Microplate reader FilterMax F3 

Power Supply Power Pac 

300 
BIO-RAD 

Power supply Novax PowerEase 500 

Shaker Edmund Bühler 

Mini-trans blot  

electrophoretic transfer cell 
BIO-RAD 

5331 Master Cycler Gradient 

Thermocycler 
Eppendorf 

Thermomixer comfort Eppendorf 

X cell II TM Blot module Invitrogen 

Vortex Janke Kunkel 

Water bath Memmert 

UV illuminator Labor Technik 

Hypercassette Amersham Biosciences 

ChemiDoc MP Imaging  

System 
BIO-RAD 

 

 

2.1.8 Solutions 

 

⚫ Indo-1 store solution (2mg/ml): 50μg indo-1 + 25 μL Pluronic F-127 20% solution in DMSO 

 

⚫ Cell loading media for Indo-1 assay (1mM Mg2+,1mM Ca2+,0.5%BSA):  250ml DPBS+ 0.067g 

MgSO4.7H2O+0.039g CaCl2.2H2O+1.28g BSA 

 

⚫ FACS buffer: 1L 1x DPBS + 2ml Natriumacid+ 5g BSA 

 

⚫ 1 M TRIS (for stacking gel): 12,1 g TRIS + 100 ml with VE-H2O, adjust the pH to 6,8 (use 
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HCl) 

 

⚫ 1,5 M TRIS (for separating gel): 18,21 g TRIS + 100 ml with VE-H2O, adjust the pH to 6,8 

adjust the pH to 8,5 (use HCl) 

 

⚫ 10x electrophoresis buffer: 30 g TRIS Base +144 g Glycin +10 g SDS +1 L VE-H2O. For 

following dilution 1x 100 ml buffer + 900 ml VE-H2O 

 

⚫ 10x Blotbuffer: 15 g Glycin +144 g TRIS +1 L VE-H2O. For following dilution 1x 100 ml Puffer 

+ 100 ml Methanol + 800 ml VE-H2O 

 

⚫ 10x TBS: 24 g TRIS Base +80 g NaCl +1 L VE-H2O 

 

⚫ 1x TBS-T: 100 ml 10x TBS + 900 ml VE-H2O + 1 ml Tween (pH 7,6) 

 

⚫ Blocking buffer (5% milk): 0,5 g dried milk + 10 ml TBS-T 

 

⚫ 5% BSA for dilution of antibodies: biotin-free BSA 0,5 g +10 ml TBS-T 

  

⚫ Western blot Separating gel: H2O 4,3ml + 1,5M TRIS (pH 8,5) 2,5ml+ Polyacrylamide 3ml + 

10% SDS 100µl + 10% APS 100µl+ TEMED 5µl  

 

⚫ Western blot Stacking gel: H2O 2,3ml + 1M TRIS (pH 6,8) + 380µl Polyacrylamide 380µl + 

10% SDS 30µl + 10% APS 30µl+ TEMED 5µl 

 

2.1.9 Software 

 

⚫ GraphPad Prism (ver 5.0, GraphPad Software Inc, La Jolla, CA, USA). 

 

⚫ SoftMax® Pro Microplate Data Acquisition and Analysis Software (Version 6.5.1). 

         

⚫ BD FACSDiva™ Software v8.0 

           

⚫ ImageJ (FIJI) 
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2.2 Method  

2.2.1 Cell culture conditions and routine cell culture 

Pancreatic cancer cell lines (BxPc3, DanG, Panc1) were cultured with RPMI1640 medium 

supplemented with 10% FBS (Fetal Bovine Serum) and 1% P/S (Penicillin/Streptomycin). Culture 

Condition was 95% air atmosphere, 5% carbon dioxide (CO2), 37°C. The sub-cultivation ratio 

was 1:4 with 2 times subculture per week. Before subculturing the cell has around 80% confluence, 

aspirated all the medium, washed with Dulbecco's PBS 1 time then added Trypsin-EDTA and 

gently rocked to ensure complete coverage over the cells. Incubated for 5 minutes at 37°C, after 

ensuring the majority of cells were detached, add an equal volume of the complete medium into 

the flask to neutralize the trypsin-EDTA, pipette to ensure cells were dissociated from each other. 

Transferred the cell suspension to a 50mL centrifuge tube, centrifuged at 500 g x for 5 minutes. 

Resuspend the cell pellet in the pre-warmed fresh complete medium then seed in the new Flask 

at an appropriate cell density. Renew the culture media every 2 days. The volume of Trypsin-

EDTA and culture medium was summarized and shown in Table 4. 

 

Table 4. Volumes of Dulbecco's PBS, Trypsin-EDTA, and Medium used in cell passage. 

Culture Wares Trypsin-EDTA Dulbecco's PBS Medium 

6- well plate 0.5 mL / well 0.5mL 3.0 mL / well 

T-25 flask 1.0 mL / flask 1mL 5.0 mL / flask 

T-75 flask 3.0 mL / flask 5mL 10.0 mL / flask 

T-175 flask 5.0 mL / flask 10mL 20.0 mL / flask 

 

2.2.2 mRNA isolation and concentration measurement 

    0.5x106 cells were seeded and cultured in 6 wells plate for 48 hours, total mRNA was isolated 

from the cell pellet using the RNeasy Mini Kit (Qiagen). Harvested 1x106 cells and then centrifuged 

for 5 minutes at 300 x g in a centrifuge tube, removed all supernatant by aspiration. loosen the 

cell pellet thoroughly by flicking the tube, adding 350 μL Buffer RLT, and mixing by vortexing. To 
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homogenize the lysate, piped the lysate directly into a QIAshredder spin column placed in a 2ml 

collection tube, and centrifuged for 2 minutes at full speed. Added 350 μL of 70% ethanol to the 

homogenized lysate, and mixed well by pipetting. Transferred 700 µl of the sample to a RNeasy 

spin column placed in a 2ml collection tube, closed the lid gently and centrifuged for 15 seconds 

at 8000 x g, discard the flow-through. Added 700 µl Buffer RW1 to the RNeasy spin column, 

centrifuged for 15 seconds at 8000 x g to wash the spin column membrane. Added 500 µl Buffer 

RPE to the RNeasy spin column and centrifuged for 15 seconds at 8000xg to wash. Added 500 

µl Buffer RPE to the RNeasy spin column, then gave a 2 minutes long centrifugation at 8000xg 

to ensure that no ethanol is carried over during RNA elution. Placed the RNeasy spin column in 

a new 1.5 ml collection tube, added 30 µl RNase-free water directly to the spin column membrane, 

centrifuged for 1 minute at 8000 x g to elute the RNA. The mRNA concentration was measured 

by Nanodrop 2000 (Peqlab). mRNA samples were stored in a -80°C fridge for longer storage. 

