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Abstract 
The human large intestine is lined by a monolayer of polarized epithelial cells, which form 

invaginations known as ‘Crypts of Lieberkühn’ and serves as a barrier between the gut luminal 

contents and the systemic circulation. In order to maintain this barrier, the epithelium 

constantly renews and replenishes itself, a process known as tissue homeostasis. This process 

is driven by multipotent intestinal stem cells residing at the base of crypts which give rise to 

specialised epithelial cells. Loss of tissue homeostasis is associated with an increased risk of 

major intestinal diseases, such as colorectal cancer. 

 

Stem cell-driven tissue renewal is regulated by luminal and systemic factors. Luminal-sensing 

of gut contents – nutrients, microbes, and their metabolites – triggers the release of 

hormones, cytokines and chemokines from the epithelium and gut immune cells. Higher 

levels of control that modulate the epithelium and integrate luminal inputs are exerted at the 

basal pole by neurotransmitters, such as acetylcholine and ATP. These neurotransmitters 

affect gut immunity and motility, mucus and fluid and electrolyte secretion, proliferation, and 

cancer development.  

 

This thesis is interested in expanding our understanding of how the colonic epithelium 

integrates signalling inputs. Calcium is a signal integrator that regulates gut homeostasis. In 

drosophila, external signalling molecules causes calcium oscillations which influences 

intestinal stem cells. In mouse, carbachol – a non-hydrolysable analogue of acetylcholine – 

increases cytosolic calcium concentrations and modulates bicarbonate secretion. Calcium 

signalling also has a complex role on the development and progression of cancer. However, 

the spatial-temporal status of calcium signals in primary human intestinal epithelium remains 

unclear.  

 

This thesis elucidates components of the calcium signalling toolkit and investigates the 

spatial-temporal status of calcium signals in cultured human intestinal crypts and organoids. 

It also explores the physiological roles of calcium signalling in maintaining gut tissue 

homeostasis and investigates the status of calcium signalling in colorectal cancer. 
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Preface 
The human large intestine is lined by a continuous monolayer of epithelial cells, which form 

invaginations known as ‘Crypts of Lieberkühn’. These epithelial cells are polarized with the 

basal pole being supported by an extracellular basement membrane, its apical pole facing into 

the gut lumen, and lateral membranes connected to adjacent epithelial cells by tight 

junctions. In combination with the mucous layers secreted by goblet cells, the intact 

monolayer of epithelial cells forms a vital mucosal barrier between the luminal contents of 

the gut and the systemic circulation. The physiological role of the intestinal mucosal barrier is 

to preserve the epithelium’s ability to absorb nutrients while preventing the translocation of 

harmful microorganisms and toxins from gut luminal contents on the apical pole to systemic 

circulation on the basal pole.  

 

The lining of the gut is subject to constant mechanical, biochemical and microbiological 

insults. In order to maintain vital barrier function in such a hostile environment, the gut 

epithelium constantly renews and replenishes itself, a process known as tissue homeostasis. 

Intestinal stem cells play a crucial role in this process over the life course.  Loss of tissue 

homeostasis is associated with an increased risk of major intestinal conditions such as 

colorectal cancer – of which there are more than 16,000 deaths per annum in the UK (Zitvogel, 

et al. 2015), inflammatory bowel disease – of which there are more than 400,000 sufferers in 

the UK (Antoni, et al. 2014); as well as many other health conditions such as food allergies 

(Samadi, Klems and Untersmayr 2018), irritable bowel syndrome (Barbara 2006), coeliac 

disease (Cardoso-Silva, et al. 2019), metabolic syndrome, diabetes, and obesity (Thaiss, et al. 

2018). Thus, there is a critical need to study the cellular and molecular regulation of human 

gut homeostasis which will pave the way for better prevention and treatment strategies for 

intestinal disease, inflammatory bowel disease and colorectal cancer. 

 

The intestinal epithelium has a rapid renewal time of 3-5 days (Barker 2014). This rapid 

renewal is driven by multipotent intestinal stem cells that reside at the base of intestinal 

crypts, a process that is tightly regulated by a high gradient of Wnt, Notch and EGF signalling 

that predominates at the crypt-base (Gehart and Clevers 2019). These stem cells divide 

asymmetrically, producing a daughter stem cell and a daughter transit amplifying cell, the 

latter of which undergoes multiple cell divisions and differentiate, giving rise to mature 

epithelial cells such as: nutrient-absorbing enterocytes, hormone-secreting enteroendocrine 

cells, mucous-secreting goblet cells, and immunosensing tuft cells (van der Flier and Clevers 

2009). These terminally differentiated epithelial cell types gradually migrate up the crypt-axis 

and are ultimately shed into the intestinal lumen. Continuous tissue renewal is achieved by 

the replacement of shed cells with the progeny of stem cell division. 

 

The processes of stem cell-driven tissue renewal are tightly regulated by luminal and systemic 

factors that converge on the epithelium to regulate tissue homeostasis and promote gut 
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health. Luminal-sensing of gut contents including nutrients, microbes and their metabolites 

triggers the transepithelial release of hormones, cytokines and chemokines from the 

epithelium and gut immune cells (Goto 2019), (Liang, et al. 2019), (McCauley, et al. 2020) 

which in health preserves of gut homeostasis. For example, epithelial tuft cells have been 

demonstrated to be capable of sensing parasitic helminths in the gut lumen and via TRPM5, 

mount an immune response by producing cytokines, which induces tuft cell expansion and 

promotes proliferation and activation of type-2 innate lymphoid cells (Howitt, et al. 2016).  

 

Higher levels of control that modulate the mucosal response and integrate luminal input with 

the physiological status of the tissue, the organ system and the organism are exerted at the 

basal pole. The intestinal epithelium is innervated by neurotransmitters released by the 

enteric nervous system, such as cholinergic acetylcholine (Rao and Gershon 2016) and 

purinergic ATP (Burnstock 2014). The role of cholinergic signalling in the intestine is extensive, 

ranging from stimulation of ion transport (Hirota and McKay 2006) to modulating gut 

immunity (Dhawan, et al. 2012) to progressing the development of gastrointestinal cancers 

(Konishi, Hayakawa and Koike 2019). Similarly, purinergic signalling has a range of effects on 

the intestines, such as stimulating gut motility (Bornstein 2008), regulating fluid and 

electrolyte secretion (Roman and Fitz 1999), and modulating enterocyte and afferent neurons 

(Lu, et al. 2019). Thus, a multitude of signals from the gut lumen, the underlying mucosa and 

the epithelium itself converges to regulate the physiological processes that maintain gut 

epithelial tissue homeostasis to promote gut health. A focus of the current study is to increase 

our understanding of how the epithelium may integrate these signalling inputs at the level of 

intracellular signals. In this respect, a central role for calcium is emerging as an integrator of 

signals that regulate gut homeostasis (Yang, et al. 2018). This has been studied extensively in 

drosophila (Deng, Gerencser and Jasper 2016), but has not been investigated in humans. 

 

Calcium signalling is an important second messenger in all cell types, including epithelial cells 

of the intestinal epithelium. Within each epithelial cell, certain organelles act as calcium-ion 

reservoirs which release calcium into the cytoplasm to regulate a range of processes including 

division, migration, death, and differentiation (Brodskiy and Zartman 2018). Calcium ions 

have recently been shown to function as a key signal integrator in drosophila intestinal stem 

cells (Deng, Gerencser and Jasper 2016), whereby distinct external signalling molecules 

causes specific patterns of calcium oscillations which influences the state of the intestinal 

stem cell. These findings compliment an earlier study, also in drosophila, which showed 

activation of host defence and intestinal stem cell proliferation in response to bacterial 

infection (Buchon, et al. 2009). In mouse models, activation of muscarinic receptors by 

carbachol – a non-hydrolysable pharmacological analogue of acetylcholine – causes a rapid 

increase in cytosolic calcium concentrations and modulate bicarbonate secretions (Yang, et 

al. 2018). A recent review (Wang, et al. 2019) also surmised several studies in normal and 

malignant human mucosa cell lines, which collectively demonstrate the complex role calcium 

signalling has on development and progression of colorectal cancer. As a result, studies have 
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targeted components of the calcium signalling pathway for potential therapeutic benefit, 

such as inflammatory bowel disease (Cunningham, et al. 2019) and intestinal inflammation 

(Murakami, et al. 2012). 

 

While calcium has been demonstrated to be essential to regulating gut immunity and tissue 

homeostasis, the spatial-temporal status of calcium signals in primary human intestinal 

epithelium remains unclear. Seminal work in the Williams laboratory has developed 3D 

culture systems of native tissue to investigate the role of calcium signals in regulating gut 

epithelial physiology in health and disease (Lindqvist, et al. 1998), (Lindqvist, et al. 2002), 

(Reynolds, Parris, et al. 2007) and (Reynolds, et al. 2014).  This thesis is focused on 

investigating the spatial-temporal status of calcium signals in the human colonic epithelium 

and human colonic organoids using real-time fluorescence imaging. In addition, this thesis will 

elucidate components of the calcium signalling toolkit using transcriptomic sequencing, 

immunolabelling, and pharmacology. Finally, this thesis will explore the physiological role of 

calcium signalling in maintaining gut tissue homeostasis, and investigate the status of calcium 

signalling in colorectal cancer. 

 



 

 
  
 

1 Chapter 1. General Introduction 

1.1 The Gastrointestinal Tract 
The primary purpose of the GI tract is to facilitate the ingestion, digestion and absorption of 

nutrients and water, and eliminate waste in the form of faeces. Movement of luminal content 

in the GI tract is achieved by the coordinated contractions of the tunica muscularis, the 

muscular layers of the alimentary canal – the muscular tube, which extends from the mouth 

to the anus (Sanders, Koh, Ro, & Ward, 2012). In humans, the gastrointestinal (GI) tract can 

be divided into the upper and lower GI tracts. The upper GI tract consist of the mouth, 

pharynx, oesophagus, stomach, and duodenum (US National Library of Medicine, 2003). The 

lower GI tract consist of the rest of the small intestine, large intestine, rectum, and anal canal 

(Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Human Gastrointestinal Tract Anatomy. 

Illustration and annotation of the upper and lower GI tract, along with organs of the digestive system. 

Adapted from Mayo Foundation for Medical Education and Research. 
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1.1.1 The Large Intestine 

The large intestine consists of the cecum, colon, rectum, and anal canal. It is informally 

referred to as the colon, which makes up the largest portion of the large intestine. The primary 

functions of the large intestine are absorbing water and electrolytes, producing and absorbing 

vitamins, and forming and propelling faeces towards the rectum to be contained for eventual 

defecation (Azzouz and Sharma, Physiology, Large Intestine 2020). The average length of a 

human colon is 160 cm; ranging from 80-313 cm in men and 80-214 cm in women (Hounnou, 

et al. 2001). The colon can be divided into four regions: the cecum and ascending colon, the 

transverse colon, the descending colon, and the sigmoid colon (Figure 2A). Similar to all 

organs of the GI tract, the large intestine is comprised of four tissue layers: the mucosa, 

submucosa, muscularis propria, and serosa (Figure 2B). These layers are held together by 

connective tissue and are innervated by parasympathetic and sympathetic neurons 

(Browning & Travagli, 2014), lymphatic vessels (Alexander, Ganta, Jordan, & Wittec, 2010),  

and blood vessels. 

 

The mucosa is the innermost layer of the GI tract. It consists of a monolayer of polarised 

epithelial columnar cells which separate the luminal contents of the GI tract from the body. 

In the large intestine, the epithelial monolayer is organized in tube-like glands termed “crypts 

of Lieberkühn”, or simply crypts (Figure 2C). These epithelial cells are held together by tight 

junctions and their basal membranes are held by lamina propria, a basement membrane 

consisting of subepithelial connective tissue and lymph nodes. Underneath the lamina propria 

is a continuous sheet of smooth muscle cells, called the muscularis mucosae.  

 

Below the mucosa is the submucosa, which contains a variety of inflammatory and ganglion 

cells, lymphatics, and autonomic nerve fibres. It is described as a branching and distribution 

zone for arteries and small venous channels (Rao & Wang, 2016). Recently, an update to the 

anatomy and histology of the submucosa was proposed (Benias, et al., 2018). Using confocal 

laser endomicroscopy, the presence of a previously unappreciated fluid-filled interstitial 

space that is drained by lymph nodes and supported by a complex network of thick collagen 

bundles was revealed. This submucosal space was also observed in the submucosa of GI tract 

and urinary bladder, the dermis, the peri-bronchial and peri-arterial soft tissues, and fascia.  

 

Encasing the mucosa and submucosa are the muscularis propria, which consist of an inner 

layer of circular muscle and an outer layer of longitudinal muscle. These two smooth muscle 

layers serve the purpose of contraction in rhythmic waves to enable the movement of the 

luminal content through the GI tract. The final layer of GI tract, the serosa, is separated from 

the underlying longitudinal smooth muscle layer by a thin layer of loose connective tissue and 

consists of a continuous sheet of squamous epithelial cells – the mesothelium. The serosa 

forms a natural barrier against the spread of inflammatory and malignant processes (Rao & 

Wang, 2016).  
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Figure 2 – Human Large Intestine Anatomy. 

(A) Illustration and annotation of the large intestine. Adapted from Cleveland Clinic. (B) Illustration 

and annotation of the tissue layers comprising a segment of the colon. Adapted from Cleveland Clinic. 

(C) Cartoon depiction of a cross-section of the colonic epithelium depicting several differentiated 

epithelial cells in the mucosa, and composition of the submucosa and muscularis propria. The legend 

of cells depicted are on the right. Adapted from (Walsh & Zemper, 2019). 
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1.1.2 Diseases Affecting the Large Intestine 

A wide range of diseases are known to affect the large intestine. These diseases can be 

categorised into three groups: dysmotility, colitis, and polyp (Azzouz and Sharma 2020), 

(Mayo Clinic, 2018). Dysmotility diseases of the large intestine include Irritable Bowel 

Syndrome (IBS), Hirschsprung disease, and diverticulosis. Colitis refers to inflammation of the 

colon and can be caused by numerous conditions, such as inflammatory bowel disease (IBD; 

further classified as Crohn’s disease or ulcerative colitis), ischemic colitis, and infectious 

colitis. Polyp can be further classified as non-neoplastic (hyperplastic, inflammatory and 

hamartomatous polyps) and neoplastic (adenoma and serrated polyps). As implied by their 

name, non-neoplastic polyps typically do not develop into cancer. The risk of neoplastic 

polyps developing into colon cancer increases with polyp size, location, and the male gender 

(Qumseya, Coe, & Wallace, 2012), as well as the presence of other conditions such as IBD (Xie 

& Itzkowitz, 2008).  

 

Diseases affecting the large intestine is a major global concern. In 2017, there were 6.8 million 

current global cases of IBD (GBD 2017 Inflammatory Bowel Disease Collaborators, 2019); 

compared to 1990 (79.5 per 100,000), the age-standardised prevalence rate of IBD had 

increased in 2017 (84.3 per 100,000). IBD prevalence rates were exponentially higher in high 

socio-demographic index (SDI) locations such as North America and the UK (464.5 and 449.6 

per 100,000; respectively) compared to low SDI locations such as the Caribbean (6.7 per 

100,000). Fortunately, the global age-standardised mortality rate associated with IBD had 

decreased in 2017 (0.51 per 100,000) compared to 1990 (0.61 per 100,000), with high SDI 

locations (e.g., Singapore; 0.08 per 100,000) having lower mortality rates compared to low 

SDI locations (e.g. Vanuatu; 1.8 per 100,000). 

 

In the UK 2015-2017, over 40,000 new cases of CRC were diagnosed and 16,000 deaths were 

caused by CRC (Cancer Research UK, 2020). Colorectal cancer (CRC) is the fourth most-

common cancer and the third most-common cause of cancer-related mortality in the world 

(Figure 3), with 1.8 million new cases and 880,000 deaths in 2018 (Rawla, Sunkara, & Barsouk, 

2019). It is estimated that by 2030, there will be 2.2 million new cases of CRC and 1.1 million 

deaths caused by CRC (Arnold, et al., 2016). In a study which analysed the cancer registries of 

51 countries between 1983-1987 to 1998-2002 (Center, Jemal, & Ward, 2009), the greatest 

contribution to global CRC incidence and mortality were found to be from developing 

countries (Eastern Europe, parts of Asia and South America), while CRC incidence and 

mortality have stabilised or declined in developed and long-standing economically developed 

countries (USA, Australia, New Zealand, parts of Western Europe). In addition to genetic 

predisposition and older age, lifestyle risk factors for CRC include insufficient dietary fibre, 

overconsumption of processed and red meat, being overweight or obese, alcohol, and 

tobacco (World Cancer Research Fund, 2020). The 5-year relative survival rates for patients 

with CRC is greater than 70% when localised (cancer contained in the colon or rectum) or 

regional (cancer present in nearby structures or lymph nodes), but drops to 15% when distant 
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(cancer present in distant lymph nodes or organs) (American Cancer Society, 2020). The 

overwhelming majority of CRC originate from a small percentage of adenomatous polyps 

(Mirzaie, Khakpour, Mireskandari, Shayanfar, & Fatahi, 2016) lining the colonic mucosa. If left 

untreated, these polyps may develop dysplasia and adenocarcinoma (Figure 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 – Global Cancer Incidence and Mortality in 2018. 

Bar chart illustration of the estimated age-standardized incidence and mortality rates of colorectal 

cancer globally in 2018, alongside other common cancers. Figure generated from (World Health 

Organization 2020) 
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Figure 4 – Staged Development of Colorectal Cancer. 

(Top) Comparison between normal colonoscopy (left), multiple small polyps that may develop 

dysplasia (middle), and a giant polyp that is at risk of developing into adenocarcinoma (right). (Bottom) 

Illustration of benign hyperproliferation of the mucosa (left)) to the development of adenocarcinoma 

and cancer (right). Adapted from Harvard Health Publishing. 
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1.1.3 Gut Microbiome 

The human gastrointestinal tract is far from sterile. Between 300 and 1000 bacterial species 

reside in the human gastrointestinal system; there are 10 times more bacteria within the gut 

compared to the number of cells in the human body. Traditionally, it was assumed that 

microbial inoculation occurs after birth since the womb was thought to be sterile. However, 

increasing evidence show the presence of microbes in the placenta (Mueller, Bakacs, Combel, 

Grigoryan, & Dominguez-Bello, 2014), amniotic fluid (Collado, Rautava, Aakko, Isolauri, & 

Salminen, 2016) and meconium (Jiménez, et al., 2005), which indicate microbial development 

first occurs in utero. The next stage of flora development is during parturition – labour and 

delivery, when the baby descends through the birth canal and comes into contact with vaginal 

flora (Gabriel, Olejek, Stencel-Gabriel, & Miroslaw, 2018). Alternatively, babies delivered via 

Caesarean section experience less beneficial microbial inoculation and are at greater risk of 

developing asthma, celiac disease, type 1 diabetes, and gastroenteritis (Neu & Rushing, 2011). 

After this stage, the baby’s gut microbiome is influenced by microbes in the environment. 

However, the biggest influencer to their gut microbiome comes from breast milk (Bode, 2012) 

which contains prebiotic oligosaccharides which provide a selective growth advantage for 

symbiotic bacteria over pathogens (Marcobal, et al., 2010), anti-adhesive antimicrobial agents 

which pathogens selectively binds to (Svanborg, Aniansson, Mestecky, & Sabharwal, 1991), 

antimicrobial and antibiofilm compounds (Ackerman, et al., 2018). For a full review on the 

development of the infant gut microbiome, see (Perez-Muñoz, Arrieta, Ramer-Tait, & Walter, 

2017).  

 

The gut microbiome has a diverse range of functions. In the colon, the microbiota secretes 

enzymes which break down host-indigestible carbohydrates (Tuddenham & Sears, 2016). 

Catabolism of these carbohydrates and resistant starches enable gut microbes to metabolise 

short-chain fatty acids (SCFAs) such as acetate, butyrate and propionate (Hollister, Gao, & 

Versalovic, 2015). Acetate provides protection from enteropathogenic infection (Fukuda, et 

al., 2011), butyrate regulates host immunity by inducing the differentiation of colonic 

regulatory T-cells (Furusawa, et al., 2013), and propionate – alongside acetate and butyrate – 

stimulates mucus secretion (Willemsen L. E., Koetsier, van Deventer, & van Tol, 2003)  as well 

as regulate host immunity by binding to G protein-coupled receptors GPR41 and GRP43 

(Brown, et al., 2003). In addition to SCFAs, the colon microbiota produces essential vitamins 

B and K (Hill, 1997), bactericides such as REG3γ (Vaishnava, et al., 2012), and numerous 

hormones (Table 1) which are targeted by epithelial and immune cells in the GI tract, or are 

transported across the epithelial barrier and delivered to effector organs via the bloodstream. 

These hormones have been shown to influence the development and function of the central 

nervous system, GI motility, wound healing, gut immunity, glucose metabolism, and more 

(Sommer & Bäckhed, 2013), (Quigley, 2013) and (Clarke, et al., 2014). 
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Table 1 – Hormones Produced or Regulated by the Gut Microbiota. 

Class Examples Functions Comment 

SCFAs Acetate Energy source Directly produced by bacteria; epigenetic 
and receptor-mediated effects; CNS effects 
linked to autism-like behaviours Butyrate Host metabolism 

Propionate Signalling molecules 

Neuro-
transmitters 

Serotonin Mood, emotion, 
cognition, reward (CNS) 

Can be directly produced by bacteria or 
indirectly regulated 

Dopamine Motility/secretion (ENS) 

Noradrenaline 

Precursors to 
neuroactive 
compounds 

Tryptophan Precursor to 5-HT 

, Kynurenic acid, 
quinolinic acid, 
Dopamine 

Kynurenine is itself a metabolite of 
tryptophan, production subject to 
regulation by microbiota Kynurenine 

Bile acids Secondary bile 
acids 

Antimicrobial Some effects mediated by bile acid 
receptors 

Choline 
metabolites 

Trimethylamine Lipid metabolism 
(choline) 

Metabolized in the liver to trimethylamine-
N-oxide, linked to cardiovascular disease 

HPA 
hormones 

Cortisol Stress response Indirect regulation; HPA endocrine 
abnormalities prominent in stress-related 
psychiatric disorders Host metabolism 

Anti-inflammatory 

Wound healing 

GI hormones Ghrelin Host metabolism Indirect regulation; possibly mediated by 
SCFAs via enteroendocrine cells 

Leptin Appetite regulation 

GLP1 GI motility/secretion 

PYY 

Adapted from (Clarke, et al., 2014). 
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Due to the differences in the microenvironment (e.g., oxygen levels, pH, nutrient availability), 

the number and composition of the gut microbiota varies throughout the GI tract. For 

example, the highly acidic environment of the stomach result in it having the lowest number 

of microbes, ranging between 101 to 103. By comparison, the colon has the highest 

biodiversity of bacteria, ranging between 1010 to 1011 (Hillman, Lu, Yao, & Nakatsu, 2017). 

Over 400 bacterial phylotypes have been identified in the colon (Eckburg, et al., 2006), nearly 

all of which are anaerobic and few of which belong to known bacterial phyla – Firmicutes, 

Bacteriodetes, Proteobacteria, Verrumicrobia, Actinobacteria, Fusobacteria, and 

Cyanobacteria (Sommer & Bäckhed, 2013). Interestingly, there is a difference in the microbial 

populations found in the lumen versus in mucosal tissue samples (Eckburg, et al., 2006). A 

possible explanation for this difference is due to the presence of presence of two distinct 

mucus layers in the colon (Figure 5); the outer loosely adherent layer is colonized by bacteria 

while the inner strongly adherent layer is devoid of bacteria and acts as a physical barrier 

preventing direct contact between microbes and the underlying epithelium (Johansson, et al., 

2008). In addition, the colonic mucosa secretes antimicrobial peptides to maintain the sterility 

of the inner mucus layer, and the monolayer of epithelial cells lining the colonic epithelium 

are connected by tight junctions to maintain the colonic mucosal barrier’s integrity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 – Structure of the Mucus Layer in the Colonic Mucosa. 

The colon contains two mucus layers: a stratified adherent inner mucus layer and loosely adhesive 

outer mucus layer. The inner mucus layer of the colon is essentially sterile and the outer mucus layer 

harbours the intestinal microbiota. Adapted from (Herath, et al. 2020). 
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1.2 The Intestinal Mucosa 
The architecture of the intestinal mucosa consists of a monolayer of epithelial cells resting on 

a layer of connective tissue called the lamina propria, which contains myofibroblasts, blood 

vessels, nerves, and several different immune cells. The colonic mucosa and lamina propria 

are surrounded by the muscularis mucosae, a layer of smooth muscle. The architecture of the 

small intestinal mucosa is different from the colon (Figure 6). Both epitheliums form tube-like 

glands termed “crypts of Lieberkühn”, or simply crypts. However, in the small intestines the 

epithelium project into the lumen termed villi. 

 

The monolayer intestinal epithelium functions as a semipermeable barrier separating the 

luminal contents of the intestines from the internal milieu (Figure 7). Specifically, it allows the 

permeability of selective ions, nutrients, and water; physically and chemically inhibits the 

infiltration of pathogens and toxins; and coordinate gut immunity (Chelakkot, Ghim, & Ryu, 

2018). The vanguard of this semipermeable barrier are the mucus layer(s). Next, the integrity 

of the colonic epithelium is maintained by numerous types of junctions along their lateral and 

basolateral membranes, with severe consequences when dysregulated. Lastly, the intestinal 

epithelium is supported by immune cells which coordinate gut immunity against pathogens, 

at the same time regulating tolerance against commensal microbes and dietary antigens. 
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Figure 6 – Intestinal Mucosa Architecture. 

(Left Column) Histological staining of human small-intestinal (top) versus colonic (bottom) mucosa, 

showcasing structural differences. Adapted from WebPath. (Right Column) Scanning electron 

micrographs of small-intestinal (top) versus colonic (bottom) epithelium from a mouse, illustrating 

crypts in both and villi in the small intestines. Adapted from (McCartney, Gleeson, & Brayden, 2016). 
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Figure 7 – The Colonic Epithelium’s Semipermeable Barrier. 

The monolayer colonic epithelium is a semipermeable barrier for selected nutrients and against the 

gut microbiome. It is anchored to the lamina propria by hemidesmosomes, and attached to 

neighbouring cells by desmosomes, adherens junctions, tight junctions (occludin) and gap junctions. 

In addition, it is supported by secreted mucus layers, immune cells (monocytes, T-cells, and dendritic 

cells) and specialized epithelial cells (not shown). Figure adapted from (Chelakkot, Ghim, & Ryu, 2018). 
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1.2.1 Mucus Layers  

Throughout the GI tract, the mucosa’s first level of protection is mucus secreted by epithelial 

goblet or mucus producing cells, which coat the entire gut lining and form a physical barrier 

against the luminal content (Johansson, Sjövall, & Hansson, 2013). The thickness of the mucus 

layer varies throughout the GI tract (Table 2). Compared to the stomach and large intestines, 

the small intestinal mucus layer possesses little to no firmly adherent layer, suggesting each 

mucus layer possessing distinct roles depending on their environment.  

 

Table 2 – Mucus Thickness Comparison in the Gastrointestinal Tract. 

Thickness 
(μm) 

Stomach Small Intestine Large 
Intestine 

Corpus Antrum Duodenum Jejunum Ileum Colon 

Total 189 ± 11 274 ± 41 170 ± 38 123 ± 4 480 ± 47 830 ± 110 

Firmly 
adherent 

80 ± 5 154 ± 16 16 ± 3 15 ± 2 29 ± 8 116 ± 51 

Loosely 
adherent 

109 ± 12 120 ± 38 154 ± 39 108 ± 5 447 ± 47 714 ± 109 

Adapted from (Atuma, Strugala, Allen, & Holm, 2001). 

 

Mucus is an aqueous viscoelastic secretion composed of mainly water (95%), electrolytes 

(1%), free proteins (1%), glycoproteins (1%), lipids (1%), and other molecules (Creeth, 1978). 

However, their composition varies depending on their underlying secretory epithelium, which 

affects its physicochemical properties such as: pore size, viscoelasticity, pH, and ionic strength 

(Leal, Smyth, & Ghosh, 2018). Electrolytes are an important component of GI mucus since its 

composition is capable of affecting its hydration and rheology. Increased concentrations of 

divalent cations (Mg2+ or Ca2+) causes the collapse of the mucus gel (Verdugo, Aitken, Langley, 

& Villalon, 1987), while increased concentrations of monovalent cations (Na+ or K+) reduces 

its viscosity (Snary, Allen, & Pain, 1971). Secretion of hydrochloric acid in the stomach 

increases the viscosity of gastric mucus due to it gelling below pH 4 (Celli, et al., 2007). 

Bicarbonate buffers the mucus layer adjacent to the epithelium to pH 7; particularly 

important in the stomach where it establishes a protective pH gradient through the mucus 

gel layer against hydrochloric acid secretion (Allen & Flemström, 2005). Most mucus 

secretions contain similar concentrations of electrolytes: sodium and potassium chloride, 

sodium bicarbonate, phosphate, magnesium, and calcium; approximately isotonic with serum 

at approximately 1% (w/v) total concentration (Bansil & Turner, 2018).  

 

Free proteins which are present in GI mucus secretions mainly function to defend the mucus 

layer against pathogens. Defensive proteins which contribute to protecting the intestinal 

mucus against pathogens include: antimicrobial peptides alpha and beta defensins (Mahida 
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& Cunliffe, 2004), Gram-positive bacterial cell wall digestive enzyme lysozyme (Syngai & 

Ahmed, 2019), REG3A which is the human analogue of bacterial lectin REG3γ (Cash, Whitham, 

Behrendt, & Hooper, 2009), immunoglobin A which binds to and cause microbial aggregation 

(Slack, Balmer, & Macpherson, 2014), and antiprotease WFDC2 which prevents the 

premature conversion of inner mucus layer to the outer layer in health by inhibiting bacterial 

serine and cysteine proteases (Parikh, et al., 2019). Besides proteins, secreted reactive oxygen 

species such as hydrogen peroxide protects the mucus at low concentrations while damaging 

it at high concentrations (Brownlee, Knight, Dettmar, & Pearson, 2007). Lipids secreted in the 

GI mucus have been speculated to prevent microbial invasion of the epithelium (Carlson, 

Yildiz, Dar, Lock, & Carrier, 2018). Other molecules present in mucus are sugars and growth 

factors. Sugars such as fucose are induced by gut bacteria to serve as food source for 

beneficial gut symbionts, as well as suppress the virulence of pathogens and pathobionts 

(Pickard & Chervonsk, 2015).  

 

Mucin glycoproteins are major structural component of mucus, consisting of a protein 

backbone of multiple tandem repeats of Serine and Threonine (ST repeats) where 

oligosaccharides are covalently O-linked (Perez-Vilar J. , 2007). The N- and C-terminals of this 

protein have little or no glycosylation, but are rich in cysteines, leading to dimerization and 

further multimerization via disulphide bonds (Bansil & Turner, 2018). Seventeen mucin genes 

have been identified in humans (NCBI, 2020), twelve of which are present in the human GI 

tract and can be classified as transmembrane or gel-forming (Table 3). In the mouth, salivary 

glands produce MUC5B and MUC7, which lubricate ingested food for passage through the 

oesophagus (Wickström, Davies, Eriksen, Veerman, & Carlstedt, 1998), (Bobek, Tsai, 

Biesbrock, & Levine, 1993). The stomach has two layers of mucus, built by the MUC5AC and 

MUC6 mucins secreted by distinct cell types (Ho, et al., 1995). The small intestine’s one mucus 

layer is composed of MUC2, which is also the major component of both mucus layers in the 

colon; showcasing MUC2 possessing differential properties and functions in the small versus 

the large intestine.   
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Table 3 – Mucin Nomenclature in the Human GI Tract. 

Mucin 

(type) 

Number of 
amino acids 

No. of mucin domains 
(and estimated length) 

Cell type 
expression 

Function 

MUC1 

(transmembrane) 

~1,250 1 (~200 nm) Epithelial cells Signalling, protection 

MUC2 

(gel-forming) 

~5,200 2 (~550 nm) Goblet cells 

Paneth cells 

Protection, lubrication, 
entrapment 

MUC3 

(transmembrane) 

>2,550 1 (>350 nm) Enterocytes Apical surface, protection 

MUC4 

(transmembrane) 

~5,300 1 (~800 nm) Epithelial cells 

Goblet cells 

Signalling, protection 

MUC5AC 

(gel-forming) 

>5,050 11 (>350 nm) Mucous cells Protection, lubrication, 
entrapment 

MUC5B 

(gel-forming) 

~5,700 7 (~550 nm) Mucous cells 

Goblet cells 

Protection, lubrication, 
entrapment 

MUC6 

(gel-forming) 

~2,400 1 (~250 nm) Mucous cells Protection, lubrication, 
entrapment 

MUC7 

(gel-forming) 

377 1 (~230 nm) Mucous cells Protection 

MUC12 

(transmembrane) 

~5,500 1 (~1000 nm) Enterocytes Apical surface protection 

MUC13 

(transmembrane) 

512 1 (~30 nm) Enterocytes Apical surface protection 

MUC16 

(transmembrane) 

~22,000 1 (~2400 nm) Epithelial cells Apical surface protection 

MUC17 

(transmembrane) 

~4,500 1 (~800 nm) Enterocytes Apical surface protection 

Adapted from (Johansson, Sjövall, & Hansson, 2013). 
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Transmembrane mucins are found in the apical pole of the cells (Figure 7). As their name 

suggest, they possess a transmembrane domain that enables them to be anchored in the cell 

membrane. High levels of glycosylation shield the protein backbone of the extracellular 

domain from proteolytic attack by bacteria and host proteases. A wide range of 

oligosaccharides can be attached to mucins (Burdick, Harris, Reid, Iwamura, & Hollingsworth, 

1997) and the structure of their glycans both within and between cell types (Hilkens, Buijs, & 

Ligtenberg, 1989).  Under healthy conditions, the extended domains of transmembrane 

mucins form the dense enterocyte glycocalyx that is impermeable to virus- or bacteria-sized 

particles (Frey, et al., 1996). For example, MUC1 have been shown to protect against infection 

of bacterial pathogens Helicobacter pylori and Campylobacter jejuni in the stomach (Lindén, 

et al., 2009) and intestines (McAuley, et al., 2007), respectively. 

 

The extracellular domains of transmembrane mucins either have a SEA-domain (MUC1, 3, 12, 

13, 17) or NIDO-AMOP-vWD domains (MUC4) (Johansson, Sjövall, & Hansson, 2013). Though 

both these domains are cleaved during biosynthesis, they remain held together by strong 

non-covalent bonds. The SEA-domain is cleaved during folding in the endoplasmic reticulum 

by an autocatalytic mechanism (Levitin, et al., 2005) and (Macao, Johansson, Hansson, & 

Härd, 2006), yet are held together by four β-pleated sheets – two from the outer part of the 

mucin domain and two from the membrane anchored part. This led to the suggestion that 

SEA-domains evolved to protect epithelial cells from rupture by dissociating at the apical cell 

membrane because of mechanical stress (Macao, Johansson, Hansson, & Härd, 2006). That 

suggestion was later validated when they demonstrated the mechanical stress required to 

break the SEA-domain was smaller than the forces necessary for disrupting the membrane 

(Pelaseyed, et al., 2013). The same group also suggest epithelial cells can register mechanical 

shear at the mucosal surface if the dissociation is signalled via loss of the SEA-domain (Macao, 

Johansson, Hansson, & Härd, 2006). The breakage of the transmembrane mucins’ 

extracellular domain can be detected in serum, the lumen of the intestinal tract, and culture 

supernatants of mucin-expressing cells. Excessive shedding of transmembrane mucin 

extracellular domains is often observed for metastatic carcinoma (Smorodinsky, et al., 1996), 

IBD (Shirazi, Longman, Corfield, & Probert, 2000), and cystic fibrosis (Khatri, Ho, Specian, & 

Forstner, 2001). For MUC4’s NIDO-AMOP-vWD domains, it is cleaved in the vWD (von 

Willebrand D) domain by unclear mechanisms, though enzymatic and autocatalytic processes 

have been suggested (Soto, Zhang, & Carraway, 2006), (Lidell & Hansson, 2006). As for the 

remaining transmembrane MUC16, it is cleaved close to the transmembrane domain in an 

acidic compartment of the Golgi complex dependent on the acidic pH in the secretory 

pathway that is not yet elucidated (Das, et al., 2015). The normal functions of the 

transmembrane mucins are not fully understood, though high glycosylation of all 

transmembrane mucins likely contributes to maintaining a diffusion barrier in the 

gastrointestinal tract by inhibiting the passage of large molecules, thus ensuring a stable 

apical cell membrane milieu. The shed domains have been proposed to act as decoy receptors 

for pathogens, or can be sensed by the cell by activating signalling pathways through the 

intracellular cytoplasmic tail (van Putten & Strijbis, 2017).  
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The intracellular mucin domains of transmembrane mucins are linked to signalling pathways. 

All transmembrane mucin’s intracellular tails contain putative phosphorylation sites, though 

they are dissimilar in sequence and length and do not contain any conserved domains, which 

suggest a high degree of functional divergence and likely signalling specificity between 

different transmembrane mucins (van Putten & Strijbis, 2017). In MUC3, MUC12 and MUC17, 

their cytoplasmic tails contain binding motifs that are instrumental in the trafficking and 

anchoring of receptor proteins and organize signalling complexes at the cell membrane 

(Lamprecht & Seidler, 2006). Through that binding motif, those mucins are functionally linked 

with the cystic fibrosis transmembrane conductance regulator (CFTR) chloride channel, which 

contains the same binding motif. MUC3 was shown to compete with CFTR for the same 

binding motif of a protein that targets them for lysosomal degradation, thus regulating the 

levels of both proteins (Pelaseyed & Hansson, 2011). In addition, stimulating enterocytes with 

carbachol – a cholinomimetic drug and structural analogue of the neurotransmitter 

acetylcholine – led to recruitment of CFTR to the plasma membrane and caused 

internalization of MUC17, but not MUC3 or MUC12 (Pelaseyed, Gustafsson, Gustafsson, 

Ermund, & Hansson, 2013). The reason why only MUC17 was internalized is not understood. 

The cytoplasmic tail of MUC1 can be phosphorylated at several conserved tyrosines, which 

mediates its interaction with other proteins (Wang, Lillehoj, & Kim, 2003). For example, 

phosphorylated MUC1 cytoplasmic tail promotes tumorigenicity by competing with E-

cadherin for the binding of β-catenin, which destabilizes the β-catenin/E-cadherin complex 

and bind to the Wnt signalling transcription factors to promote anchorage-independent 

growth (Huang, et al., 2005). 

 

The main functions of the gel-forming mucins are to protect and lubricate the gastrointestinal 

tract. All gel-forming mucins have central mucin domains flanked by an N-terminal part 

involved in oligomerisation and a C-terminal region involved in forming dimeric structures. 

Using their N-termini and C-termini these mucins form large polymers that, together with the 

mucin domains, form the protective gel lining the gastrointestinal tract (Kim & Ho, 2010). In 

the intestines, MUC2 is the prominent gel-forming mucin secreted by intestinal goblet cells.  

MUC2 consist of highly glycosylated tandem repeats of MUC2 mucins with cysteine-rich 

domains on both terminals. In addition, MUC2 is resistant to endogenous proteases due to 

glycans attached to the central mucin domains (Johansson, Sjövall, & Hansson, 2013). Human 

digestive enzymes are unable to digest glycans, suggesting a coincidental development during 

evolution to enable the intestines to digest amino acid bonds while maintaining the protective 

properties of MUC2 mucins. 

 

MUC2 is synthesized in the endoplasmic reticulum and form disulfide-linked dimers, then 

transported to the cis-Golgi compartments where they are O-glycosylated, and finally reaches 

the medial- and trans-Golgi compartments where glycosyltransferases complete the 

biosynthesis of the O-linked oligosaccharides (Asker, Axelsson, Olofsson, & Hansson, 1998), 
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(Perez-Vilar & Hill, 1999). Before being released, MUC2 is packed in and stored in secretory 

granulae as five-, six-, and seven-sided ring structures. The synthesis, packaging, and release 

of MUC2 is pH and Ca2+-dependent (Ambort, et al., 2012). The pH starts at 7.2 in the 

endoplasmic reticulum, drops to 6.0 in the trans-Golgi compartments, and is 5.2 in the 

secretory granulae. On the flipside, the concentration of intracellular calcium concentration 

is high during synthesis and packaging but is chelated during release. Upon release, the mucin 

unfolds and expands >1,000-fold in volume, forming nets that spontaneously organize into 

flat sheets with a tendency of stacking on top of one another in a lamellar structure (Round, 

et al., 2012). The secreted mucus layer remains anchored to the epithelial cells (Johansson, 

Sjövall, & Hansson, 2013); it cannot be aspirated off (thus its original name of firmly attached), 

is highly organized, is impenetrable to bacteria, and in the colon is renewed by surface goblet 

cells with a turnover time of an hour  (Johansson M. E., 2012). By comparison, the outer mucus 

layer is loosely adherent and colonized by commensal bacteria. The conversion of the inner 

mucus layer to the outer mucus later occurs at a demarcation line that is much closer to the 

epithelium in the small intestines compared to the colon (Table 2). The exact mechanisms of 

conversion from inner to outer mucus layer remains a matter of contention. One suggestion 

is host-derived proteoses, which cleaves between MUC2 domains and allow the mucin to 

expand 3–4 times in volume without disrupting the polymeric network, as protease inhibitors 

partly inhibited the transition from firm to loose and is unaffected by germ-free mice 

(Johansson, et al., 2008). An alternative suggestion proposed the inner layer to be degraded 

by proteoses secreted by mucin-degrading species which use polysaccharides of MUC2 as an 

energy source (Okumura & Takeda, 2018) when deprived of dietary fibre, which degrades the 

colonic mucus barrier and enhance pathogen susceptibility (Desai, et al., 2016).  

 

1.2.2 Lateral and Basolateral Membrane Junctions 

The intestinal epithelium is anchored to the lamina propria along their basolateral 

membranes by multiprotein complexes called hemidesmosomes. One hemidesmosome 

protein which maintains epithelial basolateral membrane integrity is the α6β4 integrin 

receptor, which interconnects the BM laminin-332 to keratin filaments through the 

cytoplasmic-linker protein plectin (Nievers, Schaapveld, & Sonnenberg, 1999). In addition to 

adhering, hemidesmosomes can also act as signalling centres to regulate proliferation and 

differentiation (Borradori & Sonnenberg, 1999). One recent study has linked hemidesmosome 

dysfunction with colorectal diseases; mice with mutant α6 integrin spontaneously developed 

colitis which degenerated into infiltrating adenocarcinoma (De Arcangelis, et al., 2017). 

 

The intestinal epithelium’s lateral integrity is maintained by tight junctions (also known as 

occludin, the first tight junction protein identified), adherens junctions, and desmosomes, 

which connect and seal the paracellular space between neighbouring epithelial cells along 

their lateral membranes (France & Turner, 2017). Tight junctions are composed of numerous 

transmembrane and cytosolic proteins which interact with each other and with the 

cytoskeleton to form a complex architecture (Günzel & Yu, 2013). Dysregulation of tight 
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protein junctions have severe consequences for the intestinal epithelium. For example, 

downregulation of claudin-5 and claudin-8 has been shown to reduce epithelial barrier 

integrity (Zeissig, et al., 2007). In contrast, claudin-2 – which was found to be highly expressed 

in leaky epithelial tissues – was upregulated in IBD and promotes inflammation (Ahmad, et 

al., 2014).  

 

Desmosomes are proteins which link to the intermediate filament cytoskeleton 

intracellularly, forming a hyper-adhesive network of bonds that result in the tissue resisting 

mechanical stress (Garrod & Chidgey, 2008). Specific genetic (ectodermal dysplasia, 

epidermolysis bullosa) and autoimmune (pemphigus vulgaris) diseases result in desmosomal 

adhesion failure, resulting in the tissues breaking due to mechanical stress. Desmosomal 

dysregulation have also been linked to colorectal cancer. One of the essential constituents of 

desmosomes are desmocollins, members of the desmosomal cadherin family of cell-cell 

adhesion molecules, of which 3 (Dsc1, Dsc2, Dsc3) has been described in humans. Dsc2 

expression was found to be reduced in human adenocarcinoma, accompanied by increased 

expression of Dsc1 and Dsc3 (Khan, et al., 2006). 

 

Adherens junctions initiates and maintains cell–cell adhesion, regulates the organization of 

the underlying actin and microtubule cytoskeleton, and establishes a hub for cell signalling 

and regulation of gene transcription (Takeichi, 2014). The main components of adherens 

junctions are members of the classical cadherin superfamily, such as epithelial cadherin (E-

cadherin), neural cadherin (N-cadherin), placental cadherin (P-cadherin), as well as members 

of the catenin family of proteins, namely p120 catenin (p120), α-catenin, and β-catenin (Harris 

& Tepass, 2010). In the colonic epithelium, the main type of transmembrane protein 

comprising adherens junctions are E-cadherin, which has five extracellular cadherin repeat 

domains that engage in Ca2+-dependent trans binding to a cadherin on the opposing cell 

surface (Shapiro & Weis, 2009). Disruption of adherens junctions can lead to numerous 

diseases, including inflammation and cancer (Daulagala, Bridges, & Kourtidis, 2019), (Bhat, et 

al., 2019). In particular, E-Cadherin has been shown to be a tumour-suppressor, by keeping β-

catenin – a component of the pro-tumorigenic Wnt/B-catenin signalling pathway (Clevers H. 

, 2006) – at cell-cell contact areas, as opposed to the nucleus (Huels , et al., 2015).  

 

In addition to tight junctions, adherens junctions and desmosomes, neighbouring intestinal 

epithelial cells are connected by gap junctions. Gap junctions consist of protein oligomers 

belonging to the connexin family. Six connexins oligomerize on the plasma membrane to form 

a connexon hemichannel, which align with a connexon hemichannel from a neighbouring cell 

to form a gap junction with a 2–4 nm gap connecting both cells (Meşe, Richard, & White, 

2007). From this gap, they allow cell-cell exchange of cytoplasmic contents – ions, electrical 

signals, small molecules – and play a key regulatory role in cell differentiation and growth (El-

Sabban, et al., 2003), (El-Sabban, Abi-Mosleh, & Talhouk , 2003). Gap junctions are voltage 
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gated (Bukauskas & Weingart, 1993), meaning they can be regulated rapidly (milliseconds) to 

coordinate intercellular communication. They are also regulated at a slower pace (hours) by 

the turnover rate of connexin, as well as regulating connexin biosynthesis and junctional 

plaque assembly (Goodenough & Paul, 2009). Gap junctions can promote and inhibit 

tumorigenesis in a complicated fashion; cell-surface expression of connexin-43 reduces 

tumour growth by increasing the expression of tumour suppressor gene coding p27 (Zhang, 

Morita, Ikeda, Ma, & Murota, 2001), yet the carboxyl-terminal tail of connexin-43 promotes 

cell-migration via p38 (Behrens, Kameritsch, & Wallne, 2010) and promotes tumour growth 

by interacting with β-catenin (Spagnol, et al., 2018). Cell-surface expression of Connexin-32 

was also shown to inhibit tumorigenesis by enhancing cell-cell aggregation and thus prevent 

migration.  

 

1.2.3 Immune Cells 

Besides cell-cell adhesion, numerous types of immune cells function in close relation with 

intestinal epithelial cells to coordinate gut immunity and maintain tissue homeostasis. These 

include mononuclear phagocytes (dendritic cells and macrophages) and lymphocytes (T-cells 

and B-cells). They reside in gut-associated lymphoid tissue (GALT) distributed throughout the 

GI tract or in regional lymph nodes. In the small intestines, Peyer’s patches have been well 

characterized as an important site for coordinating an immune response. In the large 

intestine, most lymphoid tissues are found on the serosal side of the muscularis mucosae, 

which protrude through the muscularis and form a narrow interface with the lumen (O'Leary 

& Sweeney, 1986). But besides that, the lamina propria of the large intestines is also home to 

isolated immune cells. 

 

Intestinal dendritic cells are antigen presenting cells that reside in the lamina propria and act 

as sentinels. Without perturbing tight junctions and epithelial integrity, they acquire antigens 

either by sampling the luminal contents via the formation of transepithelial dendrites (Niess, 

et al., 2005) or accept antigens presented by epithelial cells. They then deliver it to lymphoid 

tissues to activate naïve T-cells (Stagg, Hart, Knight, & Kamm, 2003). Besides activating T-cells 

against pathogens, intestinal dendritic cells also mediate tolerance to dietary antigens, 

mediate immune tolerance against commensal bacteria, and are characterized in distinct 

subsets that have differential abilities in the colon versus the ileum (Esterházy, et al., 2016), 

(Stagg A. J., 2018), (Mann, et al., 2015). Also residing in the lamina propria are gut 

macrophages, which phagocytose bacteria that manages to cross the epithelial barrier and 

efferocytose apoptotic and senescent epithelial cells (Bain & Schridde, 2018). Monocytes 

perform similar functions to dendritic cells; they sample luminal bacteria (Kim , et al., 2011) 

and generating tolerance to dietary antigens (Mazzini, Massimiliano, Penna, & Rescigno, 

2014). While intestinal monocytes have not been demonstrated to be effective at activating 

T-cells, they have been suggested to be involved in presenting antigens to locally activated T-

cells (Schulz, et al., 2009). This is due to their high expression of MHCII, which when deleted 

in CX3CR1+ monocytes decreased generation and/or maintenance of regulatory T-cells (Kim, 



 
 

 
21 

 

et al., 2019). Besides the mucosa, macrophages have also been identified in the submucosa 

and muscularis. In the submucosa they play a role in maintaining submucosal vasculature (De 

Schepper, et al., 2018), while in the muscularis they crosstalk with enteric neurons to regulate 

gastrointestinal motility (Muller, et al., 2014). Thus, similar to dendritic cells, macrophages 

fulfil niche-specific functions to meet the local demands of their microenvironment. 