 

2.2.3 Reverse Transcription 

The mRNA sample was reverse-transcripted using QuantiTect Reverse Transcription Kit (Qi-

agen) according to the manufacturer’s protocol. The genomic DNA elimination reaction was per-

formed before the reverse transcription, the reaction components were shown in Table 5, incu-

bated the reaction components mix for 2 minutes at 42°C to eliminate the genomic DNA. 

 

Table 5. Genomic DNA elimination reaction components 

Component Volume/reaction 
Final 

 concentration 

gDNA Wipeout Buffer, 7x 2 µl 1x 

Template RNA The volume of 1 µg mRNA *   

RNase-free water 14 µl – the volume of template RNA  

Total volume 14 µl  

* Volume is depending on the concentration of the Template RNA. 
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The reverse-transcription master mix was performed on ice according to Table 6, The master 

mix was incubated for 15 minutes at 42°C to generate the reaction, then further incubated for 3 

minutes at 95°C to deactivate the Quantiscript reverse transcriptase. 

 

Table 6. Reverse-transcription reaction components 

Component Volume/reaction Final concentration 

Reverse-transcription master 

mix 

  

Quantiscript Reverse Transcrip-

tase 
1 µl 

 

Quantiscript RT Buffer, 5x 4 µl 1x 

RT Primer Mix 1 µl  

Template RNA   

Entire genomic DNA 

elimination reaction 
14 µl (1 µg) 

 

Total volume 20 µl  

 

All the incubation steps for the Genomic DNA elimination reaction and Reverse-transcription 

reaction were performed using the PCR cycler (Eppendorf). 

 

2.2.4 Quantitative real-time polymerase chain reaction (qPCR)  

cDNA obtained from mRNA reverse transcription was used in the qPCR added with the pri-

mer of CHRM1, CHRM2, CHRM3, CHRM4, CHRM5, and β-actin from QuantiTect® Primer Assay 

(Qiagen). The positive control sample was the cDNA sample from human brain tissue which is a 

commercial BioBank cDNA kit (Primer Design), the Quantitative real-time PCR was performed 

with QuantiFast SYBR Green PCR Kit (Qiagen) using Step one PCR system (Applied Biosystems) 

and PCR System Software (StepOne™ software). The reaction setup shows in Table 7. All the 

qPCR reactions were done in triplicate and the protocol used was: hot start for 10 minutes at 

95°C, followed by 45 cycles of 15 seconds at 95°C, annealing for the 30 seconds at 55°C and 
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extension for 30 seconds at 72°C. Data were normalized with housekeeping gene β-actin, ΔΔCt 

method was used to calculate the fold changes in the gene expression, as compared to the control 

group.  

Table 7. Reaction setup for qPCR 

 Volume/reaction   

 96-well 

block 

Final 

concentration Component 

2x QuantiFast SYBR 

Green PCR Master Mix 
12.5 μl 1x 

10x QuantiTect Primer 

Assay 
2.5 μl 1x 

Template cDNA 1 μl 100ng/reaction 

RNase-free water 9μl  

Total volume 25 μl  

 

2.2.5 DNA electrophoresis 

Prepare 1.5 % agarose gel with 1.5 g agarose (Peqlab) and 100mL 1xTAE buffer (SERVA), 

Melt the agarose mixture solution by heating in a microwave until the agarose has completely 

dissolved. Before the gel is poured, added 20 μl of SYBR Safe DNA Gel Stain (Thermo Fisher 

Scientific) for nucleic acid staining, mixed well by panning. Pour the gel into the gel carrier and 

allow the gel to harden with the length and width of 131mm x 60mm respectively, each sample 

well was 5 mm. During electrophoresis, prepare each sample by mixing 25μl qPCR product with 

5μl 6X DNA Sample Loading Buffer (Thermo), prepare1 Kb Plus DNA Ladder (Invitrogen) with 6.5 

μl molecular biology H2O mixed with 1.5 μl 6x Loading buffer and 1 μl DNA ladder. Pour 1xTAE 

buffer into the chamber and load the gel with the prepared samples. For each sample and the 

DNA ladder, apply 10 μl to the agarose gel. The DNA electrophoresis program was 60 minutes, 

100V, 200mA, 50W, power supply by Power ease500 Thermo Fisher Scientific. 
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2.2.6 Protein isolation  

Scraping the cells from a 6-well plate, the cell lysates were obtained using 1x RIPA lysis 

Buffer (Millipore) containing a cocktail of protease and phosphatase inhibitors (Roche). Cell ly-

sates were incubated on ice for 10 minutes then collected with a 1.5mL tube, centrifuged for 15 

minutes at 14,000 x g at 4°C, the supernatant was collected in a new tube. Protein samples were 

stored in a -20C° fridge for longer storage.  

 

2.2.7 Protein concentration measurement (BCA Protein Assay) 

Protein concentration was determined using the Pierce™ BCA Protein Assay Kit (Thermos 

Fisher). Setting up a group of controlled samples with a working range from 25 to 2,000µg/mL by 

diluting the contents of one Albumin Standard (BSA) ampule into several clean vials, to create a 

standard curve. Prepared the BCA working reagent by mixing 50 parts of BCA Reagent A with 1 

part of BCA Reagent B. Pipetted 25µL of each controlled sample or 1:5 diluted unknown sample 

replicate into a 96-well microplate. Added 200µL of BCA working reagent to each well and mixed 

plate thoroughly on a plate shaker for 30 seconds. Covered plate and incubate at 37°C for 30 

minutes. Cool the plate to room temperature then measure the absorbance at 562nm on the plate 

reader (VERSA max).  

2.2.8 Western blot  

2.2.8.1 Sample preparation 

Loading buffer 4x (Bio-Rad) was added to the protein sample obtained from protein isolation, 

mixed well then incubated the sample for 5 minutes at 95°C, 300 rpm for more complete disruption 

of molecular interaction, the samples were stored in a -20C° fridge for longer storage. 

2.2.8.2 Gel-electrophoresis 

Mini-PROTEAN Tetra Cell system (BIO-RAD) was used during gel electrophoresis. 400mL 

electrophoresis buffer was poured into the electrophoresis tank, 20µg of the protein sample was 

loaded onto a 12% SDS polyacrylamide gel, Precision Plus Protein™ Dual Color Standards (BIO-

RAD) was used as the molecular weight standards. Ran the gel with 70 volts for 40 minutes until 
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marker bands are visible, then ran at 120 volts for 1 hour, and keep track of the lowest band for 

30 minutes. 

2.2.8.3 Gel transfer/ Blot 

X cell II TM Blot Module (Invitrogen) was used for gel transfer. Wet the PVDF membrane for 

1 minute with methanol before equilibration in transfer buffer. Raised gels in ddH2O and equili-

brate in Blotbuffer for 15 minutes. Prepare the gel and membrane sandwich then fill it into the 

cassette. Filled the tank and cassette with Blotbuffer. cooling the transfer tank with ice. Gels were 

transferred for 2 hours onto PVDF transfer membrane (Thermo) at 35V. 

2.2.8.4 Immunodetection 

After transfer, wash the membrane in TBS for 5 minutes then membranes were blocked for 

1 hour in blocking buffer. Wash the membrane for 5 minutes in TBS-T twice then incubate over-

night at 4°C with the primary antibody which was diluted in 5% BSA. Primary antibodies used 

were: Rabbit anti-M3 Muscarinic Receptor Antibody (1:1000, Novus Biologicals), Rabbit anti-M4 

Muscarinic Receptor Antibody (1:1000, Alomone Labs), GAPDH(D16H11) XP Rabbit mAb 

(1:1000, Cell Signaling), after overnight incubation, membranes were washed with TBS-T buffer 

3 times, and then incubated for 1 hour at room temperature with secondary antibody: anti-rabbit 

IgG, HRR-linked Antibody (1:5000, Cell Signaling). 

2.2.8.5 Imaging 

Membranes were exposed to Clarity Max™ Western ECL Substrate (BIO-RAD) for signal 

detection, the image capture was performed on ChemiDoc MP Imaging System (BIO-RAD).  

2.2.8.6 Result analysis 

Protein bands from the western blot image were quantified by reflecting the relative amounts 

as a ratio of each protein band relative to the band of GAPDH control. ImageJ (FIJI) was used in 

the analysis. further statistical analysis was performed using the GraphPad Prism 5. 

2.2.9 Measurement of cAMP levels  

The cAMP analyses were performed using the HitHunter® cAMP Assay for small molecules 
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(DiscoverX) which is a homogeneous (no wash), gain-of-signal competitive immunoassay based 

on Enzyme Fragment Complementation (EFC) technology. The aim of this essay is for monitoring 

G-protein coupled receptor (GPCR) activation based on 3'-5'-cyclic adenosine monophosphate 

(cAMP) production in cells. A series of tests were performed to investigate the functional study of 

Gαi- coupled receptor (CHRM4), these tests contain two-part, first is the Forskolin test which is 

to investigate the EC80 of Forskolin, the second is the Gαi agonist challenge assay which is to 

figure out the Gαi- coupled receptor (CHRM4) function.  

2.2.9.1 Sample preparation and assay preparation 

During the cell plating, cells were seeded in white-walled 96-well tissue culture treated plate 

(DiscoverX) with 20,000 cells per well. The forskolin serial dilutions for the Forskolin test or Gαi 

agonist solution for Gαi agonist challenge assay were prepared in a separate dilution plate before 

adding to desired wells, see the illustration for the specific process (Figure 6).  

 

Figure 6. The sample preparation protocol of cAMP assay. 

 

 

A 
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2.2.9.2 Assay protocol schematic 

Detail introduction for the protocol is shown in the flow chart (Figure 7). 

 

Figure 7. The protocol of cAMP assay. 
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2.2.9.3 Assay Plate Reading 

After the last incubation step, the plate was read using a standard luminescence plate reader 

(FilterMax F3). The microplate reader was set up for endpoint reading with an integration time of 

0.4 seconds, the plate was dark-adapted for 1 minute before reading.  

2.2.9.4 Result analysis 

Results were given in relative luminescence units (RLU), the data was initially analysed using 

SoftMax® Pro Microplate Data Acquisition and Analysis Software (Version 6.5.1), further statisti-

cal analysis, and calculation of EC50 and EC80 was performed using the GraphPad Prism 5.  

2.2.10  Fluorescence-activated cell scanning (FACS) indo-1 calcium assay 

BxPc3, DanG, and Panc1 cells were subcultured in 175cm2, cultured overnight to allow cells 

to attach to the plate and grow. Changed medium on next day morning and then cultured for 48 

hours to allow cells to reach 70% confluence. On the assay day during sample preparation, col-

lected 1x107 cells of each cell in a 15ml tube, re-suspend the cells in 1.0 ml of cell loading media 

(PBS containing 1mM calcium, 1mM magnesium, and 0.5% BSA.), add 2µl of Indo-1 (2mg/ml, 

dissolve in 20% Pluronic F-127 DMSO solution) to each sample (4µΜ final concentration) and 

incubate the cells with Indo-1 for 30 minutes at 37°C. After staining pellet cells at 400g for 5 

minutes, aspirate the supernatants then resuspend the cells gently in 1ml CLM, rest cells for 15 

minutes before acquiring any data. During the FACS testing, 100µl (1 x 106 cells total) of cell 

suspension was added into the FACS test tube and used for further test. UV (355 nm) laser-

equipped flow cytometers (BD LSRFortessa™) were used, this dye is ratiometric and requires 

filter sets around 400 nm (calcium-bound) and 500 nm (calcium-free), so the filter was set for 

BUV395 (450/50) and BUV496 (530/30). Ratiometric changes in calcium concentration are cal-

culated as the ratio of emission in the low wavelength filter to the emission in the high wavelength 

filter.   
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2.2.11 Fluorescence-activated cell scanning (FACS) BrdU assay 

2.2.11.1 Sample preparation  

PDAC cells were seeded on a 6-well plate with a density of 5x105 cells/well and cultured for 

24 hours with a complete medium. The following day, 10 µL of BrdU solution (1 mM BrdU in 1x 

DPBS) was directly added to each mL of culture medium. Left 3 wells of cells without BrdU label-

ing, these cells were used as the sample for BrdU FMO control (Fluorescence Minus One Control).  

Incubate the treated cells for 2 hours in the same condition of cell culturing. After incubation the 

media was aspirated, then 500µL (Versene) was added to the wells and further incubate for 10 

minutes to rinse the cells. Cells were collected and washed by FACS buffer 1 time 

(300gx/RT/5min), then cells were counted and divided into 106 cells/sample acquisition tube (Fal-

con®), discard the supernatant after centrifuging (300gx/RT/5min). 