 

Lymphocytes (T-cells and B-cells) reside in lymph nodes and circulate through the lymphatic 

and blood circulatory system. However, lymphocytes are also present in nonlymphoid organs, 

especially in barrier tissues such as the intestines. Two types of T-cells have been 

characterized in the intestines: Conventional T-cells which reside close to the epithelium and 

in the lamina propria, and Nonconventional T-cells which mostly reside close to the 

epithelium (Table 2). T-cells mediate protective immune responses against viral infections by 

cytolysis of dysregulated intestinal epithelial cells and cytokine-mediated re-growth of 

healthy intestinal epithelial cells, and against bacterial infections by directly killing or 

producing cytokines (Ma, Tao, & Zhu, 2019). In addition, regulatory T-cells which are CD4+ and 

express FOXP3 have been shown to mediate tolerance against dietary antigens and 

commensal microbes (Bilate & Lafaille, 2012). However, FOXP3-mediated tolerance seems to 

only apply in the colon (Atarashi, et al., 2014); while the numbers of FOXP3+ regulatory T-cells 

in the colonic lamina propria is reduced in germ-free mice compared to normal mice, their 

numbers remain unchanged or is increased in various parts of the small intestinal lamina 

propria. This indicates a microbiota-independent induction of regulatory T-cells occurring in 

the small intestine that is yet to be elucidated. Furthermore, prominent commensal bacteria 

have been shown to induce and maintain FOXP3+ regulatory T-cells in the colon via the 

immunomodulatory molecule, polysaccharide A (Round & Mazmanian, 2010). More 

interestingly, in that study polysaccharide A was shown to prevent and cure experimental 

colitis in animals, showcasing an example of the gut microbiome interacting with the host 

immune machinery in mutual symbiosis. 

 

B-cells reside in small intestinal Peyer’s patches or regional lymph nodes. Upon receiving the 

right signals from dendritic cells or helper T-cells, they undergo clonal expansion, 

hypermutation and selection into plasmablasts, which enter the bloodstream via the 

lymphatic system (Spencer & Sollid , 2016). These plasmablasts then home towards the 

lamina propria, where they differentiate into plasma cells and secrete IgA antibodies. These 

secreted antibodies are transported across the epithelium and bind to antigens to mediate 

immune exclusion and antigen clearance (Palm, et al., 2014). B-cells ensure persistent 

memory against gut pathogens and other antigens due to long-lived memory B-cells 

replenishing short-lived plasma cells. Although recent studies suggest some plasma cells may 

be long-lived (Nair, et al., 2016). 
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1.3 The Intestinal Epithelium 
The intestinal epithelium consists of a continuous monolayer of epithelial cells. In the small 

intestines, the epithelium protrudes into the lumen as villi and forms invaginations called 

crypts (Figure 6), the which latter of which was discovered by Jonathan Lieberkühn in the 18th 

century. In the colon, the epithelium only form crypts. The intestinal epithelium renews itself 

within 5-7 days (Clevers H. , 2013), making it one of the fastest renewing tissues in the body. 

This renewal is driven by intestinal stem cells (ISCs) residing at the base of crypts. The current 

accepted model is that under homeostasis, ISCs proliferate once per day asymmetrically into 

a daughter stem cell and a daughter transit-amplifying cell (Barker, van de Wetering, & 

Clevers, 2008). However, ISCs may proliferate symmetrically into two daughter stem cells to 

maintain the ISC pool (Sei, Feng, Chow, & Wank, 2019). Transit-amplifying cells undergo up to 

six rounds of cell division within 2 to 3 days into specialized epithelial cells (Marshman, Booth, 

& Potten, 2002), which migrate up the crypt axis within a matter of days, detach from the 

basement membrane and are shed into the gut lumen where they undergo apoptosis. Besides 

maintaining a continuous intestinal epithelium to ensure mucosal barrier integrity, ISCs are 

responsible for tissue repair following stress and injury. The intestines are capable of surviving 

after losing their active ISCs by ionizing radiation (Kim, Yang, & Bialkowska, 2017), and stresses 

due to gastrointestinal infection (Hou, Ye, Huang, & Yu, 2017) or weaning (Chen, et al., 2019) 

elicits higher rates of ISC proliferation. 

 

1.3.1 Intestinal Stem Cells 

Multipotent ISCs reside at base of intestinal crypts, from the gut lumen. In the small intestines, 

stem cells are flanked by Paneth Cells which secrete antimicrobial peptides and proteins, as 

well as factors which help sustain and modulate stem and progenitor cells (Clevers & Bevins, 

2013), (Figure 8). In contrast, stem cells of the colon are flanked by deep crypt secretory cells 

which are functionally equivalent to Paneth cells (Sasaki, et al., 2016), (Figure 2C). In addition, 

GL1-expressing subepithelial mesenchymal cells secrete Wnt signals to maintain the colonic 

stem cell niche (Degirmenci, Valenta, Dimitrieva, Hausmann, & Basler, 2018). Regulating 

proliferation and shedding is crucial to achieving crypt homeostasis. Numerous signals are 

capable of influencing ISCs, key ones being Wnt, Notch, BMP and TGF-β. Excessive shedding 

results in compromised mucosal barrier that is susceptive to infection (Okumura & Takeda, 

2018), while insufficient cell death results in accumulation of genetic mutations that may led 

to tumorigenesis (Medema & Vermeulen, 2011). 

 

Austrian physician Joseph Paneth (1857–1890) was the first person to propose stem cells to 

be the origin of epithelial cells lining the small-intestinal crypt and villi (Paneth, 1887). Several 

years later, intestinal mitosis was shown to only occur in crypts, thus daughter cells from 

crypts were concluded to extrude to the epithelium (Bizzozero, 1893). Half a century later, 

two significant studies by Charles Leblond demonstrated rat intestinal crypts producing large 

numbers of cells with life-spans lasting days, which the authors remarked “cells formed in the 

crypts of Lieberkühn move upward along the side of the villi to be ejected when they reach 
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the villi tips” (Stevens & Leblond, 1947), (Leblond & Stevens, 1948). Leblond published 

numerous papers for the next two decades, one which demonstrated the presence of 

‘column-like’ cells wedged between Paneth cells at the base of small intestinal crypts, which 

they termed crypt-base-columnar (CBC) cells (Cheng & Leblond, 1974). Subsequent clonal 

labelling studies visualized the ribbon-like flow of cells from crypt-base to villus-tips (Winton, 

Blount, & Ponder, 1988), confirming Paneth’s proposal a century prior. A latter clonal labelling 

study identified long-lived stem cells, which form a ribbon-like flow comprising most cell 

lineages from the crypt base to the villus; and short-lived cells restricted to the transit-

amplifying compartment of the crypt (Bjerknes & Cheng, 1999).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 – Zones in the Small-Intestinal Epithelium. 

The small-intestinal epithelium consists of villus protrusions and crypt invaginations. At the bottom of 

crypts and wedged between Paneth cells, crypt base columnar (CBC) cells proliferate continuously to 

generate new cells that differentiate and migrate towards the villus. Above the stem cell zone, lineage-

committed progenitors divide rapidly in the transit-amplifying zone. Mature epithelial cells emerge 

from the transit-amplifying zone and move towards the villus tip where they undergo apoptosis. 

Adapted from (Gehart & Clevers, 2018) 
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The small-intestinal “stem cell zone” is defined as the region in which CBC cells and Paneth 

cells reside, encompassing the entire crypt base and up to five cells away from the uppermost 

Paneth cell (Bjerknes & Cheng, 1981). The colon “stem cell zone” is similar, except Paneth 

cells are replaced by Deep Crypt Secretory cells (Sasaki, et al., 2016). In the past two decades, 

dozens of markers have been proposed to be specific to ISCs. Key ones are listed in (Table 4). 

The first candidate marker for ISCs was a RNA-binding protein known to maintain neural stem 

cells, Musashi-1, (Kayahara, et al., 2003) and (Potten, et al., 2003). Kayahara and colleagues 

identified Musashi-1 in mice intestines, stomach, brain, and liver using RT-PCR; and using 

immunohistochemistry, showed Musashi-1 was expressed in small-intestinal CBC cells and a 

few cells just above Paneth cells, but importantly do not label Paneth cells. Potten and 

colleagues went further, using qRT-PCR and in situ hybridization they found higher expression 

of Musashi-1 mRNA in mice with small intestinal adenomas compared with adjacent normal 

tissue. However, in human samples they had weak antibody staining. Furthermore, they 

observed Musashi-1 staining more cells per crypt than the predicted number of actual stem 

cells per crypt. Collectively, this suggests Musashi-1 is not an exclusive marker of mice ISCs. 

 

The most well-characterized marker for CBC cells of the small intestines and colon is the 

Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5), identified by Hans 

Clevers’ group (Barker, et al., 2007). In that study, they generated two sets of mice with knock-

in alleles: one which causes the expression of the lacZ reporter at the amino-terminal of the 

Lgr5’s first transmembrane domain, and one with EGFP-IRES-creERT2 at the first ATG codon 

of Lgr5. Lgr5lacZ mice expressed lacZ-positive cells in the crypt base of the small intestine and 

colon, as well as the base of glands in the stomach. Similar to Lgr5lacZ mice, Lgr5EGFP-IRES-creERT2 

mice expressed EGFP at the base of intestinal crypts. Next, they crossbred Lgr5EGFP-IRES-creERT2 

mice with Cre-activatable Rosa26-lacZ mice and performed histological analysis between 1-

60 days post-tamoxifen induction (Figure 9A). While the progeny of Lgr5EGFP-IRES-creERT2 cells will 

no longer express EGFP due to genetic recombination, they have an activated lacZ reporter 

to enable lineage tracing. After 1-day post-tamoxifen, lacZ cells were expressed exclusively at 

the bottom of intestinal crypts (Figure 9B-C), and after 60 days ribbons of lacZ cells were seen 

from the bottom of crypts to the tip of villus (Figure 9D-E). In addition, they showed co-

expression of induced clones and other epithelial markers (Figure 9F-H). Thus, they confirmed 

Lgr5 to be a marker of multipotent stem cells of the small intestine and colon. However, Lgr5 

is a challenging marker due to it being expressed in low levels, has low surface abundance, 

and lacks high-affinity anti-Lgr5 antibodies. 

 

Besides Lgr5, two other candidate markers of intestinal CBC are OLFM4 and PTK7. Using in 

situ hybridisation, the Clevers group showed OLFM4 was highly expressed in CBC cells in 

human small intestines and colon, and in colon adenocarcinomas (van der Flier, Haegebarth, 

Stange, van de Wetering, & Clevers, 2009). A subsequent study by the group replicated the 

knock-in allele experiment they designed for Lgr5; OLFM4EGFP-IRES-creERT2 mice were crossed 

with Cre-activatable Rosa26-lacZ mice to perform lineage tracing (Schuijers, van der Flier, van 
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Es, & Clevers, 2014). The lineage tracing results of OLFM4 in the small intestines were noted 

to be remarkably similar to Lgr5. However, LacZ-positive cells were not observed in the colon, 

stomach, bone marrow, or liver. They suggest this was due to OLFM4 having a more limited 

function in mice, as OLFM4 RNA was strongly expressed in the prostate, small intestine, and 

colon, moderately expressed in the bone marrow and stomach (Zhang, et al., 2002). Hence, 

they conclude OLFM4 to be an alternative tool to Lgr5 for characterizing ISCs.  

 

As for PTK7, it was identified and quantified in cultured human colonic organoids (Jung, et al., 

2015). Flow-cytometry analysis of these cultures revealed heterogeneous (i.e., diverse) 

surface expression of PTK7. They then performed quantitative mass spectrometry on 

organoids cultured with proliferation-promoting media (WNT3a, R-SPO, EGF, and Noggin; 

WREN) and organoids cultured treated with differentiation-promoting media (EGF and 

Noggin; EN). Organoids treated with WREN media had over 200 proteins that were enriched 

more than 2-fold, one of which was PTK7, and also markers of enteroendocrine lineage such 

as CHGA and CHGB. Organoids treated with EN media had over 100 proteins that were 

enriched, including mucus secreting MUC2, enterocyte FABP1, and enteroendocrine DPP4. 

Next, organoids were sorted using fluorescence-activated cell sorting (FACS) into PTK7-high 

and PTK7-low cells, and their ability to form organoids was compared. The organoid-forming 

capacity of PTK7-high cells were 16 times higher compared to PTK7-low cells. PTK7-high cells 

also had higher expression of stem cell marker Lgr5, and decreased expression of enterocyte 

marker FABP2. Thus, they concluded PTK7+ cells display features similar to Lgr5+ cells and 

include a fraction of cells that undergo differentiation into enteroendocrine cells. 
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Table 4 – List of Prominent Intestinal Stem Cell markers.  

Marker (Year 
Discovered) 

Function Note 

Musashi-1 

(2003) 

RNA-binding protein known to maintain neural 
stem cells 

Not an exclusive marker of ISC 

Lgr5 

(2007) 

Wnt target gene Best characterized marker specific 
to ISCs 

Bmi-1 

(2008) 

Essential in the self-renewal of hematopoietic and 
neural stem cells 

Previously thought to mark +4 ISCs 

TERT 

(2008) 

Telomerase reverse transcriptase Marks slow cycling stem cells 
distinct from Lgr5 

ASCL2 

(2009) 

A Wnt target gene Master regulator of ISC identity 

DCAMKL-1 

(2009) 

Microtubule-associated kinase expressed in post-
mitotic neurons,  

Marker of quiescent ISCs and 
cancer stem cells 

OLFM4  

(2009) 

Secreted protein that inhibits BMP and promotes 
proliferation 

Alternative tool to characterize ISCs 

Prominin-1 

(2009) 

Transmembrane glycoprotein commonly expressed 
by cancer stem cells 

Marks small intestinal stem cells 
susceptible to tumorigenesis 

SMOC2 

(2012) 

BMP signalling inhibitor Marker of CBC cells 

EPHB2  

(2011) 

A receptor tyrosine kinase required to position 
different cell types along the crypt axis 

Surface marker for purifying colon 
stem cells 

PTK7 

(2015) 

Regulator of Wnt signalling, heavily involved in 
embryogenesis  

Labels Lgr5 cells, as well as LRCs 

Adapted from (Umar, 2011). 
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Figure 9 – Lineage Tracing of Lgr5+ Intestinal Cells. 

(A) Generation of Lgr5EGFP-IRES-creERT2 mice with Cre-activatable Rosa26-lacZ enables lineage tracing via 

selective activation of lacZ by tamoxifen. IRES prevents exocytosis of the Lgr5 protein. The creERT2 is 

activated by tamoxifen to code for an enzyme which cleaves the STOP sequence. SA, splice acceptor. 

UTR, untranslated region. (B-E) Vibratome sections showing red nuclei using DNA dye ToPro-3 and 

blue lacZ-cells using β-galactosidase after 1-day (B-C) and 60 days (D-E) tamoxifen induction in the 

small intestines (B & D) and colon (C & E). (F-H) Double-labelling of lacZ-positive cells in the small 

intestine using Periodic-Acid-Schiff (PAS) revealed goblet (F, white arrows) and Paneth cells (G, blue 

arrows); double-labelling with synaptophysin revealed enteroendocrine cells (H, black arrows). Figure 

from (Barker, et al., 2007). 
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1.3.2 Quiescence and/or Plasticity of Intestinal Stem Cells 

Likely due to their high active metabolic and proliferative state, ISCs are sensitive to 

physiological and pathological injuries. For example, it is long known that CBCs are highly 

sensitive to ionizing radiation (Potten, 1977), during which they apoptose and cause the crypt 

to shrink (Merritt, et al., 1994) and (Maj, et al., 2003). However, the intestines are capable of 

recovering from catastrophic injuries. In the 70s, Potten’s group proposed the existence of 

quiescent intestinal stem cells. They predicted these stem cells could be identified based on 

their slower rate of cell-cycling, which would lead to long-term retention of DNA labelling 

agents. These DNA label-retaining cells (LRCs) were initially identified using 3H-thymidine and 

BrdU (Potten, Gandara, Mahida, Loeffler, & Wright, 2009), and have also been identified in 

epidermal models (Braun & Watt, 2004). Currently, LRCs are characterized by the co-

expression of ISC genes and markers of Paneth cells and enteroendocrine lineages (Buczacki, 

et al., 2013). The current view is that rapidly cycling Lgr5+ CBCs are highly sensitive to 

pathological injuries and whose function is to maintain tissue homeostasis of the intestinal 

epithelium, while quiescent stem cells assist the intestine in recovering from catastrophic 

injuries by replenishing Lgr5+ CBCs (Richmond, Shah, Carlone, & Breault, 2017). However, 

there is heavy debate whether a distinct population of quiescent stem cells exist in the 

intestines. 

 

In the small intestines, small numbers of quiescent cells were reported to reside directly 

above the Paneth cell at the +4 position from the stem cell zone (Potten, Hume, Reid, & Cairns, 

1978), (Umar, 2011). These quiescent stem cells were speculated to be distinct from Lgr5 

stem cells which divide daily and were proposed to restore the CBC cell compartment 

following injury (Barker, 2013). Until recently, markers for these quiescent ‘+4’ ISCs included 

Bmi1 (Sangiorgi & Capecchi, 2008), Tert (Montgomery, et al., 2011), Lrig1 (Powell, et al., 2012) 

and Hopx (Takeda, et al., 2011). However, these findings were challenged by Clevers’ group 

using a combination of transcriptomics and proteomics (Muñoz, et al., 2012). They first 

identified over 500 stem cell-enrich genes in mice small intestines, of which half were 

expressed in a gradient with highest levels at the crypt base, while the other half was 

expressed uniquely in Lgr5 stem cells. Next, they separated GFP-positive cells derived from 

Lgr5EGFP-ires-CreERT2 knock-in mice into five arbitrary fractions from Lgr5-highest to Lgr5-lowest, 

extracted their cDNA and performed qPCR for Bmi1, Tert, Lrig1 and Hopx. All four proposed 

quiescent ISC genes were expressed in each GFP fractions. To further validate those findings, 

they performed single molecule mRNA hybridizations on unmanipulated mouse crypts for 

Lgr5, OLFM4 and the four quiescent ISC genes. There was no specific enrichment of mRNA 

molecules of any markers at the +4 position. Thus, they confirmed the proposed quiescent 

ISC markers Bmi1, Tert, Hopx and Lrig1 are robustly expressed in CBC cells and not specific for 

supposedly quiescent cells at the +4 position. Another marker which was proposed to label 

quiescent intestinal stem cells is DCAMKL-1 (May, et al., 2009), due to their observations that 

DCAMKL-1+ cells isolated from adult mouse small intestine by FACs sorting are capable of 

forming spheroids in suspension culture. Yet mere months afterwards, DCAMKL-1 was 

convincingly argued to identify tuft cells rather than stem cells, as DCAMKL-1+ cells do not 
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express proliferation markers, were predominantly located on villi, were never found in a 

proliferative state, and do not co-stain with other known markers of mature epithelial cells, 

yet tellingly express cyclooxygenase enzymes 1  (COX1) and 2 (COX2) – markers of tuft cells 

(Gerbe, Brulin, Makrini, Legraverend, & Jay, 2009). In conclusion, a specific marker for 

quiescent stem cells at the +4 position has yet to be identified (Li & Clevers, 2014).  

 

Even so, LRCs have been demonstrated to regenerate the intestinal epithelium in response to 

tissue injury. One such group of LRCs are Bmi1+ cells of the Prox1+ enteroendocrine lineage, 

shown to be capable of sustained clonogenic growth in vitro and generate long-lived clones 

during homeostasis and after radiation-induced injury in vivo (Yan, et al., 2017). Another 

study showed mice Bmi1+ preterminal enteroendocrine cells were capable of reverting into 

Lgr5+ cells, however they proposed chromatin accessibility to be the deciding factor in 

dedifferentiation of secretory precursors into Lgr5+ stem cells (Jadhav, et al., 2018). Another 

group of LRCs proposed to contribute to tissue regeneration are H2B+ cells expressing Paneth 

cell marker lysozyme (Roth, et al., 2012). However, these LRCs are not stem cells by definition. 

Coupled with the lack of markers for specific quiescent stem cells, it is debatable whether 

quiescent stem cells are truly quiescent and are in fact LRCs or slow cycling CBCs. 

 

Clevers proposed stem and epithelial cell plasticity to be the answer to this dilemma, rather 

than a distinct population of quiescent stem cells (Clevers H. , 2013). Indeed, his group 

showcased secretory progenitor cells were capable of forming long-lived organoids upon brief 

Wnt exposure and developed stem cell tracing events in response to tissue damage (van Es, 

et al., 2012). When Lgr5 stem cells were specifically ablated by knocking in a human diphtheria 

toxin receptor into the Lgr5 locus, progeny production by Bmi1+ cells increased and gave rise 

to Lgr5+ cells, demonstrating plasticity of Bmi1+ cells (Tian, et al., 2011). Intermediate 

filament keratin-19 (Krt19) has been shown to mark long-lived, radiation resistant cells above 

the crypt base and are also capable of regenerating Lgr5+ stem cells that had been ablated 

using irradiation (Asfaha, et al., 2016). Highly proliferative yet short-lived Alpi+ enterocyte 

precursors are also capable of dedifferentiating into Lgr5+ stem cells, generating long-lived 

crypt-villus "ribbons” (Tetteh, et al., 2016). The same has been shown of Paneth cells, who 

acquire stem-like features through SCF/c-kit signalling in response to inflammatory stress 

(Schmitt, et al., 2018). Taken together, all these studies support the Clevers group’s proposal 

that “stemness in the intestine should be regarded as a cellular ‘state’ determined by location, 

rather than a cellular ‘fate’ determined by history” (van Es, et al., 2012). As an aside, a study 

by Nusse in mice infected with parasitic helminths showed crypt cells which associated with 

granulomatous infiltrates forming fetal-like spheroids in culture in the absence of Lgr5+ stem 

cells, and hence speculate adult intestinal tissues are capable of activating transcriptional 

programs to acquire fetal-like development as a remodelling mechanism to maintain function 

after parasitic infection (Nusse, et al., 2018). Finally, plasticity has also been demonstrated in 

liver (Tarlow, et al., 2014), stomach (Stange, et al., 2013), and is of great interest in the brain 

and spinal cord (Johansson B. B., 2007). 
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1.3.3 Specialized Cells of the Intestinal Epithelium  

While ISCs are essential to maintaining tissue homeostasis, they constitute a tiny proportion 

of the intestinal epithelium (Figure 10). Each crypt houses approximately 15 stem cells within 

the stem cell zone (Gehart & Clevers, 2018). In the small intestines, ISCs are intermingled with 

Paneth cells, whose functional analogue in the colon are Deep Crypt Secretory cells. Above 

the stem cell zone, the transit-amplifying region consist of precursors cells that belong to 

secretory or absorptive lineages. Secretory precursors will go on to become Paneth, Deep 

Crypt secretory, goblet, Enteroendocrine, and tuft cells. Enterocyte precursors will become 

enterocytes or Microfold cells which are only present in the small intestines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 – Intestinal Epithelium Organization and Lineage Tree. 

In both the small intestines (A) and colon (B), Lgr5+ stem cells situated at the bottom of crypts 

generate rapidly proliferating transit-amplifying cells, which differentiate and replace the various 

functional cells lost via anoikis on the villi (A) and shed at the crypt surface epithelium (B). Lineage tree 

depicted on the right. Adapted from (Barker, 2013). 

A. Small Intestine 

B. Colon 
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Paneth cells 

Around 5-12 (Elphick & Mahida, 2005) Paneth cells are intermingled with ISCs at the bottom 

of crypts and can be marked by lysozyme and DefensinA1 (Sato, et al., 2011). While other 

intestinal epithelial cells migrate upwards, they move downwards upon maturation. Proper 

cell migration is dependent on ephrins EphB2 and EphB3, as disruption of those genes result 

in proliferative and differentiated cell populations intermingling, and knocking-out the EphB3 

gene specifically causes Paneth cells to scatter along the crypt and villus (Batlle, et al., 2002). 

Ephrin receptors can be mediated by phosphoinositide 3-kinase (PI3K) (Maekawa, et al., 

2003); inhibiting PI3K using LY294002 resulted in increased displacement of Paneth cells 

(Genander, et al., 2010). Notably LY294002 treatment did not affect proliferation in colonic 

crypts, sensible given Paneth cells are non-existent in colonic crypts. However, inhibiting EphB 

signalling using ephrin-B2-Fc caused significant reduction in proliferation, which is telling 

since absorptive and secretory cells in the colonic crypt were recently shown to express ephrin 

genes Efnb1 and Efnb2 (Brügger, Valenta, Fazilaty, Hausmann, & Basler , 2020). Paneth cells 

produce a variety of antimicrobial products (lysozyme, α-defensins and phospholipase A2) 

(Gassler, 2017), which are constitutively secreted into the lumen and become a component 

of the mucus defensive layer. CBCs of the small intestines exist in close contact with at least 

one Paneth cell (Figure 8), a necessary organization since Paneth cells express epidermal 

growth factor (EGF), transforming growth factor alpha (TGF-α), Wnt3, and Notch ligand DLL4, 

all essential signals for stem cell maintenance (Sato, et al., 2011). In addition, Paneth cells 

provide lactate which are substrates for mitochondrial metabolism in CBC cells (Rodríguez-

Colman, et al., 2017), and possibly a free-radical scavenger and antioxidant (Groussard, et al., 

2000). Despite all this, they may not be critical for small intestinal CBCs. Two studies have 

shown small intestinal CBCs to be unaffected by the ablation of Paneth cells using Atoh1 (Kim, 

Escudero, & Shivdasani, 2012) and (Durand, et al., 2012). On the other hand, two other studies 

where Paneth cells were depleted via knockout of Sox9 (Bastide, et al., 2007) and Gfi1 

(Shroyer, Wallis, Venken, Bellen, & Zoghbi, 2005) were revisited by Clevers’ group and found 

reduction of OLFM4+ stem cells (Sato, et al., 2011). In addition, Paneth cells (Schmitt, et al., 

2018) and their precursors (Roth, et al., 2012) are capable of the CBC population following 

injury, calling into question whether Paneth cells in the small intestine are strictly required or 

whether their function can be substituted by other cell populations.  