2.2.11.2 Immunofluorescent staining of cell surface antigens 

106 BrdU-pulsed cells were labeled with 1µL Muscarinic Acetylcholine Receptor M3/CHRM3 

antibody (IgG, Novus Biologicals) primary antibody or 0.5µL of Rabbit IgG (Novus Biologicals) as 

an Isotype control for the primary antibody, cells were vortexed, incubated for 30 minutes at room 

temperature in the dark, then cells were washed with 2 ml FACS buffer (300gx/RT/5min). 0.63 µL 

secondary antibody Rabbit IgG APC-conjugated Antibody (Novus Biologicals) was added to the 

CHRM3 antibody labeled sample and the Isotype control antibody labeled sample, cells were 

vortexed, incubated for 30 minutes at room temperature in the dark, then cells were washed with 

2 ml FACS buffer (300gx/RT/5min). The input of the antibody depends on stock concentration, 

the detail was shown in Table 8.    
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Table 8. Quantity of the primary and isotype control antibody in BrdU assay. 

Antibody Name Concentration 
Input volume /  

sample 

Input dose /  

sample 

Muscarinic  

Acetylcholine 

Receptor M3  

antibody 

0.5μg/μL 1μL 0.5μg 

Rabbit IgG Isotype 

Control 
1μg/μL 0.5μL 0.5μg 

 

2.2.11.3 Immunofluorescent staining of BrdU  

The BrdU assay was performed using the BrdU Flow Kits (BD Pharmingen™), according to 

the manufacturer’s protocol. The panel setup is shown in Table2.6. After staining of cell surface 

antigens, fixed and permeabilized the cells with 100 µL BD Cytofix/ Cytoperm Buffer, then incu-

bated the cells for 30 minutes on ice, after incubation, washed the cells with 1 mL of 1x BD 

Perm/Wash Buffer. Resuspend the cells in 100 µL of BD Cytoperm Permeabilization Buffer Plus 

per tube then Incubate the cells for 10 minutes on ice. Washed the cells in 1 mL of 1x BD 

Perm/Wash Buffer. Resuspend the cells in 100 µL of BD Cytofix/ Cytoperm Buffer per tube, then 

incubate the cells for 5 minutes on ice, wash the cells in 1 mL of 1X BD Perm/Wash Buffer. Treated 

cells with DNase to expose incorporated BrdU by using 100 µL of diluted DNase (30 µg DNase) 

per tube then incubated for 1 hour at 37°C. Wash the cells n 1 mL of 1x BD Perm/Wash Buffer. 

Stain BrdU by incubating cells with 1μL FITC conjugated anti-BrdU antibody (contain in BrdU Flow 

Kits) for 20 minutes at room temperature, then washed the cells in 1 mL of 1x BD Perm/Wash 

Buffer. Stain total DNA for cell cycle analysis by resuspending the cells in 20 µL of the 7-AAD 

solution and incubating 30 minutes at room temperature. Resuspend the cells in 1 mL of FACS 

buffer stored at 4°C for further analysis by flow cytometry. 
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Table 9. BrdU assay Panel set up  

Antibody Name 
M3 FMO  

control 

BrdU FMO 

control 

M3 Isotype 

control 
Test sample 

BrdU-pulse yes No yes yes 

 

Muscarinic 

Acetylcholine 

Receptor M3 

Antibody 

 

No yes No yes 

 

Rabbit IgG 

Isotype Control 

 

No No yes No 

 

Rabbit IgG 

APC-conjugated 

Antibody 

 

No yes yes yes 

 

Anti-BrdU  

antibody  

(FITC-conjugated) 

 

yes yes yes yes 

2.2.11.4 Instrument setup 

The FACS analysis was done by using FACS Fortessa (BD Biosciences). The instrument 

was set up in 4 steps:  

 

⚫ Adjusted the FSC (Forward Scatter) vs SSC (Sidewards Scatter) parameters to ensure the 

cell populations within the scale. 

⚫ Adjusted the PMTs (photomultiplier tubes) so that the negative populations fall around chan-

nel 102.  

⚫ Adjusted 7-AAD–%APC to bring the PE signal to the left. 

⚫ Adjusted APC–%7-AAD to bring the PE signal down. 

 

For optimal resolution, acquire using a low flow rate to make sure the rate was no greater 

than 400 events per second. 
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2.2.11.5 Data analysis 

BD FACSDiva™ Software v8.0 was used to collect the data and initial analyze. Further sta-

tistical analyses were performed using the GraphPad Prism 5.   

2.2.12 Cell viability assay (EZ4U) 

BxPc3, DanG, and Panc1 cells were seeded in the 96-well plate at the density of 2×103 

cells/well, cultured overnight to allow cells to attach to the plate and grow. The next morning the 

medium was changed into 200 µl full medium (RPMI1640+10%FBS) or starvation medium 

(RPMI1640) together with different concentrations of the desired drug. After culturing for desired 

stimulation time, the medium was changed to 200µl fresh medium on the assay day and then 20 

µl of the EZ4U dye substrate was added to each well before a further 3 hours incubation in 37°C. 

After incubation, the plate was removed from the incubator and gently mixed by tipping the plate 

at all four sides. The absorbance is measured by a microplate-reader (VERSA max), set at 450 

nm with 620 nm as a reference. 

 

2.2.13 Colony-forming assay 

BxPc3, DanG, and Panc1 cells were seeded in the 12-well plate at the density of 5×103 

cells/well, cultured overnight to allow cells to attach to the plate and grow. The next morning the 

medium was changed into 2000 µl full medium (RPMI1640+10%FBS) or starvation medium 

(RPMI1640) together with different concentrations of the desired drug. After culturing for desired 

stimulation time, the medium was changed to 2000µl fresh medium on the assay day and Colo-

nies are fixed with glutaraldehyde (6.0% v/v), stained with crystal violet (0.5% w/v).  

2.2.14 Patient’s survival curve analysis 

      The TCGA survival curve was analyzed from the public data of the Human Protein Atlas. The 

patients were classified into two groups based on the FPKM target gene expression level (Frag-

ments Per Kilobase of exon model per Million mapped fragments). The prognosis of each patients 

group was examined by Kaplan-Meier survival estimators, the survival outcomes were compared 

by log-rank tests.  
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2.2.15 Statistical analysis  

Data analysis was performed with GraphPad Prism (ver 5.0, GraphPad Software Inc, La Jolla, 

CA, USA). Data were presented as the mean±SEM. Student’s t-test, one-way ANOVA analyses 

with Bonferroni post-tests were used. A value of p<0.05 was considered statistically significant. 

(p <0.05 (*), p<0.01 (**) and p<0.001 (***)). The EC50 value and the Hill Slope were determined 

from the agonist reference curve. EC80 was calculated using an online EC80 calculator 

QuickCalc by GraphPad (graphpad.com/quickcalcs/Ecanything1.cfm). 
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3 Results 

3.1 Expression of CHRMs in PDAC cell lines 

As the first step, the expression of muscarinic receptors on PDAC cells was investigated. 

Therefore, three geno- and phenotypical different established PDAC cell lines were selected 

(BxPc3, DanG, and Panc1). The BxPc3 cell line has a wild-type KRAS gene, the other two have 

mutated KRAS alleles. The DanG and BxPc3 cell lines are epithelial phenotypes, the Panc1 cell 

line has a mesenchymal phenotype.      

Employing RT-PCR, we detected mRNA expression of CHRM1, CHRM3, CHRM4, and 

CHRM5 but not of CHRM2 in all three PDAC cell lines tested (Figure 8). According to the strength 

of the band, the muscarinic receptor expression among these three PDAC cell lines implicated 

different expression levels. 

 

 

Figure 8.  RT-PCR of different Muscarinic receptor subtypes in PDAC cell lines.   
Panc1 and DanG cell shows a clear band of CHRM1, BxPc3 just show a very weak band of CHRM1.CHRM3, 
CHRM4, and CHRM5 mRNA bands are detectable in all three PDAC cell lines tested. 
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To further evaluate the expression of these muscarinic receptors, RT- qPCR was performed. 

The analysis revealed the highest expression of CHRM3 in DanG cells as well as of CHRM4 in 

Panc1 cells (Table 10). Considering the phenotype of these three PDAC cell lines, the epithelial-

type cells tend to express higher CHRM3 than the mesenchymal phenotype, while the mesen-

chymal phenotype tends to express higher CHRM4. Since we have only 3 cell lines included in 

the study, this interpretation is limited.   

The mRNA expression of CHRM1 was low in all three cell lines analyzed (Figure 9). CHRM1 

has a very low expression level relative to the housekeeping gene GAPDH. However, CHRM2 

was not expressed on mRNA level in any of the cell lines investigated. 

 

 

 

Figure 9. Real-time PCR of different Muscarinic receptor subtypes in PDAC cell lines. 
CHRM1, CHRM3, CHRM4, and CHRM5 are detectable in all the PDAC cell lines tested. Epithelial-type cells 
BxPc3 and DanG tend to express higher CHRM3 than the mesenchymal phenotype Panc1. CHRM4 shows 
a higher expression in the mesenchymal phenotype Panc1 cell line. 
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Table 10. The Muscarinic receptor expression level in PDAC cell lines. 

Cell 

line 

Phenotypes Genotype 

Epithe-

lial 

Mesenchy-

mal 
KRAS CHRM1 CHRM2 CHRM3 CHRM4 CHRM5 

BxPc-3   Wild Low Negative Middle Middle High 

DanG   G12V Middle Negative High High Middle 

Panc-1   G12D High Negative Low Low Low 

 

Since CHRM3 and CHRM4 are the higher expressed subtypes of the muscarinic receptor, 

further experiments were focusing on these two receptor subtypes. As protein level expression is 

the requirement of a functional receptor, expression of these receptors on protein levels was in-

vestigated by Western blotting.  

Both CHRM3 and CHRM4 were expressed at protein levels among all these three PDAC cell 

lines. The receptor expression on protein level matched the mRNA level expression result of RT-

qPCR. Among the PDAC cell lines in the study, DanG cells expressed CHRM3 at a higher level 

while the Panc1 cells expressed the CHRM4 at a higher level, both on mRNA level and protein 

levels (Figure 10. A, B). 

 

A. 
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   B. 

 

Figure 10. The protein level of CHRM3 and CHRM4 in PDAC cell lines. 

 

Analysis of the online database of The Human Protein Atlas (www.proteinatlas.org) has given 

us a more macro perspective of muscarinic receptor expression among common solid tumors. 

According to this online database, PDAC has a distinct CHRM4 expression (Figure 11), but the 

expression of CHRM3 relatively low (Date not shown). This result shows in PDAC tissue, on 

protein level there is a higher CHRM4 expression.  This differs from the result in our cell line study 

which shows there is a relatively higher CHRM3 expression. This different may come from the 

influence of cancer associated microenvironment and this topic will be further talked in the Dis-

cussion section. 

 

Figure 11. The expression of CHRM4 in different cancers(https://www.proteinat-

las.org/ENSG00000180720-CHRM4/pathology) 
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3.2 CHRM3 is functional in PDAC cells 

After proving the expression of the receptor, we wanted to investigate the functionality and 

therefore potential biological relevance of these muscarinic receptors. We aimed to find out 

whether the highly expressed CHRMs are functional in PDAC cell lines investigated. 

It is well known, that CHRM3 is involved in the activation of phospholipase C which leads to  

release of calcium from intracellular storages [60]. Therefore, we measured Ca2+ release after 

activation of CHRM3 with the unselective CHRMs-agonist carbachol. Indeed, such activation led 

to a significant increase in the intracellular calcium concentration in BxPc3 and DanG, but not in 

Panc1 cells which represent the lowest level of CHRM3 expression, and this effect can be abol-

ished by the CHRM3 selective blocker Darifenacin (Figure 12). Based on these data, we can 

conclude that CHRM3 is functional in PDAC cells. 
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Figure 12. The CHRM3 function assay. 
Most of the DanG cells can have an intracellular Ca2+ increase when stimulated with carbachol, only a small 
part of BxPc3 cells can have such a reaction. This effect is proved to act through CHRM3 since CHRM3 
blocker Darifenacin can abolish the effect. Panc1 cells have no effect with carbachol treatment.  
 

3.3 Starvation leads to the overexpression of CHRM3 in PDAC 

cells 

Earlier studies showed that stress conditions affect the expression of CHRMs [61]. The star-

vation culturing condition represents a stress condition the cells. There is also evidence showing 

that starvation leads to overexpression of CHRM3 [62]. Therefore, we cultivated PDAC cells with 



 

Page | 52  

 

and without serum and measured their capacity to express CHRM3. First, we measure the cell 

viability of cells after starvation in comparison to normal culturing conditions. The result shows 

starvation is stressful for PDAC cells, the cell viability is lower after starvation, which means it 

challenged the cells' survival (Figure 13. A). The RT-qPCR shows this starvation condition also 

can lead to an up-regulation of CHRM3 mRNA expression in PDAC cells, this result might imply 

that expression of CHRM3 in PDAC could also be influenced by the nutritional conditions (Figure 

13. B).  
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Figure 13. CHRM3 expression in different culturing conditions. 

All three PDAC cell line cells have an enhanced CHRM3 expression during the starvation condition.  
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We also observed changes in the morphology of all three PDAC cell lines during starvation, 

the cells acquire a more spindle-like shape (Figure 13). This phenomenon is quite significant in 

DanG cells since it has an epithelial phenotype.  Under regular culture conditions, the DanG cells 

are dispersed and protruded the pseudopodium (Figure 14). Some papers show that starvation 

can be a promoter of the EMT process. Our studies support these results morphologically alt-

hough we did not further investigate EMT in our study [63,64]. 