 

Deep Crypt Secretory cells 

Deep Crypt Secretory (DCS) cells are functional analogues of Paneth cells which intermingled 

with CBCs in the colon. DCS cells were first observed almost 40 years ago, who reported 

“mucous-type cells… with mucous vacuoles which stained differently from goblet cells” 

(Altmann, 1983). DCS cells can also be marked by numerous markers, key ones being MUC2, 

Reg4, cKit/CD117, DLL1, DLL4, EGF, and CD24, many of them notably also expressed in Paneth 

cells (Rothenberg, et al., 2012). However, MUC2 marks Mucin 2 and is a marker of goblet cells, 

while cKit was also noted to occur in mesenchymal cells (Hirota, et al., 1998) and circular 

muscle cells (Klein, et al., 2013), making them unsuitable markers. To confirm whether Reg4 
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were DCS cells and to study their function, Sasaki and colleagues inserted into mice a cassette 

consisting of a human diphtheria-toxin receptor (DTR) cDNA linked in frame to dsRed-

Express2 fluorescent protein (Sasaki, et al., 2016). Reg4DTR-Red/+ mice produced red-

fluorescence in small-intestinal Paneth cells but not in pancreas, stomach, or liver. Reg4 also 

labelled subsets of entero-endocrine cells in the small intestines. However, in the colon, red 

fluorescence only occurred between Lgr5+ stem cells at the crypt base throughout the colon. 

They counted the numbers of Reg4+ cells: 2 in proximal, 8 in transverse, and 12-14 the distal 

colon in the cecum. They then performed RNA-sequencing of sorted Reg4-dsRed+ and Lgr5-

GFP+ cells from colonic epithelium. Notably, Notch ligands (DLL1 and DLL4) and EGF were 

signature genes of Reg4+ cells, while Notch1 receptor and EGF receptor Erbb2 were signature 

genes of Lgr5+ cells; and both had high expression of Wnt receptor Fzd5. They determined 

Reg4+ cells were closer related to Paneth cells and less related to Goblet cells or 

enteroendocrine cells, and were enriched in genes required for membrane, signal, O-glycan 

biosynthesis, endoplasmic reticulum, calcium ion binding, and secretion. Administering 

diphtheria toxin to Reg4DTR-Red/+ mice over six consecutive days eliminated DCS cells and 

caused most Lgr5+ stem cells to disappear, confirmed on the mRNA level using single-

molecular fluorescent in-situ hybridisation. However, when Diphtheria Toxin treatment was 

stopped, Lgr5+ stem cells re-emerged after 7 days. Analysis of differentiation marker 

expression in Reg4DTR-Red/+ mice crypts devoid of stem and DCS cells showed they did not 

contain entero/colonocytes, had sporadic enteroendocrine cells similar to control group, and 

increased numbers of Ki67+ cells which correlated with an enlarged proliferative 

compartment. In Reg4DTR-Red/+ mice crypts devoid of stem and DCS cells, they found no cells 

with secretory phenotype and instead polarized cells with densely packed apical microvilli. 

The organoid forming capacity of Lgr5-Reg4-cells (8%) were highest compared to Lgr5-cells 

(>1%) and Reg4-cells (>1%) alone. Finally, Wnt signalling induced cell differentiation into DCS 

cells, while Notch signalling promoted differentiation into goblet cells. In conclusion, DCS 

differentiation is Notch dependent and controls apoptosis by tethering colonic ICSs to the 

stem cell zone and maintain stemness. 

 

Goblet cells 

Goblet cells are secretory cells responsible for lining the intestinal epithelium with mucus. 

They comprise approximately 9% of the intestinal epithelium (Umar, 2011) and up to 16% in 

the distal colon (Kim & Ho, 2010). As described by Sasaki (Sasaki, et al., 2016) and others (van 

Es, et al., 2010) and (Stanger, Datar, Murtaugh, & Melton, 2005), inhibition of Notch signalling 

induces differentiation of proliferative cells in the crypt into goblet cells. Other regulators of 

Goblet cell differentiation and maturation are Hath1 (Park, et al., 2006), and transcription 

factors Klf4 and Elf3 (van der Flier and Clevers 2009). Besides gel-forming and transmembrane 

mucins (see Chapter 1.2.1), goblet cells synthesize and secrete bioactive molecules such as 

trefoil peptides, resistin-like molecule β, Fc-γ binding protein, and WFDC2 (Dharmani, 

Srivastava, Kissoon-Singh, & Chadee, 2009), (Parikh, et al., 2019). These molecules may be 

secreted constitutively dependent on cytoskeletal movement of secretory granules, or 

secreted regulatorily via exocytosis of granules in response to external stimuli (Davis & Dickey, 
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2008). Normally, constitutive secretion of mucus maintains the integrity of mucus protective 

layer(s). However, during intestinal helminth infections, regulatory secretion of mucus by 

goblet cells mediated by Th2 immune response facilitates the expulsion of pathogens (Knight, 

Brown, & Pemberton, 2008) and (Hasnain, et al., 2010). The NLRP6 inflammasome is also 

capable of regulating goblet cell mucus secretion; NLRP6 deficiency leads to defective 

autophagy in goblet cells and abrogated mucus secretion into the large intestinal lumen in 

response to bacterial infection (Wlodarska, et al., 2014). In cystic fibrosis, impaired chloride 

anion transport by CFTR, coupled to persistent sodium absorption, reduces airway surface ion 

content and leads to increased mucus concentration with abnormal viscoelastic properties 

and osmotic pressures, resulting in impaired mucus clearance and increased susceptibility to 

inflammation, chronic infection (Hill, et al., 2018). Goblet cells are reduced in number and size 

during ulcerative colitis. Mice with deficient MUC2 have no identifiable goblet cells, resulting 

in compromised mucosal barrier (Johansson, et al., 2008) and develop spontaneous colitis 

(Van der Sluis, et al., 2006). A recent paper described WFDC2, an inhibitor of serine and 

cysteine prostates (Chhikara, et al., 2012), to be secreted by goblet cells on both apical and 

basal poles to prevent premature conversion of the inner mucus layer to the outer layer 

(Parikh, et al., 2019) and hence maintain sterility of the inner mucus layer (Figure 7), via 

inhibiting the proteolytic activity of matrix metalloproteinases MMP12 and MMP13. 

Pathological induction of those MMPs are known to cause tissue destruction in IBD 

(O'Sullivan, Gilmer, & Medina, 2015). They also potentiated WFDC2 to be a selective 

bactericide whose role is restricting epithelial–bacterial contact in vivo, due to marked dose-

dependent reduction of viable bacteria against increasing concentrations of secreted WFDC2. 

 

Enteroendocrine cells 

Enteroendocrine cells are another type of secretory cells stimulated to release hormones and 

account for approximately 1% of the intestinal epithelium (Worthington, Reimann, & Gribble, 

2017). The main driver of enteroendocrine fate is NEUROG3, a basic helix–loop–helix 

transcription factor activated downstream of Atoh1 in the common secretory progenitor cell 

(Gehart & Clevers, 2018). Markers for enteroendocrine cells include chromogranin A (CHGA), 

claudin-4, genes related to enteroendocrine cells (Ffar1, Ffar4, Gpr119), UEA-1 (Nagatake, 

Fujita, Minato, & Hamazaki , 2014), and hormonal peptides GLP1 (Lu, et al. 2019). 

Enteroendocrine cells are well known for having taste receptors for sweet, savoury and bitter 

(Rozengurt & Sternini, 2007) and (Chaudhari & Roper, 2010). Approximately 12 major 

enteroendocrine cell types have been identified, which collectively secrete more than 20 

hormones which can act locally, on other cells (including immune cells), nerve endings, or 

organs at remote sites including pancreatic islets and the CNS (Furness, Rivera, Cho, Bravo, & 

Callaghan, 2013). The effects of these secreted hormones are diverse: appetite control, 

stimulate or inhibit gastric acid release, induction of nutrient transporters and digestive 

enzymes, stimulate or inhibit intestinal motility, triggering emesis and nausea, and release of 

other hormones (insulin, growth hormones). Enterochromaffin cells, L-cells and D-cells are 

the prominent enteroendocrine cells in the lower GI tract, each comprising roughly 70%, 15% 

and 5%, respectively (Gunawardene, Corfe, & Staton, 2011). Enterochromaffin cells are 
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triangular or pyramidal in shape, can be stained by CHGA and are known to secrete serotonin 

(5-HT). Hence, they can also be marked by antibodies against TPH, the initial enzyme in 5-HT 

biosynthesis (Modlin, Kidd, Pfragner, Eick, & Champaneria, 2006). 5-HT can act in an 

endocrine, autocrine, paracrine and neurocrine manner to fulfil numerous roles including: 

appetite, motility, fluid secretion, release of digestive enzymes and bone metabolism 

(Diwakarla, Fothergill, Fakhry, Callaghan, & Furness, 2018). L-cells are described as being 

bottle or flask shaped with an apical protrusion of cytoplasm extending to the luminal surface 

and basal processes that run along the basement membrane with secretory vesicles occurring 

adjacent to it (Buffa, Capella, Fontana, Usellini, & Solcia, 1978) and (Gunawardene, Corfe, & 

Staton, 2011). L-cells secrete peptide YY (PYY) into blood circulation to regulate appetite 

(Karra, Chandarana, & Batterham, 2009) and proglucagon-derived peptides (PGDPs) such as 

GLP1 and GLP2. GLP1 has a broad range of metabolic, cardio and neuroprotective effects: 

glucose-dependent stimulation of insulin secretion, decrease of gastric emptying, inhibition 

of food intake, increase of natriuresis and diuresis, amelioration of obesity, decrease 

inflammation and apoptosis, implicated for learning and memory, reward behaviour, and 

palatability (Kimura, et al. 2018), (Jones, et al. 2018), (Gribble and Reimann 2019), (Müller, et 

al., 2019). GLP2 regulates energy absorption, glucose metabolism, and maintains the mucosal 

morphology, function, and integrity of the intestine (Amato, Baldassano, & Mulè, 2016). D-

cells are described as having one elongated apical extension and one shorter, wider basal 

extension (Hauso, Gustafsson, & Waldum, 2007). D-cells secrete somatostatin (SST), also 

known as the “growth hormone inhibiting hormone”, which causes neuro-endocrine 

inhibitory effects in the GI, endocrine, exocrine, pancreatic, and pituitary secretions, modifies 

neurotransmission and memory formation in the CNS, prevents angiogenesis, and has anti-

proliferative effects on healthy and cancerous cells (O'Toole & Sharma, 2020). As such, they 

can be identified by immunohistochemistry as somatostatin immunoreactive. Recently, a 

biobank for human ECCs was established (Beumer, et al. 2020) by inducing enteroendocrine 

cell formation in colonic organoids using NEUROG3, generating single-cell mRNA atlases for 

different enteroendocrine cell subtypes, and profiling their secreted products using mass-

spectrometry. 

 

Tuft cells 

Tuft cells are very rare chemosensory epithelial cells comprising around 0.5% of the intestinal 

epithelium (Gerbe, Legraverend, & Jay, 2012). They are also known by other names, including 

brush cells due to having a “brush” of microvilli on their apical membrane (Nevo, Kadouri, & 

Abramson, 2019). However, some tuft cells also possess cytospinules, thin lateral microvilli 

which project from the tuft cell and penetrate neighbouring epithelial cells to wrap itself 

around their nuclear membrane (Hoover, et al., 2017). This unusual form of contact between 

cells was suggested to play a role in the transfer of cargo or even genetic material (Nevo, 

Kadouri, & Abramson, 2019). Tuft cells are differentiated from secretory progenitors of the 

DLL+ lineage and require the expression of the Pou domain, class 2, transcription factor 3 

(POU2F3) (Gerbe, et al., 2016). Markers for tuft cells include doublecortin and 

calcium/calmodulin-dependent protein kinase-like-1 (DCAMKL-1), COX1 and COX2, 
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Doublecortin-like kinase 1 (Dclk1), and Trpm5. DCAMKL-1 is a microtubule-associated kinase 

which was previously considered a putative marker of intestinal stem cells (Gerbe, Brulin, 

Makrini, Legraverend, & Jay, 2009). COX1 and COX2 are involved in inflammation through 

generation of prostaglandin (Ricciotti & FitzGerald, 2012). Dclk1 was shown to co-localize with 

the microtubule acetylated-α-tubulin (Saqui-Salces, et al., 2013). And Trpm5 is a component 

of the taste reception signalling machinery (Kaske, et al., 2007). Two types of tuft cells have 

been recently proposed; tuft1 were enriched with signature genes related to neuronal 

development, while tuft2 were enrich with signature genes related to immunity (Haber, et 

al., 2018). While not fully understood, tuft cells are well known to be capable of sampling the 

luminal contents to trigger a variety of immune responses (Gerbe & Jay, 2016). For example, 

Sucnr2 receptors on tuft cells can be activated by the protozoa metabolite succinate to trigger 

Th2 immune responses (Nadjsombati, et al., 2018) and (Lei, et al., 2018), and remodel the 

intestinal epithelium (Schneider, et al., 2018). Intriguingly, tuft cells in the human GI tract 

were shown to contain choline acetyltransferase (ChAT), the enzyme responsible for the 

synthesis of the neurotransmitter acetylcholine (Pan, Zhang, Shao, & Huang, 2020). In 

neurons, extracellular choline is imported via CHT1, catalysed into acetylcholine with 

mitochondria-derived acetyl-CoA by ChAT in the cytoplasm, then packaged into vesicles and 

released via vAChT. However, vAChT and CHT1 are absent in tuft cells, hence their 

biosynthesis and release of acetylcholine remains unresolved (Schütz, et al., 2019) and 

(Yajima, Inoue, Matsumoto, & Yajima, 2011). Even so, various signals have been shown to 

trigger the release acetylcholine from tuft cells, including bitter (Deckmann, et al., 2014), 

bacterial metabolites (Saunders, Christensen, Finger, & Tizzano, 2014), and ATP (Ualiyeva, et 

al., 2020). In a study done in mice, ATP stimulation caused an increase of intracellular Ca2+ 

oscillations in Trpm5+ tuft cells and other cells in the olfactory epithelium, resulting in release 

of acetylcholine from Trpm5+ tuft cells (Fu, Ogura, Luo, & Lin, 2018). Other studies found 

bitter and other substances to trigger acetylcholine biosynthesis in tuft cells via canonical 

taste transduction cascade depended on gustducin and TRPM5 (Saunders, Christensen, 

Finger, & Tizzano, 2014), which also caused elevated Ca2+ levels (Hollenhorst, et al., 2020). 

Currently, it is unknown how tuft cells acquire choline due to their lack of CHT1. As for the 

release of acetylcholine in tuft cells despite their lack of VAChT, one proposed mechanism is 

that tuft cells might release acetylcholine directly from the cytoplasm rather than concentrate 

them in vesicles (Pan, Zhang, Shao, & Huang, 2020). An alternative mechanism is via organic 

cation transporters (OCT), which possess the ability to transport acetylcholine in airway 

epithelial cells (Kummer & Krasteva-Christ, 2014) and the placenta (Wessler, et al., 2001). 

However, it is unknown if they are expressed in tuft cells. 

 

Enterocytes 

Enterocytes make up 80% of cells in the intestinal epithelium. They are absorptive cells 

responsible for the uptake of ions, water, sugars, peptides, and lipids. Notch signals determine 

enterocyte fate; daughter stem cells leaving the stem cell zone loses Wnt signals but maintain 

Notch signals from neighbouring DLL+ cells become transit-amplifying cells of the absorptive 

lineage, leave the transit-amplifying zone after undergoing several cycles of cell division and 
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differentiating into mature enterocytes (Gehart & Clevers, 2018). Fatty acid binding proteins 

(FABP) are cytosolic proteins with high affinity binding for hydrophobic ligands like long chain 

fatty acids and are involved in uptake and trafficking of lipids in the intestines (Gajda & Storch, 

2014). In intestinal enterocytes, two FABPs are present. FABP1 is largely present in absorptive 

intestinal villus cells but not crypt cells (Guilmeau, et al., 2007), but is also present in liver 

where it was first identified as well as in the kidneys (Storch & Corsico, 2008). FABP2 on the 

other hand is only present in intestinal enterocytes, making it a suitable specific marker for it. 

Besides uptake of nutrients, enterocytes are actively involved in shaping the intestinal 

immune environment. They possess MHC-II molecules and act as non-professional antigen-

presenting cells (Hershberg & Mayer, 2000), presenting antigens to antigen-experienced T 

cells resident in LP as part of the protective immune response (Hershberg, et al., 1997). 

Recently, a novel colonocyte – colonic enterocyte – was discovered (Parikh, et al., 2019). 

These colonocytes distinctly expressed Bestrophin 4 (BEST4), a calcium-sensitive chloride 

channel, as well as the proton channel OTOP2, and hence were designated as “BEST4/OTOP2 

cells”. The numbers of BEST4/OTOP2 cells were fifty times less frequent compared to regular 

colonocytes, were capable of pH sensing, and proposed to maintain luminal homeostasis 

through regulation of the guanylate cyclase 2C (GC-C) signalling pathway. 

 

Microfold cells 

Microfold (M) cells are specialized absorptive cells that are only found in the small intestines. 

They are traditionally found in follicle-associated epithelium such as Peyer’s patches, 

although inducible villous M cell have been observed in the small intestine (Jang, et al., 2004). 

Unlike other intestinal epithelial cells, M cell fate is not determined directly after exit from 

the stem cell zone. Instead, receptor activator of nuclear factor κ-B ligand (RANKL) is needed 

to induce functional M cell development in culture (de Lau, et al., 2012). M cells sample the 

intestinal lumen and transport antigens to lymphoid cells underneath Peyer’s patches to 

generate mucosal-mediated immunity (Mabbott, Donaldson, Ohno, Williams, & Mahajan, 

2013) and (Bennett, et al., 2016). Unlike enterocytes, they do not possess an apical microvilli 

brush border, which inversely correlates with their efficiency in luminal microparticle binding 

(Bennett, Walker, & Lo, 2014). 

 

 

 

 

 

 

 



 
 

 
37 

 

1.3.4 Essential Signals for Intestinal Epithelium Maintenance 

The intestinal epithelium receives and produces a multitude of signals to maintain tissue 

homeostasis, carry out its functions and respond to infection. Signals which are vital for the 

intestinal epithelium include Wnt, Notch, EGF, BMP/TGF-β, YAP/TAZ and Hh signalling 

pathways. Many of these signals have a gradient expression throughout the crypt, and the 

spatio-temporal activities of these signals are vital for the cellular fates of the intestinal 

epithelium. 

 

Wnt signals 

The Wnt pathway is highly conserved across species and is broadly implicated in embryonic 

development, adult tissue homeostasis as well as disease pathophysiology (van Amerongen 

& Nusse, 2009) and (Clevers & Nusse, 2012). Mammals possess genes for 19 Wnt ligands and 

10 Frizzled receptors, the latter being seven‐pass transmembrane receptors that mediate 

downstream Wnt signalling (Mah, Yan, & Kuo, 2016). As described earlier, Wnt is essential for 

ISC maintenance and identity. In the intestinal epithelium, canonical Wnt signalling occurs to 

activate transcription of Wnt target genes (Figure 11) and is amplified by R-spondin (Figure 

12). Wnt target genes include Lgr5 and Axin2, both known marker of intestinal CBCs (de Lau, 

Peng, Gros, & Clevers, 2014), Sox9 which  is required for the differentiation of Paneth cells 

(Mori-Akiyama, et al., 2007), and c-Myc which is required for the formation of intestinal crypts 

(Bettess, et al., 2005) and regulating crypt size and proliferation (Muncan, et al., 2006). Wnt 

ligands are produced by Paneth cells (Sato, et al., 2011) and mesenchymal cells (Degirmenci, 

Valenta, Dimitrieva, Hausmann, & Basler, 2018). Increased Wnt signalling leads to excessive 

growth of the intestinal epithelium. Conditional deletion of APC, a component of the β-

catenin destruction complex, leads to inappropriate stabilization of β-catenin (Rubinfeld, et 

al., 1996) and constitutive transcriptional activation due to constitutive complexes between 

β-catenin and TCF (Korinek, et al., 1997). In mice, conditional deletion of APC in ISCs caused 

the formation of large intestinal adenomas (Barker, et al., 2009). The loss of E3 ligases RNF43 

and ZNRF3 also induced adenomatous expansion of crypts in mice (Koo, et al., 2012) and have 

been observed in a variety of human cancers (Nusse & Clevers, 2017), presumably by allowing 

malignant cells to depend on lower levels of Wnt. Even so, these cells are still dependent on 

exogenous Wnt signals and are implied to be treatable with inhibitors of Wnt secretion or 

inhibitors of Frizzled/LRP receptors (Vermeulen, et al., 2010) and (Tammela, et al., 2017). 
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Figure 11 – Canonical Wnt Signalling. 

(Left) In the absence of Wnt ligands, ubiquitinated β-catenin is marked for degradation by the APC 

destruction complex. (Right) Wnt ligands bind to Frizzled and activate co-receptors LRP, causing 

receptor dimerization and inducing a conformational change, allowing Dishevelled (Dvl) to bind with 

the intracellular domain of Frizzled and recruiting Axin to bind with the intracellular tail of LRP. β-

catenin is de-ubiquitinated and de-phosphorylated, allowing it to accumulate and translocate to the 

nucleus where it displaces Groucho, binds to TCF, and activates Wnt target genes. Adapted from 

(Nusse & Clevers, 2017). 

 

 

 

 

 

 

 

 

 

Figure 12 – R-spondin Amplifies Wnt Signalling. 

(Left) In the absence of R-spondin, Frizzled (FZD) is ubiquitylated by E3 ligases RNF43 and/or ZNRF3, 

causing rapid endocytosis and lysosomal destruction. (Right) R-spondin binds to receptors of the LGR 

family, which sequesters RNF43 and/or ZNRF3 thus stabilizing FZD expression and sustaining Wnt 

signals. Adapted from (Gehart & Clevers, 2018). 
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Notch Signals 

In the intestines, Notch signalling maintains crypt biology as it is essential for regulating cell 

fate. The canonical Notch signalling pathway requires membrane contact between two cells; 

one expressing Notch ligands and the other Notch receptors (Figure 13). This direct 

interaction results in opposite fate determinations known as lateral inhibition (Sancho, 

Cremona, & Behrens, 2015). Notch signalling in dependent on Wnt signals. Active Wnt 

signalling in the crypt bottom allows β-catenin to bind to Hes1 and stabilize Notch signals, 

promoting the initial absorptive or secretory cell differentiation decision by lateral inhibition 

(Kay, et al., 2017). However, the absence of nuclear β-catenin in cells higher up the crypt due 

to low Wnt causes oscillatory Notch activation and enables stochastic secondary fate 

decisions within a lineage, such as goblet cells versus enteroendocrine cells from secretory 

progenitors, and enterocyte from absorptive progenitors (Li, Kapoor, Giel-Moloney, Rindi, & 

Leiter, 2012). Inhibition of Notch signals promotes differentiation into goblet cells. In mice, 

Notch/γ-secretase causes intestinal proliferative cells and adenomas to differentiate into 

goblet cells (van Es, et al., 2010), and in another mouse study the loss of Math1 – the mouse 

homolog of human Atoh1 – caused loss of secretory cells (VanDussen & Samuelson, 2010). 

 

 

 

 

 

 

 

 

 

 

 

Figure 13 – Canonical Notch Signalling and Lateral Inhibition. 

(A) Notch signals are initiated by the cell-surface expression of Delta ligand by sending cells. These 

ligands bind to Notch receptors expressed on the cell-surface of an adjacent receiving cell, upon which 

the receptor undergoes proteolytic cleavages by the metalloproteinase ADAM10 and γ-secretase 

complex, releasing the Notch intracellular domain (NICD) into the cytoplasm. NICD translocates to the 

nucleus and assembles into a transcriptional activation complex with several cofactors such as RBPJk 

to relieve repression of Notch target genes. Target genes which NCID relieves repression of includes 

the Hes family of transcriptional repressors which inhibits the expression of Atoh1, a direct activator 

of Delta transcription, as well as a variety of differentiation/proliferation genes. By doing so, the 

receiving cell becomes Notch-high and is prevented from producing and presenting Notch ligands to 
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the sending cell, which becomes Notch-low. This is known as lateral inhibition. This feedback loop 

amplifies and drives initial differences in Notch activity in neighbouring cells – due to stochastic or 

genetic reasons – into opposite spectrums of Notch-level status, and hence into different 

development pathways. (B) Paneth cells and DCS cells are examples of sending cells low in Notch 

activity. They constantly provide Notch ligands to ISCs to keep them in Notch-high. In the transit-

amplifying (TA) compartment, the result of lateral inhibition drives Notch-high progenitors into 

absorptive lineages while driving their neighbouring Notch-low progenitors commit to secretory 

lineages. Adapted from (Sancho, Cremona, & Behrens, 2015). 