 

 

 

Figure 14. The morphology of PDAC cells in different culturing conditions. 
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3.4 The function of CHRM4 is doubtful in PDAC cells 

Regarding the CHRM4, it is known that the active receptor can inhibit adenylyl cyclase and 

leads to a decrease of the intracellular cAMP concentration [65]. Therefore, we measured cAMP 

levels in our PDAC cells using the same unselective CHRMs-agonist carbachol. First, we use 

Forskolin as a positive control since Forskolin is a direct agonist of the adenylyl cyclase. We got 

a positive result in all the three PDAC cell lines with Forskolin. After calculation, the Panc1 cell 

line has the highest level of adenylyl cyclase since the value of EC50 is the lowest (Table 11, 

Figure 15).  

 

Table 11. The EC50 and EC80 of Forskolin in cAMP assay. 

 

 

Figure 15. Drug dose-response curves of Forskolin in different PDAC cell lines. 
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To further evaluate whether the activity of adenylyl cyclase can be modulated by activation 

of G proteins, the β receptor agonist Isoproterenol was used as a control. Since the β receptor is 

a Gs protein-coupled receptor, after activation it can increase the activity of adenylyl cyclase and 

lead to an intracellular cAMP increase. In this experiment Isoproterenol significantly increased the 

intracellular cAMP level in both the BxPc3 and Panc1 cell. This means that the intracellular cAMP 

level can be modulated by G protein-coupled receptors in PDAC cells (Figure 16).  In contrast, 

carbachol did not influence the basic cellular cAMP level (Figure 16). This result led to the con-

clusion that the CHRM4 in PDAC cell lines may be unfunctional or does not signal through the 

classic cAMP pathway.   
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Figure 16. The level of basic cellular cAMP level changes after β receptor and muscarinic receptor 
activation. 
Both BxPc3 and Panc1 cells can be activated by β receptor agonist Isoproterenol but not muscarinic receptor 
agonist carbachol. 

 

3.5 CHRM3 expression level correlates with PDAC patient’s 

survival 

As we had detected a functional expression of CHRM3 in PDAC, we wondered whether the 

expression of the CHRM3 gene has a link to the survival of patients with PDAC. To understand 

this, we analyzed the publicly available data from the Human Protein Atlas (https://www.protein-

atlas.org/) using TCGA RNA samples from 176 PDAC patients. We found that patients with a 

higher CHRM3 expression showed a trend to a better 5-year survival (Figure 17).  
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Figure 17. The 5-year survival rate between CHRM3 high and low expression (https://www.pro-

teinatlas.org/ENSG00000133019-CHRM3/pathology/pancreatic+cancer) 

 

 

To become a first hint for understanding this survival benefit, we performed flow cytometric 

cell cycle analysis combined with measurement of CHRM3 expression (Figure 18). Here we found 

that 5.1% of the cells express CHRM3. 

 

 

Figure 18.  The CHRM3 positive subgroup cells in the DanG cell line. 

For the DanG cell line, the cell cycle analysis shows over half of the cells are in the S stage 

(Figure 19).   
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DanG cell line 

 

 

Figure 19.  Cell cycle distribution of DanG cell line.    

 

Intriguingly, we found the CHRM3 positive cells exist in all these four different cell cycle 

stages, which means the expression of the CHRM3 has no relation with the cell cycle check-

point (Figure 20). However, the highest surface expression of CHRM3 on the cells is in the sub-

G1phase which represents early apoptotic cells. Therefore, we suggest that the trend for a bet-

ter survival of PDAC patients with higher CHRM3 expression could be partially due to the higher 

amount of apoptotic tumor cells (Figure 20). 
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Figure 20. Cell cycle distribution of CHRM3 positive DanG cells. 

In the DanG cell line, the Sub-G1 cell cycle stage has the highest percentage of CHRM3 positive cells.   

 

The last question was whether CHRM3 is only an epiphenomenal marker of a better patient 

survival as well as of the sub-G1phase of cell cycle or whether CHRM3 is involved as a functional 

receptor in the PDAC pathogenesis. To investigate this point, we treated the PDAC cells with 

different concentrations of carbachol and investigated the colony formation. This treatment did 

not lead to differences in the treatment group (Figure 21). The absence of phenotypical effects of 

CHRM3 activation could be explained by the low expression of CHRM3 on the surface of PDAC 
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cells. To prove or disprove this assumption, we measured cell viability after the treatment in the 

starvation condition which leads to the overexpression of CHRM3. Also in this condition, we saw 

carbachol does not affect cell viability (Figure 22).  

 

 

Figure 21. Colony-forming assay of PDAC cell line treated with muscarinic receptor agonist car-

bachol   
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Figure 22. EZ4U cell viability assay in PDAC cell line with muscarinic receptor agonist carbachol 

treatment.  

 

To further investigate the effect of the muscarinic receptor CHRM3, a selected CHRM3 an-

tagonist Darifenacin was used. The colony formation assay shows that the survival of all the three 
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PDAC cell lines can be inhibited by Darifenacin with or without the no FBS starving stress condi-

tion (Figure 23).  

 

 

Figure 23. Colony-forming assay of PDAC cell line treated with CHRM3 blocker Darifenacin. 

 

The cell viability assay also supports this inhibitory effect as 20μM Darifenacin can signifi-

cantly inhibit the cell viability of all these PDAC cell lines, with or without starvation (Figure 24). 
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Figure 24. EZ4U cell viability assay in PDAC cell line with CHRM3 blocker Darifenacin. 

 

However, in a further cell viability assay, we found that the carbachol pretreatment cannot 

abolish the inhibitory effect of Darifenacin, this means that decrease in cell viability may not be 

caused by the effect of the muscarinic receptor CHRM3(Figure 25). 

 

 



 

Page | 64  

 

 

 

Figure 25. Cell viability assay of DanG with CHRM3 selective blocker Darifenacin. 

Darifenacin treatment decreases DanG cell viability, but this effect cannot be abolished by pre-treated with 

muscarinic receptor agonist carbachol.    