 

EGF Signals 

EGF is a core component of intestinal organoid culture medium (Sato, et al., 2011). Inhibiting 

EGF signals in intestinal organoids forces Lgr5+ stem cells into quiescence and stops organoid 

growth but is reversable when EGF signals are restored (Basak, et al., 2017). The receptor of 

EGF, EGFR/ErbB, is a receptor tyrosine kinase that is highly expressed in CBC cells (Gehart & 

Clevers, 2018). The ligands for this receptor are EGF and TGFα, which are produced by Paneth 

cells  (Sato, et al., 2011), mesenchymal cells (Platt, Roman, Wells, Lauffenburger, & Griffith, 

2011) and enteric glia cells (Van Landeghem, et al., 2011). The EGF signal transduction is highly 

complex (Figure 14) and when overactive, is a step towards neoplastic growth. This was 

observed in mice Lgr5+ stem cells with K-ras mutants, which caused increased activity of the 

EGF pathway, increased proliferation and gave those stem cells a selective advantage for 

dominance in their crypts (Snippert, Schepers, van Es, Simons, & Clevers, 2014). To prevent 

overactive EGF signalling, ISCs co-express ErbB receptors with their negative regulator, Lrig1. 

When Lrig1 was knocked out in mice, their intestines became enlarged due to crypt expansion 

(Wong, et al., 2012). The exact mechanism by which LRIG1 inhibits EGF signalling is not yet 

understood but is well characterised to regulate EGF signals by inhibiting ErbB in various stem 

and precursor cells (Wang, Poulin, & Coffey, 2013) and (Jeong, et al., 2020).  
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Figure 14 – EGF Signal Transduction. 

Activated EGFR/ErbB recruits various cytoplasmic proteins (e.g., PLC, GRB2) which transduce and 

regulate the EGFR function. EGF signals are involved in various gene expression, apoptosis, protein 

synthesis, and cytoskeletal regulation/rearrangement. Adapted from (SinoBiological, 2020). 

 

BMP Signals 

Bone morphogenetic proteins (BMPs) are members of the transforming growth factor-β (TGF-

β) superfamily of ligands. BMP signals regulate target gene expression through Smads and are 

regulated by co-receptors and inhibitors (Figure 15). In the intestines, BMP2 and BMP4 are 

the main ligands for BMP receptors, are secreted by mesenchymal cells surrounding crypts 

and villi, and are responsible for repressing stemness (Qi, et al., 2017). In that study, they 

showed BMP signalling led to Smad1/Smad4 heteromeric complexes recruiting histone 

deacetylase HDAC1 to repress transcription of stem cell genes such as Lgr5, which was absent 

in Smad4 knock-out mice. This was independent of Wnt/β-catenin signalling, as Wnt target 

genes were unaffected by BMP treatment. They concluded BMP signals played an 

indispensable role in restricting Lgr5+ stem cell expansion to maintain intestinal homeostasis 

and prevent premalignant hyperproliferation on damage. Another study showed that 

mutations in Bmpr1a, Smad4 and PTEN was responsible for various polyposis diseases (He, et 
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al., 2004). When the main receptor for BMPs in the intestinal epithelium, Bmpr1a, was 

conditionally deleted in the mouse, both stem cell and transit amplifying zones expanded and 

formed benign polyps. BMP signalling can be inhibited by Gremlin 1, Gremlin 2, Chordin-like 

1 or Noggin, which are mainly secreted by myofibroblasts and smooth muscle cells 

underneath the crypt (Kosinski, et al., 2007) and (Stzepourginski, et al., 2017). In both these 

studies, they described a gradient of increasing BMP activity from the bottom to the top of 

crypts. And when these BMP inhibitors are present outside the stem cell zone, it resulted in 

the formation of numerous ectopic crypt units (Haramis, et al., 2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15 – BMP Signalling Pathway. 

Binding of BMPs to their type II receptors leads to subsequent activation and phosphorylation of type 

I BMP receptors, which induces heteromeric complex formation between them. This activity is 

regulated by extracellular regulators type III receptors/co-receptors which promote BMP signals, and 

Noggin/Chordin/CAN family which inhibit BMP signals. After being activated by type II receptors, the 

type I receptor phosphorylates mothers against decapentaplegic homologue 1 (Smad1) or Smad5 or 

Smad8 (R-Smads). R-Smads form heteromeric complexes with Smad4 and translocate to the nucleus, 

where they interact with other transcription factors to regulate target gene expression. I-Smads 

(Smad6/7) inhibit receptor activation of R-Smads. BMP signalling can also activate non-Smad 

pathways. Activated MAPKs can regulate R-Smad activation by direct phosphorylation. Or, activated 

MAPKs can translocate to the nucleus to phosphorylate a number of transcription factors (TF), such 
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as serum response factor (SRF), ternary complex factor (TCF) family members, activator protein 1 

(AP1) complexes and activating transcription factor 2 (ATF2), thereby changing target gene 

transcription. Adapted from (Cai, Pardali, Sánchez-Duffhues, & ten Dijke, 2012).  

 

Hippo signalling 

Hippo signalling is best known for controlling tissue size during embryogenesis and early 

development (Wu & Guan, 2021). However, in recent years it has been receiving increased 

attention due to its role in regenerating adult epithelial tissues and its influence in 

tumorigenesis (Gehart & Clevers, 2018). Hippo signals integrate numerous different inputs 

including mechanotransduction, GPCR signalling, metabolite sensing and receptor tyrosine 

kinase activation (Meng, Moroishi, & Guan, 2016), converging to the phosphorylation of YAP 

and TAZ, which are transcriptionally active when unphosphorylated (Figure 16). YAP 

expression is elevated during tissue injury (Cai, et al., 2010) and hyperactivation of YAP results 

in widespread early-onset polyposis. Another study found YAP to restrict Wnt signals during 

tissue regeneration (Barry, et al., 2013). Transgenic expression of YAP restricted Dishevelled, 

causing reduced Wnt target gene expression and resulting in the rapid loss of intestinal crypts. 

And, loss of YAP resulted in Wnt hypersensitivity during regeneration, leading to hyperplasia, 

expansion of ISCs and niche cells, and the formation of ectopic crypts and microadenomas. A 

later study also observed YAP to transiently inhibit Wnt signals and excessive Paneth cell 

differentiation during tissue injury, and also activate EGF signals to promote tissue 

regeneration (Gregorieff, Liu, Inanlou, Khomchuk, & Wrana, 2015). They further showed YAP 

inactivation abolished adenomas in Apcmin mice models of colon cancer, and that the 

expansion of APC-knockout organoids requires YAP-driven EGF signals. It was subsequently 

shown that continuous activation of YAP and TAZ by deletion of MST1, MST2 or Salvador (a 

scaffold protein necessary for LATS phosphorylation) caused increased crypt proliferation and 

tumorigenicity (Zhou, et al., 2011). In summary, Hippo signals are responsible for maintaining 

WNT signals within the optimal range for regeneration, to prevent signal overshoot which 

leads to detrimental tumour formation. 
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Figure 16 – Core Hippo Pathway in Mammals. 

(Left) When the Hippo pathway is inactive, YAP and TAZ are unphosphorylated and localized in the 

nucleus to compete with VGLL4 for TEAD binding, thus activating gene transcription. (Right) The Hippo 

pathway can be activated by TAO kinases, which phosphorylate MST1/2 at its activation loop. MST1/2 

in turn phosphorylate LATS1/2, facilitated by scaffold proteins SAV1, MOB1A/B, and NF2. MAP4K4/6/7 

and MAP4K1/2/3/5 also phosphorylate and activate LATS1/2. Phosphorylation of LATS1/2 by 

MAP4K4/6/7 requires NF2. Activated LATS1/2 phosphorylates YAP and TAZ, leading cytoplasmic 

retention of YAP and TAZ by 14-3-3, or SCF-mediated YAP and TAZ degradation. The absence of nuclear 

YAP and TAZ allowed VGLL4 to bind with TEAD and repress gene transcription. Adapted from (Meng, 

Moroishi, & Guan, 2016). 

 

Interleukin Signals 

Interleukins are soluble cytokines protein mediators that are critical for intercellular 

communication and support intestinal mucosal homeostasis, but can also drive intestinal 

inflammation and inflammation-associated damage (Andrews, McLean, & Durum, 2018). For 

example, genetic deletion of IL-10 or IL-2 caused spontaneous colitis in mice, while IL-6 (also 

known as TNF), IL-18, IL-1β, and IL-17 are overexpressed in the inflamed intestine and are 

implicated to contribute to intestinal damage (Neurath, 2014). ILs may be derived from 

resident innate or adaptive immune cells, infiltrating inflammatory cells, or from intestinal 

epithelial cells. These interleukins have been shown to induce or restrict epithelial 

proliferation and cell death, support epithelial regeneration, increase ISC survival chances 

from irradiation, heal epithelial erosions and ulcerations or exacerbate them, affect 

progenitor cell lineage choice in response to parasitic infection, alter intestinal epithelial 

permeability via tight junctions, and recruit immune cells to sites of inflammation (Gehart & 

Clevers, 2018) and (Andrews, McLean, & Durum, 2018). However, due to failed clinical trials 

and conflicting literature evidence, there is the sentiment that “traditional labels of pro- and 

anti-inflammatory are too simplistic and perhaps even deceiving when used to describe 

cytokine actions in the intestine” (Andrews, McLean, & Durum, 2018).  

 

Hedgehog Signals 

Hedgehog signals are essential for the growth of the mesenchyme during development (Mao, 

Kim, Rajurkar, Shivdasani, & McMahon, 2010). As described earlier, mesenchymal provide 

essential support for crypt biology. The intestinal epithelium secretes the ligands Sonic 

Hedgehog (Shh) and Indian Hedgehog (Ihh) (Kolterud, et al., 2009) to activate target genes 

Pathed and Gli1 in the mesenchyme. Activated Hedgehog signals is an anti-inflammatory for 

the intestinal lamina propria (Zacharias, et al., 2010) and causes depletion of the colonic 

epithelial precursor cell compartment (van Dop, et al., 2009). One study showed intestinal 

epithelial Ihh signals to the mesenchymal compartment to regulate formation and 

proliferation of mesenchymal cells, which in turn regulated BMP signals, increased matrix 

metalloproteinase levels and disrupted extracellular matrix proteins, overall fostering a 

proliferative environment for ISCs and progenitor cells (Kosinski, et al., 2010). Diminished 
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stromal hedgehog signals was shown to enhance the development of CRC (Gerling, et al., 

2016). Activation of stroma-specific Hedgehog signals reduced the expression of BMP 

inhibitors Noggin and Gremlin1, reduced the expression of stem cell genes Lgr5, and resulted 

in reduced tumour load as well as blocking progression of advanced neoplasms. 

 

Nutrition 

Rapid turnover in the intestinal epithelium is necessary, but energy intensive. Hence, it would 

be evolutionary beneficial for the existence of mechanisms to reduce proliferation rates 

during periods of low-calorie intake. Case in point, a study in long-term fasting rats described 

a 50% reduction in intestinal epithelial mass which was restored after 3 days of re-feeding 

(Dunel-Erb, et al., 2001). This was shown to be caused by increasing the numbers of stem cells 

and reducing proliferation of transit-amplifying cells. In one study, acute nutrient depravation 

increased the prevalence of slow-cycling Lgr5+ stem cells (Richmond, et al., 2015). Other 

studies showed calorie restriction increasing the numbers of Paneth cells and Lgr5+ stem cells 

(Tinkum, et al., 2015), at the same time reducing proliferation in the transit-amplifying region 

(Yilmaz, et al., 2012). In these papers, mTORC1 and PTEN were shown to be important. On 

the flipside, nutrient overabundance decreases Paneth cells numbers and increased CBC cells 

(Beyaz, et al., 2016). This observation appears contradictory since CBC cells require Notch 

signals from Paneth cells to maintain stemness, however the paper elucidated CBC cells 

became independent from Paneth cells by expressing their own JAG1 and JAG2 Notch ligands. 

In addition, they showed CBC cells were more sensitive to Wnt and were able to maintain 

stemness higher up the crypt. They found increased peroxisome proliferator-activated 

receptor delta (PPARδ) signalling to be responsible for both effects. They finally transplanted 

transit-amplifying cells of APC-null mice that had been treated with PPARδ into the colonic 

lamina propria of recipient mice and noted they had increased abilities of forming adenomas 

compared to vehicle-treated counterparts. Hence supporting the association between high 

fat diet and colorectal cancer likelihood, which had been observed since the early 90s 

(Vecchia, 1992). 
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1.4 Intracellular Calcium Signals 
Calcium ions (Ca2+) are used as second messengers to communicate and drive a vast number 

of intracellular processes through a complex network of signalling pathways. The intracellular 

Ca2+ concentration ([Ca2+]) is typically much lower than the extracellular [Ca2+], which is 

maintained by buffers, as well as an assortment of channels, pumps, and transporters (Figure 

17). The effects of Ca2+ signals are mediated either by direct binding to a target protein or 

stimulation of Ca2+ sensors (Berridge, 2004). Target proteins which Ca2+ binds to include Ca2+ 

channels on organelles, enzymes in the cytoplasm, and proteins which associate with other 

proteins. The spatio-temporal organization of Ca2+ signals allows the activation of different 

downstream effectors depending on the nature of the signal and their localisation (Berridge, 

2004) and (Newton, Bootman, & Scott, 2016). In the intestinal epithelium, Ca2+ signals are a 

central regulator of ISC activity by dynamically adjusting proliferation and differentiation in 

response to stress and metabolic cues (Deng, Gerencser and Jasper 2016). Ca2+ signals are 

also indispensable for packing and releasing MUC2 (Ambort, et al., 2012), and modulating ion 

and fluid secretion (Yang, et al. 2018). Finally, Ca2+ signals play a critical role in inflammation 

(Murakami, et al. 2012), contributes to the pathogenesis of experimental colitis (Cunningham, 

et al. 2019), and has a complex role in the development and progression of colorectal cancer 

(Wang, et al. 2019). 
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Figure 17 – Cellular and Lysosomal Ca2+ Channels, Pumps, Exchangers and Sensors. 

A. Ca2+ influx is mediated by plasma membrane channels and receptors such as TRP, VGCC, P2X, and 

Piezo. Store operated Ca2+ entry is mediated by STIM1 sensor and ORAI1 channels. Distribution of Ca2+ 

across cell compartments is regulated by Ca2+ pumps including the PMCA, SERCA, and SPCA. 

Endoplasmic reticulum Ca2+ channels include RYR and IP3R; the latter activated by IP3 produced by 

GPCR via Gaq and PLCβ proteins. TPC regulate Ca2+ release from the endolysosomes. Mitochondrial 

Ca2+ levels are controlled by MCU and NCLX. Adapted from (Maklad, Sharma, & Azimi, 2019). B. H+ 

transport and Ca2+ entry and release pathways in the lysosome. TRPMLs: Transient Receptor Potential 

Mucolipins. TRPM2: Transient Receptor Potential Melastatin 2. TRPA1: Transient Receptor Potential 

ankyrin 1. P2X4: Purinergic P2X receptor subtype 4. TPC1/2: Two pore channel 1/2. VGCC: voltage-

gated Ca2+ channel. BK: big conductance Ca2+-activated K+ channel. TMEM175: endolysosomal K+ 

channel. ClC: ClC family of chloride channels (Cl-/H+ exchangers). V-ATPase: vacuolar H+-ATPase.  CAX: 

Ca2+-H+ exchanger. Adapted from (Zhong, et al. 2017) 
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1.4.1 Components Affecting Intracellular Ca2+ Concentrations 

Under resting conditions, the intracellular free [Ca2+] is approximately 100 nM, 104 times 

lower than the 1 mM extracellular [Ca2+] (Bagur & Hajnóczky, 2018). Inside the cell, the [Ca2+] 

within the nuclear and mitochondrial matrixes are similar to the cytoplasm. However, other 

intracellular organelles accumulate Ca2+ at high concentrations; up to 500 µM in the 

endoplasmic reticulum (Vandecaetsbeek, Vangheluwe, Raeymaekers, Wuytack, & 

Vanoevelen, 2011), 1-2 mM in the Golgi apparatus (Van Baelen, et al., 2004), 500 µM in 

lysosomes (Christensen, Myers, & Swanson, 2002), and up to 2.5 µM in endosomes (Albrecht, 

Zhao, Nguyen, Campbell, & Johnson, 2015). The cell regulates organellar and cytoplasmic Ca2+ 

levels using various channels, pumps, and cytoplasmic and organellar buffers. 

 

Plasma Membrane Ca2+ Efflux: PMCAs and NCX 

Plasma membrane Ca2+ ATPase (PMCAs) help re-set and maintain cytoplasmic free Ca2+ levels 

in eukaryotic cells by expulsing Ca2+ through the hydrolysis of ATP (Strehler, et al., 2007), and 

also participate in dynamic and localized Ca2+ signalling in health and disease (Brini & Carafoli, 

2009). Mammals express four different PMCA isoforms (PMCA1-4), but due to alternative 

splicing affecting two major sites located in the first intracellular loop (A site) and the C-

terminal tail (C site) of the pump, the total number of PMCA variants is much larger (Strehler 

& Zacharias, 2001). PMCA1 and PMCA4 are expressed in colon epithelial cells (Aung, Roberts-

Thomson, & Monteith, 2007), and in colon cancer cells PMCA1 expression is increased while 

PMCA4 is downregulated (Pérez-Riesgo, et al., 2017). PMCAs have high affinities for Ca2+ but 

low transport capacity – one Ca2+ per ATP hydrolysed (Albers & Siegel, 1999), meaning these 

pumps are unlikely to carry out bulk movements of Ca2+ but are most effective in maintaining 

very low concentrations of cytosolic Ca2+ in resting cells.  

 

The sodium-calcium exchanger (Na+/Ca2+ exchanger, or NCX) is an antiporter plasma 

membrane protein. NCX can exchange Na+ and Ca2+ in either direction depending on the 

transmembrane electrochemical gradients and membrane potential (Khananshvili, 2014). 

Under physiological conditions, it uses the electrochemical gradient of Na+ to flow down its 

gradient across the plasma membrane in exchange for the transport of Ca2+ against its 

electrochemical gradient; one Ca2+ is exported for every three Na+ imported. However, 

reverse transport occurs under special conditions (such as cancer or inflammation), whereby 

three Na+ are exported for one Ca2+ imported (Khananshvili, 2013). Three NCX genes (NCX1-

3) and a number of alternative splicing products exist in mammals (Philipson & Nicoll, 2000). 

NCX1 and NCX2 are expressed in human colonic cells, and in colonic cancer cells NCX2 is 

dramatically enhanced (Pérez-Riesgo, et al., 2017). 
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Plasma Membrane Ca2+ Influx: TRP Channels, Piezo, P2X Receptors, VGCCs 

Transient receptor potential (TRP) channels are responsible for the influx of extracellular Ca2+ 

across the plasma membrane into the cytoplasm. TRP a class of cationic channels that act as 

signal transducers by altering membrane potential or intracellular [Ca2+] (Samanta, Hughes, 

& Moiseenkova-Bell, 2018). The mammalian TRP superfamily of ion channels consists of 28 

cation permeable channels that are grouped into six subfamilies based on sequence 

homology: TRPC (Canonical), TRPV (Vanilloid), TRPM (Melastatin), TRPA (Ankyrin), TRPML 

(Mucolipin), and TRPP (Polycystic). Only TRPC1 is expressed in human colonic epithelial cells 

and is slightly higher in colonic tumour cells, but not significantly (Pérez-Riesgo, et al., 2017).  

 

Piezo1 and Piezo2 are nonselective cationic ion channels which are activated by mechanical 

forces. Through mouse studies, they are known to be expressed in a diverse range of tissues 

(e.g., lymphatic, neurons, embryonic, epithelial) and are involved in a variety of physiological 

functions (Moroni, Servin-Vences, Fleischer, Sánchez-Carranza, & Lewin, 2018). In the GI tract, 

Piezo channels are expressed in the stomach, small bowel, and colon (Alcaino, Farrugia, & 

Beyder, 2017). Piezo2 has been shown to be expressed on a subset of mouse and human 

enterochromaffin cells which are mechanosensitive (Alcaino, et al., 2018). In response to 

mechanical stimulation, those enterochromaffin cells experienced a rapid inward ionic 

current caused by of Piezo2-dependent Ca2+ influx, leading to serotonin release to regulate 

intestinal fluid secretion. Another study showed Piezo1 having an inflammatory role in mice 

pancreatic acinar cells (Romac, Shahid, Swain, Vigna, & Liddle, 2018). Pharmacological 

activation of Piezo1 using Yoda1 stimulated Ca2+ influx and induced Ca2+-dependent 

pancreatic injury, which was blocked using GsMTx4. 

 

P2X are ion channel–forming receptors for ATP which form Ca2+-permeable nonselective 

cation channels that allow Ca2+ influx. Seven subtypes of P2X receptors have been identified 

in mammals (P2X1-7), which form either homomeric or heteromeric channels (Li, Silberberg, 

& Swartz, 2013). All P2X receptors have been shown to be expressed in human epithelial cell 

lines (Coutinho-Silva, et al., 2005) and (Taylor, et al., 1999), the latter suggesting P2X receptor 

stimulation caused Cl- secretion across epithelial barriers. Outside the intestinal epithelium, 

P2X receptors are expressed in neurons within the enteric, myenteric and submucous plexus 

(Burnstock, 2011), and are heavily implicated in GI health and disease (Burnstock 2014). 

 

Voltage-gated Ca2+ channels (VGCCs) are a group of Ca2+-permeable voltage-gated ion 

channels, which include L- type and N-type Ca2+ channels. They initiate contraction in muscle 

cells, hormone secretion in endocrine cells, synaptic transmission in neurons, and regulate 

enzyme activity, gene expression, and other biochemical processes (Catterall, 2011). Certain 

VGCCs are expressed in colon smooth muscle cells and are implicated to cause pain during 

IBS (Choudhury, Shi, & Sarna, 2009), and whose mRNA and protein levels were elevated in 

colon cancer (Wang, et al. 2000). 
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Endoplasmic Reticular Ca2+ Influx: SERCA Pump and STIM-Orai Channels 

The sarcoendoplasmic reticulum Ca2+-ATPase (SERCA) pump maintains cytosolic [Ca2+] at low 

levels by translocating two Ca2+ for every ATP hydrolysed into the endo/sarcoplasmic 

reticulum. Vertebrates possess three SERCA genes (ATP2A1-3) which generate multiple 

SERCA isoforms (Brini & Carafoli, 2009). All three SERCAs are expressed in the colonic 

epithelium; in tumour cells, SERCA3 expression is unchanged, SERCA1 is significantly 

decreased while SERCA2 is significantly increased (Pérez-Riesgo, et al., 2017). 

 

The stromal interaction molecule (STIM) and Orai proteins are components of the Ca2+ 

release-activated Ca2+ (CRAC) signalling cascade (Derler, Jardin, & Romanin, 2016). STIM and 

Orai are exemplar proteins for store-operated Ca2+ entry (SOCE), the process by which the 

emptying of endoplasmic reticular Ca2+ stores cause influx of Ca2+ across the plasma 

membrane.  The STIM protein family includes two members, STIM1-2 (Soboloff, Rothberg, 

Madesh, & Gill, 2012), both of which are expressed on the endoplasmic reticulum. They are 

responsible for detecting decreasing [Ca2+] in the organelle (Liou, et al., 2005). Orai channels 

(historically known as CRAC channels) are 1,000 times more selective for Ca2+ than Na+ (Hoth 

& Penner, 1993). The Orai protein family has three family members, Orai1-3 (Feske, et al., 

2006). They form hexameric complexes in the plasma membrane with a ion-conducting pore 

in the centre that is highly selective for Ca2+ and whose purpose is to refill the endoplasmic 

reticulum (Hou, Pedi, Diver, & Long, 2012). STIM1-2 and Orai1-3 are expressed in colonic 

epithelial cells, however STIM1 and Orai2 were significantly higher in colonic tumour cells 

(Pérez-Riesgo, et al., 2017). STIM1 activates Orai in response to large drops in luminal [Ca2+] 

(Zhang, et al., 2005). STIM’s Ca2+-sensing domain is formed by the EF-hand and sterile-α-motif 

(SAM) domain, both located towards the NH2 terminus which faces the lumen of the 

endoplasmic reticulum (Stathopulos, Zheng, Li, Plevin, & Ikura, 2008). In the resting state 

whereby endoplasmic reticular [Ca2+] is high, the EF-SAM domain is stable and compact, and 

STIM1 is homogenously distributed throughout the endoplasmic reticulum in structures 

organized by microtubules (Smyth, DeHaven, Bird, & Putney, Jr., 2008). Upon store depletion, 

the EF-hand alters its communication with the SAM domain and unfolds, exposing 

hydrophobic surfaces that allows aggregation of STIM proteins into dimers and oligomers 

(Zheng, et al., 2011). The signal is transmitted to the cytosolic portion and transforms STIM1 

into its active conformation, leading to accumulation of STIM1 in punctae localized at the 

endoplasmic reticulum-plasma membrane junctions to interact with Orai1. While STIM1 is 

inactive in the cell resting state, STIM2 is partially active at smaller changes in luminal [Ca2+] 

(Brandman, Liou, Park, & Meyer, 2007). Their behavioural differences are reflected in the 

properties and structural stability of their EF-SAM domain (Derler, Jardin, & Romanin, 2016). 

The EF-hand of STIM1 has a higher Ca2+ affinity, meaning it is affected by larger drops in [Ca2+]; 

the hydrophobic and electrostatic interactions of EF-hands and SAM is more stable in STIM2, 

resulting in slower Orai interactions. 
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Endoplasmic Reticular Ca2+ Efflux: IP3 Receptors, RYR Receptors 

Inositol 1,4,5-trisphosphate receptors (IP3Rs) release Ca2+ from intracellular stores upon 

binding with its ligand, IP3. IP3Rs are primarily expressed on the endoplasmic reticulum 

(Berridge M. J., 1993) and Golgi apparatus (Wong, et al., 2013), but are also expressed in the 

nuclear envelope and nucleoplasmic reticulum (Echevarría, Leite, Guerra, Zipfel, & 

Nathanson, 2003). Vertebrate genomes encode three IP3Rs (IP3R1-3), which assemble into 

homo- and heterotetrameric channels which are regulated by many processes and can 

interact with an assortment of accessory proteins (Prole & Taylor, 2019). They capable of 

releasing large quantities (over 105/s) of Ca2+ (Vais, Foskett, & Mak, 2010) and are suggested 

to be mobile within the endoplasmic reticular membranes (Thillaiappan, Chavda, Tovey, 

Prole, & Taylor, 2017). The activation of IP3Rs requires binding of IP3 to all four subunits and 

binding of two Ca2+ onto each IP3R, although its exact mechanism and functions still remain 

unclear (Prole & Taylor, 2019). Many signalling pathways are coupled to IP3-induced IP3R 

Ca2+-release, including: acetylcholine (Elsing, Hübner, Fitscher, Kassner, & Stremmel, 1997), 

ATP (Mori, Hosomi, Nishizaki, Kawahara, & Okada, 1997) and NADPH (Görlach, Bertram, 

Hudecova, & Krizanova, 2015). Interestingly, low concentrations of IP3 evoke openings of 

single IP3Rs leadings to Ca2+ “blips”, while larger concentrations of IP3 evoke openings of a 

few IP3Rs within a small cluster leading to Ca2+ “puffs” (Prole & Taylor, 2019). Puffs are 

thought to arise when Ca2+ released by one IP3R ignite the activity of its IP3-bound neighbours 

through calcium-induced calcium-release (CICR), which induces “puffs” in other sites and 

generate Ca2+ waves that spreads across the cell; a phenomenon first described in 

hepatocytes (Rooney, Sass, & Thomas, 1990) and later in Xenopus oocytes (Marchant, 

Callamaras, & Parker, 1999). IP3R1 and IP3R2 were seen in both normal colorectal mucosa 

and colorectal cancer, while IP3R3 was only observed in colorectal cancer and was associated 

with decreased 5-year survival, suggesting a role for Ca2+ signalling via IP3R3 in colon cancer 

(Shibao, et al., 2010). This was supported by a recent transcriptomic analysis study using 

normal and cancerous human colonic cells; genes for IP3R1 and IP3R3 were upregulated in 

cancer cells while IP3R2 was downregulated, and IP3R3 was absent from normal cells but 

expressed in cancer cells (Pérez-Riesgo, et al., 2017). 

 

Ryanodine receptors (RYRs) are also responsible for releasing Ca2+ from the 

endo/sarcoplasmic reticulum. It is named after the alkaloid ryanodine, an active compound 

from the South American plant Ryania speciose which binds to RYRs in an open state to 

release Ca2+, but inhibits the receptor at concentrations >100 µM (Meissner, 1986). Three 

isoforms of RYRs (RYR1-3) have been identified in mammalian vertebrates which form 

homotetrameric assemblies (Van Petegem, 2012). RYR1 and RYR2 are expressed in human 

colonic epithelial cells, RYR2 being the most abundant isoform (Pérez-Riesgo, et al., 2017). 

The primary physiological ligand of RYRs is Ca2+. In such circumstances, RYRs acts as a signal 

amplifier through CICR (Fabiato, 1983) like IP3Rs described earlier. However, high cytoplasmic 

[Ca2+] can trigger closing of RYRs (Van Petegem, 2012) and RYRs can open spontaneously 

when the endoplasmic reticulum is overloaded with Ca2+ (Palade, Mitchell, & Fleischer, 1983), 

a process termed store overload-induced calcium release (SOICR) and is linked with sudden 
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death caused by ventricular tachycardia (Jiang, et al., 2004). Using RT-PCR, RYR2 and RYR3 

have been identified from the microsomes – fragment of endoplasmic reticulum and attached 

ribosomes obtained by the centrifugation – of a human colon carcinoma cell line (Verma, 

Carter, Keable, Bennett, & Thorn, 1996). Stimulating those cells with acetylcholine (100 µM) 

caused increased levels of IP3 and induced sinusoidal Ca2+ oscillations, the latter of which can 

be inhibited by caffeine (5-50 mM) and Ryanodine (10 µM). However, in the continuous 

presence of Ryanodine, Ca2+ oscillations continued even when acetylcholine was removed, 

which was blocked by removing extracellular Ca2+ using EGTA or by higher concentrations of 

Ryanodine (100 µM). Thus, the authors conclude RYR2 and RYR2 to play a central role in Ca2+ 

oscillations in gut epithelial cells. 

 

Acidic Stores: V-ATPase 

The Vacuolar ATPase (V-ATPase) is a multi-subunit proton pump that is driven by ATP to pump 

protons into intracellular vesicles and extracellular milieu, thus acidifying them (Pamarthy, 

Kulshrestha, Katara, & Beaman, 2018). V-ATPase is a rotary nanomotor made up of fourteen 

subunits that can be categorized in two domains: the peripheral V1 domain (subunits A, B, C, 

D, E, F, G and H) responsible for ATP hydrolysis and the integral membrane Vo domain 

(subunits a, c, c’, c”, d, and e) responsible for proton translocation (Wilkens, Zhang, & Zheng, 

2005). Each subunit exists in different isoforms, hence V-ATPases are referred to as nature’s 

most versatile proton pumps (Nishi & Forgac, 2002). V-ATPase are present on the membranes 

of endolysosomes, Golgi, and other specialized vesicles, as well as certain luminal 

compartments (Pamarthy, Kulshrestha, Katara, & Beaman, 2018). In each, V-ATPases are 

responsible for controlling their intracellular and extracellular pH to maintain a large number 

of biological functions (Forgac, 2007). In various cancers, plasma membrane V-ATPase 

expression has been shown to be increased in the leading edge of proliferating cancer cells to 

acidify the extracellular space (Cotter, Stransky, McGuire, & Forgac, 2015). The authors of a 

paper which observed that in breast cancer reasoned cancer cells expressed V-ATPase on the 

plasma membrane to create a hypoxic microenvironment with an acidic extracellular pH, 

since quantitative expression of V-ATPase correlated with invasiveness and metastatic 

potential (Sennoune, et al., 2004). In colon cancer cells, downregulation of V-ATPase activity 

using TM9SF4 was shown to inhibit tumour cell invasiveness and increased the cytotoxic 

effect of chemotherapeutic agent 5‐FU (Lozupone, et al., 2015). Thus, while V-ATPases do not 

directly transport Ca2+, acidic stores such as endolysosomes rely on them to maintain their 

organellar [Ca2+]. 
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Acidic Store Ca2+ Influx: CAX and Beyond 

Up until recently, it was unknown how Ca2+ is taken up by acidic organelles such as endosomes 

and lysosomes. However in lysosomes, the H+ gradient was speculated to be essential for 

lysosomal Ca2+ store maintenance and refilling, as experimental dissipation of lysosomal 

acidity led to lysosomal Ca2+ release and is reversible by restoring the acidic luminal pH 

(Christensen, Myers, & Swanson, 2002). And then, Patel and colleagues published a paper 

identifying the Ca2+/H+ exchanger (CAX) family in non-placental mammals (Melchionda, 

Pittman, Mayor, & Patel, 2016). They identified widespread expression of CAX RNA in many 

nonplacental animal species, confirmed CAX localized to acidic organelles, showed CAX 

regulated cytosolic Ca2+ signalling, and demonstrated CAX enable acidic organelles to play 

important roles in Ca2+ signalling. Unfortunately, CAX homologues have not been identified in 

placental animals. One suggestion is that pH gradients may drive Ca2+ uptake through Na+/H+ 

exchangers and Na+/Ca2+ exchangers, however Na+/H+ exchangers have so far been observed 

in endosomes but not lysosomes (Morgan, Platt, Lloyd-Evans, & Galione, 2011). An alternative 

suggestion is that the endoplasmic reticulum, and not the pH gradient, drives Ca2+ refilling of 

lysosomes (Garrity, et al., 2016). In that paper, they used Bafilomycin-A (5 µM) to 

Concanamycin-A (1 µM) to inhibit V-ATPase and found it did not inhibit Ca2+ refilling of 

lysosomal stores depleted using ML-SA1. However, depleting or chelating endoplasmic 

reticular Ca2+ did, and so did inhibiting IP3Rs using Xestospongin-C (10 µM). A review 

supported that suggestion by highlighting studies which showed membrane contact sites 

(MCSs) between the endoplasmic reticulum with mitochondria and lysosomes (Phillips & 

Voeltz, 2016). Notably, one study showed release of Ca2+ from acidic stores stimulated 

mobilisation of endoplasmic reticular Ca2+ (Kilpatrick, Eden, Schapira, Futter, & Patel, 2013), 

and another study showed the reverse (Morgan, et al., 2013); release of endoplasmic reticular 

Ca2+ using IP3 or cADPR caused Ca2+ release from acidic stores. The latter phenomenon was 

supported by a study showing endoplasmic reticular Ca2+-release increasing fluorescence of 

Oregon Green BAPTA, an endocytosed dextran-conjugated indicator capable of quantifying 

lysosomal Ca2+ levels by its change in fluorescence (López-Sanjurjo, Tovey, Prole, & Taylor, 

2013). In summary, the exact mechanisms for which acidic stores store Ca2+ remain elusive, 

however it is likely to involve crosstalk between the endoplasmic reticulum and may be 

regulated by changes in lysosomal [Ca2+]; similar to STIM-Orai interactions between the 

endoplasmic reticulum and the plasma membrane. 

 

Acidic Stores Ca2 Efflux: TPC Receptors 

Two-pore channels (TPCs) mediate Ca2+ release from acidic endolysosomal organelles. The 

animal TPC family contains three subtypes (TPC1-3) which homodimerize to form active 

channels. TPC1-3 have different distributions and properties. TPC1 is voltage-gated and found 

in a range of endolysosomal organelles (Ruas, et al., 2014). TPC2 is lipid gated and more 

commonly found in late endosomes and lysosomes (Kintzer & Stroud, 2018). TPC3 is also 

voltage-gated and found on endolysosomes as well as plasma membranes, but it is not 

present in primates (Ogunbayo, et al., 2015).  



 
 

 
54 

 

Despite extensive studies, much remain uncertain about TPCs. NAADP is the first ligand 

proven to mobilize Ca2+ from acidic organelles via TPC2 and possibly TPC1 to cause an increase 

in cytosolic [Ca2+] (Calcraft, et al., 2009). However, photoaffinity labelling experiments in sea 

urchin eggs, human cell lines and mouse models showed NAADP does not directly bind TPCs 

(Walseth, et al., 2012) and (Lin-Moshier, et al., 2012), suggesting an unidentified binding 

protein is required for TPC activation. While it is still unclear how NAADP causes Ca2+ release 

from TPCs, subsequent studies have identified a range of regulators for TPC2 such as 

PI(3,5)P2, Mg2+, JNK, P38, and m-TORC1 (Jha, Ahuja, Patel, Brailoiu, & Muallem, 2014) and 

(Ogunbayo, et al., 2018). The voltage-gated TPC1 has also been shown to be activated by 

NAADP, and it is regulated by luminal pH, cytosolic and luminal Ca2+ (Rybalchenko, et al., 

2012) and (Lagostena, Festa, Pusch, & Carpaneto, 2017). On the flipside, TPC1 and TPC2 have 

also be described to be selective for Na+ rather than Ca2+ and are activated by PI(3,5)P2 rather 

than NAADP (Wang, et al., 2012). Indeed, a latter study describe TPC1 and TPC2 as voltage-

gated Na+ channels which senses pH changes and confer electrical excitability to organelles 

(Cang, Bekele, & Ren, 2014). 

 

In spite of this, TPCs are known to influence cell processes in health and disease (Jin, et al., 

2020). For example, Ca2+ signalling mediated by TPCs are involved in acrosome reaction and 

embryo development, osteoclastogenesis is mediated by TPC2 through Mg2+-signalling, and 

NAADP induced Ca2+ signals through TPC2 modulates neural and skeletal muscle 

differentiation (Arndt, et al., 2014), (Ramos, Reich, & Wessel, 2014), (Notomi, et al., 2017), 

(Zhang, Lu, & Yue, 2013) and (Aley, et al., 2010). Pharmacological inhibition and knockdown 

of TPCs reduced virus trafficking and infection of Ebola virus (Sakurai, et al., 2016), suppressed 

the fusion of Middle East Respiratory Syndrome Coronavirus (MERS-CoV) with host cell 

membranes (Gunaratne, Yang, Li, Walseth, & Marchant, 2018), suppressed the efficiency of 

HIV replication in host cells (Khan, et al., 2020), and has been  speculated to block SARS-CoV2 

infectivity (Filippini, D'Amore, Palombi, & Carpaneto, 2020). TPCs have also been studied 

extensively in the context of development and differentiation (Webb, Kelu, & Miller, 2020), 

as well as tumorigenesis and metastasis (Alharbi & Parrington, 2019). In a study using human 

breast cancer cell lines, the expression of TPC1 transcripts is three to eight times higher than 

TPC2 transcripts (Brailoiu, et al., 2009). In another study using metastatic colorectal cancer 

cells, NAADP-mediated TPC1 lysosomal Ca2+ release triggered ERK and the PI3K/AKT signalling 

pathways to promote proliferation, which can be inhibited pharmacologically using Ned-19 

(Faris, et al., 2019). Similar to TPC1, amplification of TPC2 genes also correlated with cancer 

(Wilkerson & Reis-Filho, 2013), which was observed in oral squamous cell carcinoma cell lines 

(Huang, Godfrey, Gooding, McCarty, & Gollin, 2006). A recent study using mouse and human 

cancer cell lines found TPC2 overexpression to inhibit autophagy and vesicle trafficking but 

increase proliferation (Sun & Yue, 2018). NAADP-mediated Ca2+ signalling via TPC2 has also 

been shown to promote VEGF-induced angiogenesis in two studies (Favia, et al., 2014) and 

(Pafumi, et al., 2017), which was abolished by TPC antagonists Ned-19 and naringenin. Thus, 

NAADP-mediated Ca2+ release via TPC1 and TPC2 are very likely to be connected to 

tumorigenesis and may be a viable target for pharmacological intervention. 
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Acidic Store Ca2+ Efflux: TRPMLs, P2X4 receptors 

TRPMLs are mucolipin members of the TRP channels, of which there are members (TRPML1-

3), and are activated by PI(3,5)P2 (Santoni, Santoni, Maggi, Marinelli, & Morelli, 2020). 

Localized in late endosomes and lysosomes, TRPML1 mediate the release of Ca2+ and possibly 

heavy metal ions (Fe2+/Zn2+) into the cytoplasm to regulate membrane trafficking, signal 

transduction, and ionic homeostasis (Wang W. , Zhang, Gao, & Xu, 2014). TRPML2 and 

TRPML3 are expressed in early and late endosomes as well as lysosomes. TRPML2 modulates 

the inflammatory response through its role in chemokine secretion (Plesch, et al., 2018), while 

Ca2+ signals via TRPML3 has been suggested to be required for autophagy (Kim, Soyombo, 

Tjon-Kon-Sang, So, & Muallem, 2009). TRPML1 and TRPML2 have been shown to be expressed 

in healthy and cancerous human colon cells, while TRPML3 is totally absent (Pérez-Riesgo, et 

al., 2017). A number of studies found TRPML1 to be pro-tumoral. Increased TRPML1 

expression has also been positively correlated in human cancers with HRAS mutations, and 

inversely correlated with patient prognosis (Jung, et al., 2019). In patients with pancreatic 

ductal adenocarcinoma (PDAC), high TRPML1 was associated with worse survival chances, 

and knockdown of TRPML1 blocked PDAC cell proliferation in vitro and reduced the formation 

and growth of tumours in in vivo mouse models (Hu, et al., 2019). TRPML1 is upregulated in 

triple-negative breast cancer (TNBC), which when genetically downregulated and 

pharmacologically inhibited, suppressed the growth of TNBC (Xu, et al., 2019). On the other 

hand, a study using human non-small-cell lung carcinoma (NSCLC) found the gene for TRPML1 

(MCOLN1) to be significantly decreased in stage I-II TNBC compared to normal lung tissues, 

but increased in stage III-IV. Finally, a transcriptomic analysis found TRLMP1 and TRPML2 to 

be decreased in colon cancer cells compared to healthy colon cells (Pérez-Riesgo, et al., 2017). 

Taken together, these studies suggest TRPMLs may confer a survival advantage in certain 

advanced tumours, or TRPMLs may be deleted to increase oxidative stress and genetic 

instability and thus support tumorigenesis. 

 

P2X4 is unique within the P2X family due to it being located predominantly within 

endolysosomes, and is activated by intra-lysosomal ATP at pH 7.4 to cause Ca2+ influx  

(Suurväli, Boudinot, Kanellopoulos, & Boudinot, 2017). Very few studies have investigated the 

role of endolysosomal P2X4 in epithelial cells. Those that do involve lysosome-related 

organelles in alveolar epithelial cells, where P2X4 has been described to play a critical role in 

the secretion and activation of pulmonary surfactant (Murrell-Lagnado, 2018). 
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Golgi Ca2+ influx: SPCA 

In addition to SERCA pumps, the secretory pathway ATPase (SPCA) pump is responsible for 

loading the Golgi complex with Ca2+ and Mn2+ (Vandecaetsbeek, Vangheluwe, Raeymaekers, 

Wuytack, & Vanoevelen, 2011). Two SPCA (SPCA1 and SPCA2) proteins exist. SPCA1 is the 

housekeeping Ca2+ and Mn2+ pump of the secretory pathway expressed in the Golgi 

apparatus. High [Ca2+] within the Golgi is indispensable for proper protein transcription, 

translation, translocation, folding, and processing; Mn2+ is a necessary cofactor for several 

enzymes within the Golgi. SPCA2 mRNA expression is more restricted – abundant throughout 

the gastrointestinal tract, in trachea, thyroid, salivary gland, mammary gland and in prostate 

(Vanoevelen, et al., 2005). The majority of cells which express SPCA2 are notable for being 

secretory. For example, in human goblet cells, SPCA2 colocalize with SPCA1 near the apical 

pole of the nucleus, suggesting an important role for SPCA2 in protein secretion. 

 

Mitochondria Ca2+ Influx: MCU and Others 

The mitochondrial Ca2+ uniporter (MCU) complex is one of several proteins responsible for 

Ca2+ influx into the mitochondria. It exists on the inner mitochondrial membrane as a multi-

protein complex consisting of transmembrane subunits (MCU, MCUb and EMRE) and 

membrane-associated regulatory subunits (MICU1-3), which are capable of changing MCU 

activity (Mishra, et al., 2017). The MCU complex has a low Ca2+ affinity, relies on the inner 

mitochondrial membrane’s membrane potential to drive Ca2+ uptake, and is in close contact 

with the endoplasmic reticulum to ensure a prompt accumulation of Ca2+ into the 

mitochondria when Ca2+ is effluxed from the latter (Marchi & Pinton, 2014). In colon tumour 

cells, MCU and its positive modulator MICU1 is overexpressed while negative modulator 

MICU2 is under expressed (Pérez-Riesgo, et al., 2017), and upregulation of MCU was 

associated with poor prognosis in patients with CRC (Liu, et al., 2020). Liu and colleagues also 

showed that upregulation of MCU enhanced mitochondrial Ca2+ uptake to promote 

mitochondrial biogenesis, which in turn facilitated CRC cell growth in vitro and in vivo. Besides 

MCU, other mitochondrial Ca2+ channel/transporters include voltage dependent anion 

channel (VDAC), mitochondrial ryanodine receptor 1 (mRyR1), rapid mode of uptake (RaM), 

mCa1 & 2, Coenzyme Q 10 (CoQ10), the transient receptor potential channel 3 (TRPC3), and 

the Leucine zipper-EF-hand containing transmembrane protein 1 (LETM1) (Mishra, et al., 

2017). The Na+/Ca2+ exchanger, which also mediates Li+/Ca2+ exchange hence its abbreviation 

(NCLX), is responsible for the efflux of Ca2+ in exchange for Na+. 

 

Ca2+ Buffers 

Besides the channels, transporters and pumps mentioned earlier, cytoplasmic Ca2+ signals are 

also shaped by a range of cytoplasmic buffers (Schwaller, Cytosolic Ca2+ Buffers, 2010). Ca2+ 

buffers also exist within the endoplasmic and sarcoplasmic reticulum, Golgi, and 

mitochondria (Prins & Michalak, 2011). 
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1.4.2 Intracellular Ca2+ Signalling Proteins 

Ca2+ is a versatile and fast intracellular messenger which controls a wide range of cellular 

functions through regulation of a wide range of target proteins. Various stimuli can cause an 

increase in cytoplasmic [Ca2+], due to influx of Ca2+ from the plasma membrane or efflux of 

Ca2+ from organellar stores. As described earlier, Ca2+ can bind to other Ca2+ channels such as 

IP3Rs or RYRs. Besides that, Ca2+ can bind to Ca2+-sensitive proteins such as Calmodulin, which 

reacts with Calmodulin kinases and Calcineurin to activate downstream responses. 

 

Calmodulin (CaM) is a Ca2+ sensing protein widely expressed in all eukaryotic cells. CaM is a 

versatile Ca2+ sensor – capable of responding to micro to picomolar [Ca2+] and is known to 

interact with a diverse array of target proteins such as CaM kinases and ion channels. It 

mediates a variety of cellular signalling processes including regulation of enzymatic activities, 

modulation of ion channel activities, synaptic transmission and plasticity, and regulation of 

gene expression (Zhang, et al., 2013). CaM has four EF-hands, two on the N-terminus and two 

on the C-terminus, which serve as high affinity Ca2+ binding motifs (Meador, Means, & 

Quiocho, 1992). Upon binding Ca2+, CaM changes its conformation from the closed 

configuration to the open one, exposing hydrophobic surfaces within the N- and C-terminus 

for Ca2+-dependent interactions with target proteins. 

 

CaM kinases (CaMK) is a target protein of CaM. CaMK can be divided based on their substrate 

specificity: restricted or multifunctional (Skelding & Rostas, 2012) and (Skelding & Rostas, 

2019). Restricted CaMK have three families: phosphorylase kinase (PhK), elongation factor 2 

kinase (eEF2K), and myosin light chain kinase (MLCK). Multifunctional CaMK have four 

families: CaMKI, CaMKIV, CaMKK, and CaMKII. Though all of them are activated by Ca2+-bound 

CaM, each CaMK has distinct activation mechanisms and subcellular localization (Takemoto-

Kimura, et al., 2017). CaMKII in particular has been shown to be overexpressed in human CRC 

and was associated with cancer differentiation and migration via the ERK1/2 and p38 

pathways (Chen, et al., 2017).  

 

Calcineurin (CaN) is a serine/threonine phosphatase which is activated by increased 

intracellular [Ca2+] and forms a crucial connection between intracellular Ca2+ signalling the 

phosphorylation states of numerous substrates (Creamer, 2020). Along with CaMK, CaN 

directly links Ca2+ signalling to protein phosphorylation states and plays an essential role in 

numerous signalling processes. One such signalling process is calcineurin-mediated 

dephosphorylation of the nuclear factor of an activated T cell (NFAT) (Park, Yoo, Kim, & Kim, 

2020), which is associated with metastatic capacity in colon cancer (Tripathi, et al., 2015). 
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1.4.3 Spatio-Temporal Properties of Ca2+ Signalling 

The spatiotemporal variability of intracellular Ca2+ signals is extreme. In single neurons, action 

potential influx of Ca2+ followed by neurotransmitter release occurs within milliseconds 

(Südhof, 2012). On the other hand, Ca2+ signalling during fertilization, embryogenesis and 

organogenesis occurs over days and affects neighbouring cells several millimetres away via 

gap junctions (Paudel, Sindelar, & Saha, 2018). Within the intestinal epithelium, the 

spatiotemporal characteristics of Ca2+ signalling is essential for ISC activity, packing and 

releasing MUC2, and ion and fluid secretion. 