 

Thus, we can suggest that the activation (i.e., function) of CHRM3 on the cancer cell may 

be not be involved in the pathogenicity of PDAC cells. 
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4 Discussion  

4.1 Expression of muscarinic receptor subtypes in PDAC cell 

lines  

Early studies demonstrated the existence of different subtypes of muscarinic receptors in the 

endocrine and exocrine pancreas compartment  [66,67]. The expression of the cholinergic recep-

tor M3 (CHRM3) was detected in the acinar compartment and the receptor activation induces an 

increase of intracellular Ca2+ [68]. In this study, we focused on CHRM3 expression in PDAC. We 

showed the expression of different muscarinic receptor subtypes in human PDAC cells lines and 

found higher and functional relevant expression of the CHRM3 subtype. Furthermore, different 

PDAC cell phenotypes seem to express varying muscarinic receptor subtypes and expression 

levels. Our data suggest that the phenotypically more epithelial PDAC cell lines Bxpc3 and DanG 

have a higher CHRM3 protein expression level while pancreatic cancer cell lines with a more 

mesenchymal phenotype like Panc1 have a higher CHRM4 expression level. 

CHRM3 has been proven to be expressed on human pancreatic acinar cells. These cells 

change their phenotype rapidly when cultured after isolation, losing their neurohumoral respon-

siveness after prolonged culture. However, there is no study investigating the changes of CHRM3 

expression during the phenotypic alterations.  

CHRM3 plays an important role in pancreatic exocrine secretion. It is not known whether 

CHRM3 is functional in PDAC.  An inactivation of CHRM3 has been reported in human subman-

dibular gland cancer. It has been shown that CHRM3 only functioned in a normal human sub-

mandibular gland duct cell line, while dysfunctional in a human submandibular carcinoma cell line 

and a salivary gland adenocarcinoma cell line [69]. In our study, CHRM3 did not show a function 

on cell viability, although the receptor activation can induce an increase of intracellular Ca2+ in 

Bxpc3 and DanG. It is tempting to speculate that CHRM3 plays also a role in the control of auto-

crine or paracrine signaling of PDAC cells. However, we did not study the secretion effects of 

CHRM3 of PDAC cell lines, this should be investigated in further studies.  
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As mentioned above, PDAC originates from the acinar cell compartment. Epithelial to mes-

enchymal transition (EMT) is believed to be the first step in PDAC carcinogenesis, this raises the 

possibility of a dynamic expression of the muscarinic receptor during EMT. Furthermore, it is not 

known whether muscarinic signaling plays a role in this process in PDAC. In other cancer entities, 

muscarinic receptors have been proven to be involved in this EMT process. In a cholangiocarci-

noma study, CHRM3 was proved involved in the EMT process modulated via the AKT signaling 

pathway[70]. In our study, under normal culture conditions, DanG cells showed morphological 

changes. These cells are losing tight connection and become dispersed and protruded the pseu-

dopodium during starvation. Besides this, after starvation, the expression of CHRM3 was in-

creased. We speculate that CHRM3 may play a role during the EMT process. Investigation of 

CHRM3 expression during EMT could shed light on the role of CHRM3 in EMT in PDAC. 

4.2 CHRM3 labeling identifies a distinct PDAC subgroup   

According to our calcium flux experiments, more than 60% of DanG cells can be activated 

by the treatment with muscarinic receptor agonist carbachol. This effect was abolished when cells 

were pretreated with the CHRM3 selective blocker Darifenacin. Intriguingly, the flow cytometry 

revealed that only a small group of DanG cells (around 5%) expressed the CHRM3 on the cell 

membrane. There are several potential explanations: First of all, it could be a methodical limita-

tion. The CHRM3 is a member of the G protein-coupled receptor family and it is known that the 

receptor expression is very dynamic and quite sensitive to environmental changes. If there is an 

active internalization, the antibody labeling efficiency during flow cytometry analysis might be af-

fected and this may lead to undetected receptor expression. However, the internalization of 

CHRM3 does not abolish the receptor activation. In this regard, an earlier study showed that even 

the intracellular muscarinic receptor can be activated by the agonist, and can also induce an 

increase of intracellular calcium concentration after activation [71]. Therefore, the internalized 

receptors would contribute to the calcium flux experiment, while not detected in the flow cytometry 

analysis. Besides this, the muscarinic receptors, as G-protein-coupled receptors, have the ability 

for dimerization with multiple other receptors. This dimer can also be activated and in this way 

induce activation of downstream pathways. This means even if a cell only expresses a low level 
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of muscarinic receptor, the agonist still can activate the receptor and the activation effect even 

will be intensified by receptor dimers, this could cause an underestimation of the CHRM3 positive 

cell group [72,73].      

Based on our results only a subgroup of DanG cells expresses CHRM3. Therefore, CHRM3 

might label a distinct PDAC cell population. Further studies are needed to characterize this distinct 

cell population in more detail.   

4.3 Activation of the muscarinic receptors in PDAC   

In our study, CHRM3, CHRM4, CHRM3, and CHRM4 were detected in all three PDAC cell 

lines as the qPCR and western blot results showed. However, we did not find a functional role of 

muscarinic receptors in our calcium flux experiments in Panc1 cells. In contrast, BxPc3 and DanG 

show CHRM3 activity by the calcium flux assay. We did not detect a significant cAMP decrease 

by the cAMP assay, which represents a functional test of CHRM4 after treatment with carbachol. 

The reason for this could be the multiplicity of the downstream signal induced after muscarinic 

receptor activation.  

The downstream pathway of CHRM3 is variable, the level of PLC-β, DAG, PKC can also 

increase as a reaction after activation of CHRM3 [74]. For the CHRM4 receptor, the decrease of 

the intracellular cAMP level is also the classic but not the only reactive signal. Some other ion 

channels, phosphodiesterase, phospholipases can also respond to the activation of CHRM4 [74]. 

Other potentially activatable pathways need to be investigated in further experiments.   

The classic second messenger after CHRM4 activation is cAMP. cAMP plays an important 

role in the carcinogenesis of many cancers type including PDAC [75,76]. In the study of human 

pancreatic cell line (HPAC), different subtypes of adenylyl cyclase (AC) have been found[75]. In 

our test, AC function was tested by the AC agonist Forskolin and the beta receptor agonist Iso-

proterenol treatment. Forskolin and Isoproterenol can both successfully induce a rapid increase 

of intracellular cAMP among all three PDAC cell lines. This result support early studies which 

showed the existence of an active cAMP system in PDAC cells lines [77]. However, in our further 

experiments, stimulation of the CHRM4, as a Gαs coupled receptor and an indirect AC inhibiter, 

could not change the basic cAMP level in PDAC cell lines that have a positive CHRM4 expression. 
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This study shows in PDAC there is a high frequency of mutations in genes encoding the G pro-

teins, especially the GNAS gene which is the genes encoding the G proteins Gαs[78]. Therefore, 

a non-functional mutation of the CHRM4 could be considered as an explanation. It has been 

reported that a CHRM5 mutation can increase the constitutive activity of the receptor and also 

increase the potency of carbachol in both binding and functional assays[79]. A mutation Gαs 

coupled receptor may have an enhancement or suppression of receptor function, in some cases 

even a change of activated signal pathway after stimulation. In addition, we found more DanG 

cells expressing intracellular CHRM3, although the labeling condition is without any agonist treat-

ment. This uncommon location of the receptor may also have a relation with receptor mutation. 