 

Ca2+ Signals are Critical for Intestinal Stem Cell Activity 

In 2016, Deng and colleagues identified Ca2+ signals as a central regulator of ISC activity in 

Drosophila (Deng, Gerencser and Jasper 2016). They first identified dietary L-Glu as a stimulus 

which binds to mGluR – a GPCR which recruits Gaq, caused a reduction in frequency but 

increase the intensity of ISC cytosolic Ca2+ oscillations, and increased ISC proliferation. When 

they knocked down STIM/SERCA/PMCA, or over-expressed STIM-Orai/IP3R, they observed 

sustained elevation of cytosolic [Ca2+] and increased ISC proliferation rates. They then showed 

that CaN promoted the nuclear translocation of CREB regulated transcription co-activator 

(CRTC) to induce ISC proliferation; silencing a regulatory subunit of CaN significantly 

abrogated ISC proliferation, while constitutive activation of CRTC was sufficient to induce ISC 

proliferation independently of mGluR, Gaq and IPR3. Besides dietary L-Glu, they monitored 

Ca2+ oscillations within ISCs under mitogenic conditions, during Erwinia carotovora carotovora 

15 (Ecc15) infection, during Notch knockdown, and during Bleomycin treatment - which 

causes DNA damage and results in compensatory proliferation of ISCs. Mitogenic conditions 

included the over-expression of Insulin Receptor, RasV12 – a constitutively active allele of Ras, 

or Upd2 – a ligand of the JAK/Stat pathway which stimulates ISC proliferation after tissue 

damage. In all cases, oscillation frequency decreased while average signal intensity increased. 

They also showed that Ca2+ oscillations induced by Ecc15 infection was reversable; returning 

to basal states after 24 hours when ISC proliferation subsided. To confirm that Ca2+ signalling 

is key in the integration of different stimuli to control ISC proliferation, loss of function of 

STIM/Orai/IP3R/CaN/CRTC resulted in significant reduction of ISC activity induced by over-

expression of Insulin Receptor or RasV12, Ecc15 infection, or Bleomycin treatment. And 

accordingly, IP3R or Orai loss of function prevent the increase in cytosolic [Ca2+]. Finally, they 

identified an additional ISC state besides the two under homeostatic conditions: quiescent 

ISCs which show frequent and robust Ca2+ oscillations with a low level of cytosolic Ca2+, and 

highly proliferative ISCs which show reduced Ca2+ oscillations with high levels of cytosolic Ca2+. 

ISCs with impaired Ca2+ signalling had reduced oscillation frequency, low cytosolic [Ca2+] and 

are proliferation deficient. Thus, cytoplasmic Ca2+ signalling is critical for the ability of ISCs to 

undergo rapid and reversible activation, and dynamically controls ISC’s proliferative activity 

in response to a wide range of signals. 
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Mucin Synthesis, Packing and Secretion is Dependent on Ca2+ Signals  

The packing and release of gel-forming MUC2 is dependent on Ca2+  (Ambort, et al., 2012), 

which has been elaborated earlier (in Chapter 1.2.1). Calcium-activated chloride channel 

regulator 1 (CLCA1) has recently been highlighted to play an essential role in goblet cell mucus 

production and processing in the epithelium of the respiratory tract (Liu & Shi, 2019) and the 

colon (Nyström, Arike, Ehrencrona, Hansson, & Johansson, 2019). Four CLCA members have 

been identified in humans (hCLCA1-4). In humans, CLCA1 is expressed in the intestinal 

epithelia and is activated by Ca2+ to conduct Cl- across the epithelial plasma membrane 

(Gruber, et al., 1998). However, CLCA1 can also be secreted from cells and function as a 

metalloprotease. Nyström and colleagues previously showed CLCA1 controlled colonic mucus 

expansion by proteolytically cleaving MUC2 (Nyström, et al., 2018), and thereby contribute 

to mucus homeostasis by converting the firm inner mucus layer to the loose outer mucus 

layer. They also CLCA1 proteolysis was Ca2+-dependent, as removing Ca2+ from the proteolysis 

assay buffer blocked the reaction. CLCA1 has also been associated with cancer. In colorectal 

cancer, reduced CLCA1 expression correlates with disease relapse and poor survival (Yang, et 

al., 2015), and a genetic study using fixed human colorectal carcinoma samples indicated a 

negative association between CLCA1 levels and cancer stage (Ostasiewicz, Ostasiewicz, Duś-

Szachniewicz, Ostasiewicz, & Ziółkowski, 2016). However, the reverse is true with ovarian 

cancer. RT-PCR and immunoblot analyses showed CLCA1 was overexpressed during ovarian 

cancer progression, and silencing CLCA using siRNA prevented ovarian cancer cells from 

forming multicellular aggregates (Musrap, et al., 2015). Thus, CLCA1 may have different roles 

depending on the tumour type. 

 

During mucus exocytosis, the membranes of mucus granules fuses with the plasma 

membrane. This membrane-to-membrane fusion is tightly regulated SNARE proteins – 

syntaxin (Syt), SNAP25 and VAMP – which are located on both membranes and form SNARE 

complexes to regulate fusion and exocytosis (Südhof & Rothman, 2009). SNARE complexes 

are also involved in another exocytic process involving vesicle-to-vesicle fusion, which is called 

compound exocytosis (Pickett & Edwardson, 2006), and is thought to be a way of enhancing 

secretory output. Syt2 has been shown to be Ca2+-dependent and serves as a critical sensor 

of stimulated mucin secretion (Pang, et al., 2006) and (Adler, Tuvim, & Dickey, 2013). A wide 

variety of stimuli can induce goblet cell compound exocytosis. Two stimuli which will be 

discussed later are acetylcholine (Birchenough, Johansson, Gustafsson, Bergström, & 

Hansson, 2015) and ATP (Kreda, et al., 2010). 

 

Generation of Reactive oxygen species (ROS) can lead to elevated cytosolic [Ca2+], possibly via 

RYR1 (Hidalgo, Sánchez, Barrientos, & Aracena-Parks, 2006). Notably, ROS have also been 

shown to be involved in some cases of mucus secretion in colonic goblet cells in a Ca2+-

dependent manner (Patel, et al., 2013). They found the autophagy protein LC3 to localize to 

intracellular multi-vesicular vacuoles, which are fusions of autophagosomes and endosomes. 

Both LC3 and endosome formation were required for maximal production of ROS derived 
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from NADPH oxidases, which also localized to and enhanced the formation of LC3-positive 

vacuoles. The generation of ROS promoted mucus secretion and thus prevent accumulation 

of mucin granules. They confirmed that ROS-induced mucus secretion is Ca2+-dependent by 

showing the addition of BAPTA-AM inhibited mucin release induced by ROS. Furthermore, 

they released stored intracellular Ca2+ using ionomycin and found diminished intracellular 

mucin as a result.  

 

Fluid Secretion is Dependent on Ca2+ Signals  

Besides mucus, the intestinal epithelium also secretes ions and fluid into the lumen. Briefly, 

regulated secretion of Cl-, HCO3
- and smaller amounts of other anions into the lumen 

establishes a negative electrical driving force for trans-epithelial Na+ secretion via the 

paracellular pathways, together generating the osmotic driving force for water flow (Frizzell 

& Hanrahan, 2012). In the intestinal epithelium, the secretion of Cl- and HCO3
- provides the 

driving force for water absorption or secretion to maintain the liquid homeostasis in the 

human body (Yang, et al. 2018). This process is activated via muscarinic receptors and 

mediated Ca2+ release via IP3R. The dependence of Ca2+ in epithelial Cl- secretion was 

observed in rat intestines over thirty years ago and shown to be induced by acetylcholine, 

which was inhibited by removing extracellular Ca2+ using EGTA and using intracellular Ca2+ 

antagonist TMB8 and verapamil (Hardcastle, Hardcastle, & Noble, 1984). Carbachol – a 

muscarinic receptor agonist and pharmacological analogue of acetylcholine, was shown to 

mobilize intracellular Ca2+, which was blocked by muscarinic receptor antagonist atropine and 

IP3R antagonist 2-APB. Muscarinic receptor activation induced SOCE on the basal side of the 

intestinal epithelium, which was blocked by TRPC3/7 antagonist Flufenamic acid and STIM1 

antagonist SKF-96365. This supported an older study which showed the intestines’ ability to 

secrete fluid was Ca2+-dependent (Reynolds, Parris, et al. 2007). 
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1.4.4 Influence of Acetylcholine-Induced Ca2+ Signals on the GI Track 

In the GI tract, acetylcholine has been shown to regulate peristalsis by inducing muscle 

contraction (Nezami & Srinivasan, 2013), stimulate fluid and ion transport across the 

epithelium (Keely, 2011), regulate gut immunity (Pan, Zhang, Shao, & Huang, 2020), stimulate 

mucus secretion (Specian & Neutra, 1980), and promote ISC proliferation (Takahashi, 

Shiraishi, & Murata, 2018). In the case of gut peristalsis, enteric neurons were the source of 

ACh. However, non-neuronal acetylcholine is implicated in fluid and ion transport, gut 

immunity, and ISC proliferation. The synthesis of neuronal and non-neuronal acetylcholine 

has been discussed earlier in the context of tuft cells (Chapter 1.3.3). Acetylcholine binds to 

two families of receptors: metabotropic muscarinic receptors and the ionotropic nicotinic 

receptors. As the research conducted in this thesis only covers muscarinic receptors, the role 

of nicotinic receptors in GI health and disease is deliberately being omitted. 

 

Metabotropic receptors are defined as membrane receptors which do not form an ion 

channel pore but use signal transduction mechanisms, such as G-proteins, to activate a series 

of intracellular events using second messenger chemicals. Muscarinic receptors (mAChRs) are 

named as such due to being discovered to be activated by muscarine, a toxin from the 

mushroom Amanita muscaria, and inhibited by atropine, a toxin from Atropa belladonna. Five 

subtypes of mAChRs exist (M1-5) and all of them are expressed in the human GI tract. Three 

mAChRs subtypes (M1, M3 and M5) couple to Gq/11 while two subtypes (2 and 4) couple to 

Gi/o (Kruse, et al., 2014). Gi is known to inhibit the cAMP-dependent protein kinase, resulting 

in decreased production of cAMP. Gq is known to activate beta-type phospholipase C (PLC-β) 

enzymes, which hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) to diacyl glycerol 

(DAG) and inositol trisphosphate (IP3). IP3 is a ligand for IP3Rs which induces release of stored 

endoplasmic reticular Ca2+ (Figure 17) and is also a component of the EGF signal transduction 

(Figure 14). Thus, cholinergic stimulation of mAChRs using acetylcholine or its 

pharmacological analogues such as Carbachol (CCh) is expected to influence GI function 

during homeostasis and disease, and those involving M1, M3 and/or M5 are expected to 

occur in a Ca2+-dependent manner.  

 

In two studies which used mice to investigate GI contractibility, M2 and M3 were found to be 

preferentially expressed throughout the intestinal smooth muscle layer (Gao, et al., 2016) and 

are sensitive to acetylcholine stimulation (Joo, et al., 2011). Interestingly, Joo and colleagues 

found M3 to stimulate contraction while M2 inhibited contraction; inhibiting M3 using 4-

DAMP resulted in reduced contractility after acetylcholine treatment, inhibiting M2 using AQ-

RA741 resulted in increased contractility after acetylcholine treatment. Unfortunately, 

neither studies investigated the status of Ca2+ signals in their systems. Cholinergic-stimulated 

mAChR activation has also been studied in the GI with regards to modulating gut immunity. 

Two knockout mice studies have shown cholinergic-activation of gut lymphoid cells which 

express M3 to be essential for mounting an effective immune response against helminth and 

bacterial infection (McLean, et al., 2016) and (Darby, et al., 2015). Darby and colleagues 
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confirmed this process was dependent on release of endoplasmic reticular Ca2+-stores, as M3 

knockout mice had impaired cytosolic Ca2+ elevation induced by ionophore ionomycin. 

 

Many studies have investigated mAChRs in the context of GI secretion. Using mAChR knock-

out mice, cholinergically stimulated gastric acid secretion was shown to be mediated by M3 

and M5 but not M1 (Aihara, Nakamura, Taketo, Matsui, & Okabe, 2005). A later study which 

also used knock-out mice confirmed CCh caused increased acid secretion which could be 

inhibited by mAChR antagonist atropine (Takeuchi, Endoh, Hayashi, & Aihara, 2016). They also 

found M4 to inhibit release of somatostatin from D-cells, resulting in enhanced acid secretion 

mediated by M3 on parietal cells. But again, neither studies investigated the status of Ca2+ 

signals. Cholinergic stimulation is a known regulator of ion and fluid transport in the intestinal 

epithelium (Hirota and McKay 2006) and is Ca2+-dependent, the latter of which was briefly 

described in (Chapter 1.4.3). Several studies highlight basolateral activation of M3 by 

cholinergic stimulants raised intracellular [Ca2+] (Haberberger, Schultheiss, & Diener, 2006) 

and (Hirota and McKay 2006), resulting in Ca2+-dependent basolateral K+ efflux (Bajnath, 

Dekker, Vaandrager, de Jonge, & Groot, 1992) which creates the driving force for Cl- secretion 

into the gut lumen (Kachintorn, Vajanaphanich, Traynor-Kaplan, Dharmsathaphorn, & 

Barrett, 1993). 

 

Finally, cholinergic activation of mAChRs have been heavily studied in the context of 

regulating ISC proliferation. A recent paper suggested M1 to mediate intestinal mucosal 

growth, as it was highly expressed throughout the mouse intestines (Greig, Armenia, & 

Cowles, 2020). And when they continuously stimulated M1 in vivo using a specific agonist, 

McN-A-343, it resulted in increased villus height, crypt depth, and crypt-cell proliferation. This 

is in contrast of an older study which proposed M3 and M5 to regulate stem/progenitor cells 

and thus maintain the intestinal epithelial barrier (Lundgren, Jodal, Jansson, Ryberg, & 

Svensson, 2011). However, the evidence in that study are not definitive, as they showed M3/5 

expression using only immunolabelling and used a non-selective mAChR antagonist, atropine, 

in their BrdU assay. In contrast to these two, another study found M2 to be expressed at the 

stem cell zone and in fact co-localize with Paneth cells (Muise, Gandotra, Tackett, Bamdad, & 

Cowles, 2017). Besides acting directly on ISCs, a recent study identified M3 to be expressed 

in mouse Prox1+ endocrine cells and provide negative feedback (Middelhoff, et al., 2020). 

During homeostasis, Prox1+ endocrine cells inhibited the expansion of tuft cells – which can 

synthesize and secrete non-neuronal acetylcholine (Chapter 1.3.3). However, when 

muscarinic signals were disrupted, they promote tuft cell expansion who adopt an 

enteroendocrine phenotype and contribute to acetylcholine synthesis and induce 

proliferation. A few years ago, a study confirmed non-neuronal acetylcholine to be an 

endogenous regulator of proliferation and differentiation of Lgr5+ ISCs in mice by activating 

mAChRs, however they observed reduced organoid growth due to cholinergic stimulation, 

while antagonising mAChRs pharmacologically enhanced organoid growth and differentiation 

(Takahashi, et al., 2014). 
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1.4.5 Influence of ATP-Induced Ca2+ Signals on the GI 

Adenosine triphosphate (ATP) is an intracellular energy source in all known forms of life. The 

hydrolysis of ATP to ADP and further to AMP provides energy to a broad range of cellular 

functions such as ion transport, muscle contraction, nerve impulse propagation, substrate 

phosphorylation, and chemical synthesis (Dunn & Grider, 2020). For example, ATP’s direct 

involvement in PMCA, SERCA, V-ATPase and SPCA (Chapter 1.4.1) is crucial for the 

maintenance of cytosolic Ca2+ homeostasis. That said, ATP is also an important extracellular 

signalling molecule through its activation of purinergic P2 receptors (Burnstock 2014). P2 

receptors can be further divided into metabotropic P2Y receptors and ionotropic P2X 

receptors. As the research conducted in this thesis only covers P2Y receptors, the role of P2X 

receptors in GI health and disease is likewise deliberately being omitted. 

 

As defined earlier, metabotropic receptors use signal transduction mechanisms, such as G-

proteins, to activate intracellular events using second messengers. P2Y receptors are no 

different. Eight P2Y receptor subtypes are known to exist, each unique in their ligands and G-

protein binding properties (Puchałowicz, Tarnowski, Baranowska-Bosiacka, Chlubek, & 

Dziedziejko, 2014), summarized in (Table 5). Notably, P2Y2 receptors is activated by ATP and 

UTP, and couples to Gq. Thus, similar to cholinergic stimulation of mAChRs, purinergic 

stimulation of P2Y receptors via ATP/ADP/UTP/UDP is expected to influence GI function 

during homeostasis and disease, and those involving P2Y1, P2Y2, P2Y4, P2Y6 and P2Y11 are 

expected to occur in a Ca2+-dependent manner. 

 

Table 5 – P2Y Receptor Ligand and G-protein Binding Characteristics. 

Receptor P2Y1 P2Y2 P2Y4 P2Y6 P2Y11 P2Y12 P2Y13 P2Y14 

ATP-binding Yes Yes No No Yes No Yes No 

ADP-binding Yes Yes No No No Yes Yes No 

UTP-binding No Yes Yes No No No No No 

UDP-binding No Yes No Yes No No No Yes 

G-protein coupled Gq Gq Gq Gq Gq Gi Gi Gi 

 

P2Y receptors are heavily involved in modulating gut immunity. Activation of P2Y1 and/or 

P2Y11 receptors by low doses of ATP is suspected to suppress immune responses and 

generate tolerance, however high doses of ATP triggers pro-inflammation (Di Virgilio, 

Boeynaems, & Robson, 2009). P2Y receptors are also heavily involved in modulating GI 

motility. Studies in mice indicate P2Y1 receptor to be the main receptor subtype in mediating 

inhibitory and excitatory NANC (non-adrenergic, non-cholinergic) responses, by directly 

acting on smooth muscle and by activating enteric neurons to release ATP and other 

neurotransmitters (Giaroni, et al., 2002). P2Y2 and P2Y4 have also been shown to induce 
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smooth muscle contractions in the small intestines, albeit in lower vertebrates, while in P2X 

receptors have been shown to mediate the same effect in mammals (Burnstock 2014). 

 

Activation of P2Y receptors by ATP also modulates GI secretions. Early studies showed ATP 

inhibiting gastric acid secretion (Kidder, 1973), which a later study elaborated on by showing 

ATP acting directly on parietal cells to selectively inhibit histamine-stimulated gastric acid 

(Percy, Warren, & Brunz, 1999). On the flipside, ATP has been shown to increase cytosolic 

[Ca2+] and stimulate mucous secretion in cultured rabbit gastric mucous cells (Ota, et al., 

1994). While P2Y receptors are expected to be directly involved, no receptor subtype has 

been identified yet (Burnstock 2014). Furthermore, ATP/UTP activation of P2Y1/2/4 have 

been shown to stimulate intestinal ionic, fluid and/or mucin  secretions (Christofi, et al., 

2004), (Merlin, et al., 1994), (Ghanem, et al., 2005), (Matos, Robaye, Boeynaems, Beauwens, 

& Leipziger, 2005) and (Kreda, et al., 2010), which one study found to be mediated by 

increased cytosolic [Ca2+] and could be blocked by 2-APB (Dong, et al., 2009).  

 

While P2Y receptors have not been studied in the context of ISCs, their expressions and 

functions have been studied in colon cancer cell lines and other epithelial cancers. A study 

using two human epithelial carcinoma cell lines found P2Y1 to be highly expressed (Coutinho-

Silva, et al., 2005). They also found high concentrations of ATP to be pro-apoptotic and caused 

an increase in cytoplasmic [Ca2+], while lower concentrations of ATP stimulated proliferation 

instead. P2Y2 and P2Y4 receptors have also been shown to be overexpressed in human colon 

cancer cell lines (Nylund, Hultman, Nordgren, & Delbro, 2007) and were proposed to regulate 

cell growth in non-neoplastic as well as neoplastic tissues through binding with ATP and 

subsequent downstream signalling. A latter study, also on human cancer cell lines, elaborated 

on how activation of P2Y receptors by ATP promoted cancer cell proliferation by showing it 

activated the phosphorylation of ERK1/2, p46 JNK and p38 MAP kinases (Buzzi, Boland, & de 

Boland, 2010), all components of the EGF signal transduction pathway (Figure 14). A recent 

study implicated P2Y2 receptor to promote growth and invasion of breast cancer via 

endogenous release of ATP (Kim, et al. 2020). They showed P2Y2 receptor expression was 

higher in breast cancer tissues compared to normal, and when they compared breast cancer 

cells, found highly metastatic cells releasing more ATP and exhibiting greater P2Y2 receptor 

activity compared to lowly metastatic cells. 

 

1.4.6 Aberrant Ca2+ Signals and Colorectal Cancer 

Under resting conditions, intracellular [Ca2+] remain low compared to the extracellular [Ca2+]. 

This is achieved by cytosolic buffers and a vast array of pumps, enzymes, exchangers and 

channels on the plasma membrane and organelles. The increase in cytoplasmic [Ca2+] via 

influx through the plasma membrane or release of organellar Ca2+ stores allows Ca2+ to 

modulate a wide range of cellular functions through regulation of numerous target proteins. 

The spatiotemporal nature of Ca2+ signalling varies between and within cells, influencing 
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physiological processes such as adaptive immunity and tolerance, GI motility, mucus and ion 

secretion, and proliferation. Thus, when Ca2+ signals become dysregulated, especially within 

cells in the intestinal stem cell zone, it predisposes the tissue to tumorigenesis. 

 

The role of Ca2+ in CRC has long been controversial (Wang, et al. 2019). There are studies 

which suggest upregulation of Ca2+ promoted tumorigenesis (Lipkin & Newmark, 1985), and 

studies which suggest the opposite (Garland, et al., 1985). The latest World Cancer Research 

Fund recommend Ca2+ supplements as a preventive measure against CRC and other cancers 

(World Cancer Research Fund, 2018), yet a conflicting study found Ca2+ supplements to have 

no significant association with CRC (Kahwati, et al., 2018). While some studies found Ca2+ 

signals playing anti-tumour roles (Wang, et al. 2019), the expression of various components 

involved in regulating cellular Ca2+ is known to be altered during CRC (Pérez-Riesgo, et al., 

2017), many of which were mentioned earlier (Chapter 1.4.1). This indicates that the spatio-

temporal characteristics of Ca2+ signals are altered in CRC, thereby changing its function from 

anti-tumorigenic to pro-tumorigenesis. 

 

Aberrant autologous secretion of non-neuronal acetylcholine acts as an autocrine growth 

factor to promote CRC, likely through stimulation of mAChRs and causing aberrant Ca2+ signals 

which favour tumorigenesis. This was first reported over ten years ago (Cheng, et al., 2008), 

and since then a lot more is known about the mechanism by which it occurs (Konishi, 

Hayakawa and Koike 2019). As tuft cells are capable of synthesizing and secreting 

acetylcholine (Pan, Zhang, Shao, & Huang, 2020), they are the likely source of non-neuronal 

acetylcholine. Indeed, non-neuronal acetylcholine has been shown to be released by Dclk1+ 

tuft cells and act on M3 on the GI epithelium, causing clonal expansion of ISCs which induced 

overexpression of nerve growth factor (NGF) to facilitate innervation of enteric nerves and 

promote carcinogenesis (Hayakawa, et al., 2017). They showed that activation of M3 led to 

activation of YAP/TAZ by phosphorylation, leading to increased activation of Wnt target 

genes. The regulatory mechanism of Wnt activation by cholinergic M3 activation has been 

explored in another study (Raufman, et al., 2011), in which they found β-catenin nuclear 

staining to be attenuated in M3 knockout mice. 

 

ATP has also been shown to cause Ca2+ signals in olfactory Trpm5+ tuft cells, which also 

resulted in non-neuronal acetylcholine release (Fu, Ogura, Luo, & Lin, 2018). ATP activation 

of Gq coupled P2Y receptors are also implicated in CRC (Coutinho-Silva, et al., 2005) and 

(Nylund, Hultman, Nordgren, & Delbro, 2007), by causing increased cytoplasmic [Ca2+] which 

may activate the EGF signalling cascade (Buzzi, Boland, & de Boland, 2010). However, the role 

of purinergic receptor signalling in CRC is less well characterized (del Rocío Campos-Contreras, 

Díaz-Muñoz, & Vázquez-Cuevas, 2020). 

 



 
 

 
66 

 

Amplification of TPC genes are correlated with cancer (Wilkerson & Reis-Filho, 2013). In 

recent years, TPCs have been studied extensively in the context of development and 

differentiation (Webb, Kelu, & Miller, 2020), as well as tumorigenesis and metastasis (Alharbi 

& Parrington, 2019). Release of lysosomal Ca2+ stores via TPCs have been shown to induce 

proliferation (Faris, et al., 2019) and angiogenesis (Pafumi, et al., 2017), both of which can be 

inhibited. Thus, Ca2+ release via TPCs is very likely to be connected to tumorigenesis and may 

be a viable target for pharmacological intervention. 
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1.5 Hypothesis 
From the above general introduction, it is clear that the gut epithelium is a dynamic tissue. It 

fulfils vital physiological functions such as forming a selective barrier between the luminal 

contents of the gut and the systemic circulation, whilst facilitating the digestion of food and 

absorption of nutrients and water.  These physiological functions are under the control of 

extracellular signals that converge on the gut epithelium bilaterally – from the gut lumen and 

from the submucosa. Acetylcholine and ATP are exemplar extracellular neuronal ligands 

which influence gut epithelial biology via cholinergic/muscarinic and purinergic signalling, 

respectively. These extracellular signals are transduced into an extensive range of intracellular 

signals that regulate tissue homeostasis and physiological function. More importantly, studies 

have shown that these ligands can be synthesized non-neuronally – within colonic epithelial 

cells – and are secreted to induce autocrine/paracrine signalling. Recent observations of 

oscillating and propagating Ca2+ signals originating from within the intestinal stem cell zone 

of flies (Deng, Gerencser and Jasper 2016), rodents and human (Satoh and Sperelakis 1995), 

(Lindqvist, et al. 1998) and (Reynolds, Parris, et al. 2007) indicate a central role for Ca2+ signals 

in coordinating the physiological processes that underpin intestinal tissue homeostasis. 