According to an early study using Chinese Hamster Ovary cells (CHO cells), the mutation-induced 

phosphorylation-deficient CHRM3 will have deficiency during receptor internalization and arrestin 

recruitment[80]. In our study, we did not involve the genotype description of CHRM3 and CHRM4. 

In further experiments, this should be studied in detail. More information about the genotype of 

CHRM3 and CHRM4 in PDAC will bring us new perspectives on the potential function of CHRM3 

and CHRM4. 

4.4 CHRM expression level is associated with cell viability 

state 

In earlier studies, which have investigated muscarinic receptor function in different cancer 

entities, activation had been shown to modulate cell viability. However, unlike the published re-

sults in other cancer types, activation of the CHRM3 by the muscarinic agonist carbachol caused 

a significant change in viability in none of the human PDAC cell lines in our hands. This was even 

evident under serum starvation conditions, in which the CHRM3 receptor expression was shown 

to be higher expressed. Nevertheless, our studies have several limitations. Studies in the past 

have shown that the effect of muscarinic receptor CHRM3 activation varies on cell types and the 

particular muscarinic receptor agonist [81]. For example, activation of the CHRM3 by pilocarpine 

as a non-selective muscarinic receptor agonist, lead to a markedly different pattern of calcium 

signaling compared with carbachol in rat pancreatic acinar cells[82]. Not only calcium signaling 

but also other pathways like the ERK pathway may be affected by the agonist type[83]. In our 
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experiments, we chose carbachol since it is an unselective agonist for all the muscarinic receptor 

subtypes. However, under physiological conditions or in the PDAC microenvironment, the mus-

carinic receptor is activated by acetylcholine and bile acid. To further clarify the effect of CHRM3 

on PDAC cells, we are planning to use genetically engineered mouse models which conditionally 

overexpress or do not express CHRM3 in murine PDAC. 

Among the studies in which CHRM3 affects proliferation, the effect was proved to be calcium 

signaling dependent [46,84]. The effect was abolished by pretreating the cells with an intracellular 

Ca2+ chelator or a reduction of extracellular Ca2+ by EDTA [84]. CHRM3 activation can induce cell 

death and inhibit proliferation in cells that have high Rac1 activity. This effect is induced by acti-

vation of Gq/11, PLC, and PKC [85]. In our experiments, carbachol treatment leads to an increase 

of intracellular calcium in Bxpc3 and DanG cell lines. These two PDAC cell lines also tend to have 

a high Rac1 activity compared to primary pancreatic ductal cells [86]. After considering all this 

back information, the negative result in our cell viability assay led to one possible hypothesis that 

a high level and activity of cellular Rac1 might not be sufficient for transducing the muscarinic 

receptor signaling on proliferation in this setting.  

High CHRM3 expression was associated with a trend for better overall survival in the publicly 

available database and might be a potential biomarker. On the other hand, the number of PDAC 

cell lines we used in our study is limited. Other PDAC cell lines as T3M-4 and SU.86.86 were 

used in a recent study that also investigated cholinergic signals in PDAC. According to their re-

sults, carbachol can decrease cell viability in these two cell lines[4]. As the muscarinic receptor 

expression levels were not tested in this study, it seems possible that the carbachol effect was 

mediated via the nicotinic receptor as carbachol stimulates both muscarinic and nicotinic recep-

tors even with a lower affinity for nicotinic receptors.   

Nutritional deficiencies culturing conditions lead to an increase of CHRM3 expression in our 

hands. However, under such stress conditions, CHRM3 activation with carbachol still cannot in-

duce a significant effect on cell viability. This result further clarifies that cell fate determination is 

independent of the CHRM3 effect in vitro monolayer cultured PDAC cells. 
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   The fact that the subG1 population of DanG cells has a higher percentage of CHRM3+ cells 

may also bring us to the hypothesis that CHRM3 will increase when the cells undergo an un-

healthy state. This receptor may not promote a cell to undergo an apoptotic process, but provides 

resistance to the harsh environment. There are studies show CHRM3 receptors can be involved 

in cell metabolism and autophagy [87–89]. There exists the potential that the function of CHRM3 

is the regulation of cell metabolism or autophagy in PDAC. For a deeper understanding of the 

function of CHRM3 on these cells, we need to enrich high CHRM3 expressing cells in autophagy 

and other cell metabolism models. Single-cell sequencing can also bring us a better understand-

ing of the feature of this high CHRM3 expressing cell subgroup.   

4.5 CHRM3 expression level has the potential to be a 

prognostic marker in PDAC 

After analysis of the ATCC online database, CHRM3 mRNA expression level has the poten-

tial to be a prognostic indicator in human PDAC. This result is different from studies about CHRM3 

in other cancer types, in which patients with a higher CHRM3 expression have shorter overall 

survival. The PDAC tissue has a high level of muscarinic receptor expression. According to the 

tissue database, CHRM3 is widely expressed in pancreatic cancer PDAC biopsy samples, 78.1% 

of these samples show a CHRM3 positive expression [51]. However, to evaluate the CHRM3 

positive component in such an ingredient diversity PDAC tissue is difficult. Since 50-80% of PDAC 

tumor is stromal tissue, also other cell types in the tumor microenvironment likely express CHRM3 

[90]. Evidence shows that stromal cells like pancreatic satellite cells, immune cells, and nerve 

fibers in PDAC tissue can express CHRM3[91,92]. As a target receptor of acetylcholine, CHRM3 

also plays a role in neuronal tissue. A more elaborated immunohistochemical tissue analysis is 

needed to identify the expression alterations of CHRM3 during pancreatic carcinogenesis thereby 

clarifying the role of CHRM3 as a prognostic marker or monitoring treatment parameter. 
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5 Outlook  

1, Further prospective studies are needed to investigate the role of CHRM3 as a prognostic 

marker in PDAC. With bioinformatic analysis using the online PDAC database, the biomarker 

value of CHMR3 can be evaluated among different subtypes of pancreatic cancer. To avoid po-

tential interference of the CHRM3 expression in the exocrine pancreas in PDAC, tissue microar-

ray can more focus on the CHRM3 receptor expression in PDAC tissue and provide more con-

vincing evidence.    

2, Gene editing studies targeting muscarinic receptors which include knockdown and overexpres-

sion in the PDAC cell line and a genetically engineered mouse model can help clarify the interac-

tion of muscarinic receptors and PDAC. 
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