 

The focus of this thesis is to investigate the molecular nature of human colonic crypt Ca2+ 

signals, explore how they might regulate key physiological functions to maintain tissue 

homeostasis, and how they might be undermined in conditions such as colorectal cancer. In 

conjunction with profiling the status of Ca2+ signalling toolkit expression in health and cancer, 

this thesis describes the molecular basis of prototypical muscarinic and purinergic-coupled 

Ca2+ signals and investigates their spatio-temporal characteristics. Utilisation of mucosal 

tissue samples, isolated and cultured colonic crypts, and intestinal organoids; in combination 

with transcriptomic analysis, fluorescence immunolabelling, Fura-2 Ca2+ imaging, quantitative 

tandem mass spectrometry, biochemistry, and physiological and pharmacological assays; 

addresses the hypothesis that human colonic crypt Ca2+ signatures and their molecular basis 

are ligand-dependent and are perturbed in colorectal cancer (Figure 18). This hypothesis is 

discussed in the context of the following aims: 
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Figure 18 – Deciphering Muscarinic and Purinergic Ca2+ Signals. 

Human colonic crypts and organoids will be used to test the hypothesis whether muscarinic and 

purinergic reception activation generates different spatio-temporal characteristics of Ca2+ signals. This 

will be compared against the Ca2+ signals generated by tumour crypts and tumoroids. 

 

1.6 Aims 
1. Identify and visualize the gene and protein expression of muscarinic and purinergic Ca2+-

signalling toolkit components in human colonic tissue using RNAseq and immunolabelling. 

2. Elucidate the spatio-temporal characteristics of muscarinic and purinergic-induced Ca2+ 

signals using Fura-2 Ca2+ imaging, and the consequences of muscarinic and purinergic-

induced Ca2+-signals in the presence of pharmacological antagonists/inhibitors.  

3. Develop a method of quantifying non-neuronal acetylcholine in media cultured in human 

colonic epithelium using HILIC-MS/MS. 

4. Investigate the relevance of muscarinic and purinergic induced Ca2+ signals in modulating 

colonic epithelial mucus and fluid secretion, and proliferation. 

5. Compare the gene and protein expression of muscarinic and purinergic Ca2+-signalling 

toolkit components in tumour versus normal human colonic tissue, followed by evaluating 

their muscarinic and purinergic-induced Ca2+-signals in the presence of pharmacological 

antagonists/inhibitors. 
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2 Chapter 2. Materials and Methods 

2.1 Reagents and Buffers 

2.1.1 Chemicals and Reagents 

Table 6 – Chemicals and Reagents. 

Chemical or Reagent Supplier 

Acetic Acid  Sigma  

Acetonitrile Sigma 

Acetylcholine Sigma 

Advanced/DMEM  Invitrogen  

Agarose  Sigma  

Ammonium Chloride (NH4Cl2)  Fisher Scientific  

Ammonium formate Sigma 

B27 Fisher Scientific 

Bovine Serum Albumin (BSA)  Sigma  

Calcium Chloride (CaCl2)  VWR International  

Click-IT EdU Reaction Kit  Fisher Scientific  

D4-Acetylcholine MERCK 

D-Glucose  Fisher Scientific  

Dimethyl Sulfoxide (DMSO)  Sigma  

Disodium Hydrogen Phosphate (Na2HPO4)  Fisons Scientific Apparatus  

Donkey Serum  Sigma  

DTT Fisher Scientific 

Ethanol  Sigma  

Fluo-4-AM  Invitrogen  

FM 1-43 Fisher Scientific 

FM 1-43X  Fisher Scientific  

Formic Acid Fisher Scientific 

Fura-2-AM  Invitrogen  

Glacial Acetic Acid Fisher Scientific 

Goat Serum  Abcam  

Hepes Fisher Scientific  

Hoechst  Life Technologies  

IGF-1 Sigma 

Isopentane Sigma 

L-Glutamine  Gibco  

Magnesium Chloride (MgCl2)  Fluka (Sigma)  

MEM Non-essential amino acid (MEM NEAA)  Fisher Scientific  

Methanol  Sigma  
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N-acetylcysteine Sigma 

Nicotinic Acid Sigma 

Noggin Sigma 

Paraformaldehyde (PFA)  Sigma  

Penicillin / Streptomycin (P/S)  Gibco  

Phosphate buffered saline (PBS) OXOID  

Potassium Chloride (KCl)  Fisher Scientific  

Propionate Sigma 

Rivastigmine Tartrate Sigma 

RSPO-1 Sigma 

Sodium Bicarbonate (NaHCO3)  Fisher Scientific  

Sodium Chloride (NaCl)  Fisher Scientific  

Sodium Dodecyl Sulphate (SDS)  Melford  

Sodium Hydroxide  Fisher Scientific  

SYTOX Blue  Invitrogen  

Triton-X-100  Roche  

Vectashield  Vector laboratories  

Water, UHPLC Grade Fisher Scientific 

Wnt3A Sigma 

 

 

 

 

 

 

 

2.1.2 Buffers 

Table 7 – Buffers. 

Buffer Composition 

HEPES Buffered Saline (HBS), pH 7.4 NaCl (140 nM), KCl (5 mM), HEPES (10 mM), D-
Glucose (17.5 mM), Na2HPO4 (1 mM), NaHCO3 (10 
mM), MgCl2 (1 mM), CaCl2 (1 mM), MEM NEAA (10 
μL/ml),P/S (50 U/ml, 50 μg/ml), L-Glutamine (3 mM) 

HBS with Nicotinic Acid (HBS+NA), pH 7.4 HBS + Nicotinic Acid (1 μL/mL) 

HBS+NA with Fura-2-AM (HBS+NA+F2), pH 7.4 HBS + NA (1 μL/mL) + Fura-2-AM (5 µM) 
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2.1.3 Primary and Secondary Antibodies 

Table 8 – Primary and Secondary Antibodies. 

Primary Antibody Species Clonality Supplier 

Advillin Rabbit Polyclonal Cell Signalling Technology 

β-catenin Rabbit Polyclonal BD Transduction Lab 

CD38 Rabbit Monoclonal Abcam 

Choline acetyltransferase (ChAT) Goat Polyclonal Abcam 

Chromogranin A (CHGA) Mouse Monoclonal Abcam 

COX1 Goat Polyclonal Santa Cruz 

COX2 Goat Polyclonal Santa Cruz 

E-Cadherin Goat Polyclonal BD Transduction Lab 

E-Cadherin Mouse Monoclonal R&D Systems 

Glucagon-like peptide-1 (GLP1) Rabbit Monoclonal Abcam 

Inositol trisphosphate receptor 1 (IP3R1) Rabbit Polyclonal Abcam 

Inositol trisphosphate receptor 2 (IP3R2) Goat Polyclonal Santa Cruz Biotechnology 

Inositol trisphosphate receptor 3 (IP3R3) Mouse Monoclonal Abcam 

LGR5 Mouse Monoclonal Origene Technologies 

Mucin 2 (MUC2) Mouse Monoclonal Santa Cruz Biotechnology 

Muscarinic acetylcholine receptor 1 (M1) Rabbit Polyclonal Research & Diagnostic Antibodies 

Muscarinic acetylcholine receptor 3 (M3) Rabbit Polyclonal Research & Diagnostic Antibodies 

Muscarinic acetylcholine receptor 5 (M5) Rabbit Polyclonal Research & Diagnostic Antibodies 

Olfactomedin 4 (OLFM4) Rabbit Monoclonal Cell Signalling Technology 

P2Y2 receptor Rabbit Monoclonal Abcam 

Ryanodine receptor 1 (RYR1) Rabbit Polyclonal Millipore 

Ryanodine receptor 2 (RYR2) Rabbit Polyclonal Alomone Labs 

Ryanodine receptor 3 (RYR3) Rabbit Polyclonal Alomone Labs 

PTK7 Mouse Monoclonal Miltenyi Biotec 

Two-pore channel 1 (TPC1) Rabbit Polyclonal Alomone Labs 

Two-pore channel 2 (TPC2) Rabbit Polyclonal Alomone Labs 

WFDC2 Rabbit Monoclonal Abcam 

Secondary Antibody Species Supplier 

anti-mouse Alexa Fluor 488  Donkey  Invitrogen  

anti-mouse Alexa Fluor 568  Donkey  Invitrogen  

anti-mouse Alexa Fluor 647  Donkey  Invitrogen  
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anti-rabbit Alexa Fluor 488  Donkey  Invitrogen  

anti-rabbit Alexa Fluor 568  Donkey  Invitrogen  

anti-rabbit Alexa Fluor 647  Donkey  Invitrogen  

anti-goat Alexa Fluor 488  Donkey  Invitrogen  

anti-goat Alexa Fluor 568  Donkey  Invitrogen  

anti-goat Alexa Fluor 647  Donkey  Invitrogen  
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2.2 Experimental Approaches 
Every experiment described in this thesis relies on the acquisition of human colonic tissue 

from patients undergoing colon surgery. From the acquired tissue, colonic crypts were 

isolated and cultured in a 3D culture system, which in the short-term maintains the 

topological hierarchy of crypts observed in-vivo (Parris and Williams 2015), (Reynolds, 

Wharton, et al. 2014). Alternatively, colonic tissue was fixed in PFA, embedded using liquid 

nitrogen and sectioned using a cryostat.  In addition, colonic organoids and tumoroids were 

generated from normal and tumour colonic crypts, respectively. Organoids were used to 

validate experiments performed on cultured crypts and tumoroids were used as a disease 

model system in contrast to organoids. 

 

Several techniques and methods were utilised in this research project. Immunolabelling and 

RNAseq were used to characterise the muscarinic and purinergic Ca2+ signalling components. 

Extensive pharmacological studies were done on both cultured crypts and organoids to 

elucidate the muscarinic and purinergic pathway, and on tumoroids to compare the effects in 

contrast to organoids. In order to quantify nanomolar concentrations of non-neuronal 

acetylcholine present in crypt-cultured media, a liquid-chromatography and mass 

spectrometry method was developed. The method was validated for specificity, linearity, 

accuracy, precision, recovery, and stability according to the FDA guidelines on bio-analytical 

validation. 
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2.3 Human Colonic Tissue Samples  

2.3.1 Human Colorectal Tissue Samples 

This study has been approved by the East of England National Research Ethics Committee 

(2013/2014 – 62 HT (ongoing approval)). Human colorectal tissue samples were obtained with 

informed consent from patients undergoing sigmoid endoscopy, right-hemicolectomy or 

anterior resection at the Norfolk and Norwich University Hospital. For crypts and organoids, 

samples consist of histologically normal mucosa obtained from at least 10 cm away from 

tumour sites, and only used if there was no apparent intestinal pathology. For tumoroids, 

samples consist of mucosa obtained from tumour sites. 

 

2.3.2 Isolation and Culture of Human Colonic Crypts 

Human colonic crypts were isolated by members of the Williams group using a previously 

described methodology (Reynolds, Parris, et al. 2007), (Reynolds, Wharton, et al. 2014), 

(Parris and Williams 2015). In summary, fresh intestinal tissue samples were collected in ice-

cold PBS, transferred to the laboratory, and placed in HBS (supplemented with DTT (1 mM) 

and EDTA (1 mM), and devoid of Mg2+ and Ca2+) for 1hr at room temperature. Crypts were 

liberated by vigorous shaking and left to sediment. Once settled, crypts were collected, 

embedded in growth-factor reduced Matrigel and seeded onto glass coverslips (20 μL 

Matrigel/coverslip) arranged in 12-well plates. The Matrigel was left to polymerise at 37oC for 

10 minutes, then flooded with human colonic crypt culture medium (hCCCM) consisting of: 

advanced F12/DMEM containing B27, N2, N-acetylcysteine (1 mM), Hepes (10 mM), 

Pen/Strep (100 U/mL), L-Glutamine (2 mM), Wnt-3A (100 ng/mL), IGF-1 (50 ng/mL), Noggin 

(100 ng/mL), (RSPO-1 (500 ng/mL) and A83-01(0.5 μM). Colonic crypts were cultured at 37oC 

and 5% CO2 for up to 4 days in hCCCM, which was further modified depending on the 

experimental conditions. 

 

2.3.3 Fixing and Sectioning of the Human Colonic Epithelium 

Fresh intestinal tissue samples were immediately fixed in 4% PFA for 2 hours at 4oC, washed 

twice in cold PBS and refrigerated overnight in PBS. The fixed tissue samples were then 

embedded in lamb liver and frozen using isopentane chilled in liquid nitrogen, before being 

stored at -20oC overnight. Using a cryostat microtome, the frozen block was sectioned into 10 

μm slices onto microscope slides and stored at -20oC. 

 

2.3.4 Long-term Culture of Human Colonic Crypts into Organoids and Tumoroids 

Using the same protocol described in Method 2.3.2, Matrigel containing human colonic crypts 

were cultured directly onto 24-well plates. Each well was flooded with 150 μL of hCCCM, 

which was replaced every 3 days. Human colonic organoids were generated from these crypts 

after 7 days of culture. A pipette tip was used to scratch the Matrigel containing human 

colonic organoids off the bottom of the well and mechanically dissociate it into smaller 

fragments. The suspension containing organoid fragments was pelleted by centrifugation at 
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4oC. After aspirating the supernatant, fresh media was added to resuspend the organoid 

fragments. Resuspended organoid fragments were embedded in Matrigel, seeded into new 

24-well plates or coverslips arranged in 12-well plates, and left to polymerise. Wells were 

flooded with hCCCM and cultured at 37oC and 5% CO2. Organoids cultured in 24-well plates 

were destined for long-term culture; hCCCM was replaced every 3 days and passaged after 5-

7 days in culture. Tumoroids were generated from crypts that were isolated and cultured from 

intestinal tissue samples from tumour sites using the same protocol described in Method 

2.3.2, except Wnt and R-spondin being absent in the hCCCM throughout the whole process. 

Besides that, the methodology of generating tumoroids is identical to that of organoids. 

 

 

2.4 RNA sequencing 
At least four crypt/organoid/tumoroid subject lines (N≥4) were processed for RNAseq. First, 

RNA was isolated from primary colonic mucosa, isolated crypts, cultured organoids and 

tumoroids using the ReliaPrep™ RNA Miniprep System according to the manufacturer’s 

instructions. Total RNA concentration and purity was then measured using a NanoDrop™ ND-

1000 spectrophotometer. Next, a library was prepared for patient-matched primary colonic 

mucosa, isolated crypts, cultured organoids and tumoroids. Finally, Illumina RNAseq was 

performed at Earlham Institute Genome Centre. The data is expressed as reads per kilobase 

million (RPKM). 
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2.5 Immunolabelling 

2.5.1 Immunolabelling of Cultured Human Colonic Crypts, Organoids and Tumoroids 

Immunolabelling was done on crypts, organoids and tumoroids cultured on glass coverslips, 

and on microscope slides containing fixed human colonic tissue sections. For cultured 

samples, fixation was achieved using PFA or Methacarn. Negative controls were performed 

for antibodies not previously characterised in the lab using a blocking peptide to the primary 

antibody or by omitting the primary antibody during a control experiment. 

 

Samples were fixed with 4% PFA on ice for 1hr, then rehydrated by washing with cold PBS. 

Samples were then treated with NH4Cl2 for 13 minutes to remove excess aldehyde bonds, 

after which the membrane was permeabilised using 1% SDS for 5 minutes followed by 1% 

Triton X-100 for 30 minutes. Non-specific binding of antibodies was prevented using 10% 

Donkey serum and 1% BSA for 2 hrs. Samples were then incubated overnight with the primary 

antibodies at 4oC (Table 8). The following day, specific Alexa Fluor-conjugated secondary 

antibodies were added to the samples for 2hrs. Samples were next embedded in Vectashield 

mounting solution containing cell nuclear stain Sytox Blue or Hoechst for 30 minutes. Finally, 

coverslips were mounted onto microscope slides and sealed using nail varnish.  

 

Alternatively, colonic crypts were fixed with Methacarn (methanol-Carnoy; a 3:1 solution of 

methanol and acetic acid) for 5 minutes at -20oC and then washed 5 times with PBS. Samples 

were treated with NH4Cl2 for 13 minutes and permeabilised with 0.1% SDS for 2 minutes. 

From this point, crypts were processed following the same protocol as described above.  

 

2.5.2 Immunolabelling of Fixed Human Colonic Epithelium 

Microscope slides containing fixed human colonic tissue sections (Chapter 2.3.3) were 

rehydrated using cold PBS. At this point, the immunolabelling protocol is the same as detailed 

above, from the NH4Cl2 treatment. 

 

2.5.3 Microscopy 

Immunolabelled samples were visualised using epifluorescence (Nikon Ti) or confocal laser 

scanning microscopy (Zeiss LSM510-META or Zeiss LSM980-Airyscan). Objective lenses used 

on the epifluorescence microscope include the 40 x 1.1 NA oil immersion lens and the 4 x 0.20 

NA dry objective. Objective lenses used on the confocal laser scanning microscopes included 

the 63 x 1.4 NA oil immersion objective lens, the 40 x 1.3 NA oil immersion objective lens, and 

the 4 x 0.20 NA dry objective lens. Where necessary, multiple images were taken along the z-

axis at 3-4 μm intervals.  
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2.6 Real-time Live Intracellular Ca2+ Imaging 
Ca2+ experiments were done on coverslips containing crypts, organoids or tumoroids that had 

been in culture for 1-3 days using the acetoxymethyl ester form of Fura-2 (Fura-2-AM), a well-

characterised fluorescent dye used to monitor cytoplasmic Ca2+ levels (Roe, Lemasters and 

Herman 1990), (Gillis and Gailly 1994). The ester chain allows Fura-2-AM to permeate with 

the phospholipid bilayer and become internalized, upon which intracellular esterases 

hydrolyses the ester bond to liberate Fura-2 into the cell cytoplasm. Fura-2-AM has the 

excitation wavelengths of 340 nm (Ca2+-bound Fura-2) and 380 nm (Ca2+-free Fura-2) and 

emission wavelength of 510 nm. The ratiometric fluorescence (340 nm/380 nm) was recorded 

to monitor cytoplasmic [Ca2+]. 

 

2.6.1 Fura-2-AM Loading & Imaging Protocol 

Coverslips containing crypts/organoids/tumoroids were loaded with HBS containing Fura-2-

AM (5 µM) for 2 hours in darkness. Samples were then washed with HBS and left for 20 

minutes to allow de-esterification of the dye. In the meantime, experimental solutions (Table 

9) were prepared in HBS. Coverslips were then mounted onto a fast exchange open diamond 

bath chamber and imaged on an inverted fluorescent microscope (Nikon TE200) using a 40 x 

1.1 NA oil immersion objective lens. A UXL-75XE xenon short arc lamp (Ushio) was used to 

provide the excitation wavelengths and the emission wavelength was detected using a cooled 

CCD camera (Quantum, Roper Scientific). A minimum of three repeats (n≥3) was performed 

for every experimental condition. More than one pharmacological antagonist may be used 

during the day, however only one crypt/organoid subject line (N=1) was used per 

pharmacological antagonist per given day; additional crypt/organoid subject lines were 

repeated on different days. 

 

Table 9 – Solutions Used for Ca2+ Imaging. 

Name (Abbreviation); Literature Reference Working 
Conc. (μM) 

Incubation 
Condition 

Supplier 

Inhibitors/Antagonists 

2-Aminoethoxydiphenylborane (2-APB); (Meissner 
1986) 

50 & 100 30 min RT Sigma 

1,1-Dimethyl-4-diphenylacetoxypiperidinium iodide 
(4-DAMP); (Greenwood and Dragunow 2010) 

0.1 10 min RT Tocris 

AR-C118925XX; (Muoboghare, Drummond and 
Kennedy 2019) 

5 10 min RT Tocris 

Bafilomycin A1 (Baf); (Steen, Kirchberger and Guse 
2007) 

2.5 2hrs 37oC, 2hrs RT Tocris 

Caffeine; (Ehrlich, et al. 1994), (Sei, Gallagher and 
Daly 2001) 

10,000 30 min RT Sigma 
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Carbenoxolone; (Manjarrez-Marmolejo and Franco-
Pérez 2016) 

125, 300, 
600 

2hrs 37oC, 2hrs RT Tocris 

Chloroquine hydrochloride; (Wu, et al. 2017) 10, 25, 50 30 min RT Tocris 

Dantrolene; (Zhao, et al. 2001) 50 2hrs 37oC, 2hrs RT Tocris 

Diltiazem hydrochloride (DZM); (He, et al. 2020) 250 & 500 30 min RT Tocris 

Triethylene glycol diamine tetraacetic acid (EGTA) 500, 1000 20 min RT Sigma 

Flecainide; (Hilliard, et al. 2010) 100 2hrs 37oC, 2hrs RT Sigma 

GsMTx4; (Bae, Sachs and Gottlieb 2011) 5 30 min RT Tocris 

Trans NED-19; (Rosen, et al. 2009), (Ruas, Rietdorf, 
et al. 2010) 

125, 250, 
500 

2hrs 37oC, 2hrs RT Tocris 

Nifedipine; (Curtis and Scholfield 2001) 50 2hrs 37oC, 2hrs RT Tocris 

Procaine; (Charlesworth, et al. 1992), (Zahradníková 
and Palade 1993) 

1,000 & 
10,000 

30 min RT Tocris 

Ryanodine; (Meissner, 1986) 50 30 min RT Tocris 

3,4,5-Trimethoxybenzoic Acid 8-(Diethylamino) octyl 
Ester, Hydrochloride (TMB-8); (Poutrain, et al. 2009), 
(Leipziger, et al. 1996) 

50, 100 30 min RT Tocris 

Tetrandrine; (Sakurai, et al., 2016). (Patel and 
Kilpatrick 2018) 

20 2hrs 37oC, 2hrs RT Tocris 

Verapamil hydrochloride; (He, et al. 2020) 50 30 min RT Tocris 

Xestospongin-C; (Oka, et al. 2004) 4 2hrs 37oC, 2hrs RT Tocris 

Agonists 

Adenosine triphosphate (ATP) 1, 10, 100 - Sigma 

Carbamoylcholine chloride (CCH) 10 - Sigma 

Cyclopiazonic acid (CPA); (Beck, et al. 2004) 20 - Tocris 

Chlorpromazine; (Zhang, et al. 2019) 100 - Tocris 

Nortriptyline; (Zhang, et al. 2019) 100 - Tocris 

Oxotremorine (Oxo) 1 - Sigma 

Mucolipin synthetic agonist 1 (ML-SA1); (Tedeschi, 
Petrozziello and Sisalli, et al. 2019) 

100 - Tocris 

Tetracaine; (Xu, Jones and Meissner 1993) 1000 - Sigma 

Uridine-5'-triphosphate (UTP) 10, 50 - Sigma 

Yoda1; (Botello-Smith, et al. 2019) 100 - Tocris 

Room Temperature (RT). Micromolar (μM). 
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2.6.2 Imaging 

Using PTI EasyRatioPro software (Horiba), region of interests (ROIs) were drawn along the 

crypt base and buds of organoids and tumoroids; the 340 nm, 380 nm and ratio were 

presented as pseudo-colour images (Figure 19). Experiments were conducted by aspirating 

and pipetting solutions onto the coverslips while the 340/380 nm ratio was recorded live over 

time. This ratiometric changes in fluorescence was plotted over time (Figure 20), from which 

the peak amplitude was measured by subtracting the resting ratio from the maximal ratio. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19 – Brightfield and Fluorescent Images of Coverslips Loaded with Fura-2. 

Representative images of human isolated colonic crypts (top row), cultured organoids (middle row) 

and tumoroids (bottom row) loaded with Fura-2. (i) Brightfield image, (ii) Fura-2 fluorescence at 340 

nm excitation, (iii) Fura-2 fluorescence at 380 nm excitation, (iv) Fura-2 fluorescence ratio (340/380 

nm) with the background subtracted. ROI outlined in the BF column. Scale bar = 50 µm. 
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Figure 20 – Measuring Fura-2 Ca2+ Signals. 

Representative trace of a Ca2+ signal induced by the muscarinic agonist CCh (10 μM). 

 

2.6.3 Analysis 

Bulk data analysis was done using Microsoft Excel. Results were expressed as mean peak 

amplitude response (peak amplitude – resting ratio) with SE bars. Comparison between two 

groups was evaluated by using F-tests and t-tests provided in Microsoft Excel’s Analysis 

Toolpak. P-value of less than 0.05 was considered significant. Where specified otherwise, a 

minimum of two crypt subject lines (N≥2) were conducted per condition, with a minimum of 

three repeats (n≥3) conducted per crypt subject line. 
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2.7 Chromatography and Mass Spectrometry 

2.7.1 Sample Collection and Preparation 

Human colonic crypts were isolated and cultured using the methodology described earlier 

(Method 2.3.2). Rivastigmine (500 µM) was added to the culture media to inhibit the 

hydrolysis of acetylcholine by acetylcholinesterase (Willams, Nazarians and Gill 2003). Media 

from crypts and organoids were collected, first by scratching away the Matrigel, then 

collected by pipette aspiration. Additional Rivastigmine (final concentration of 1 mM) was 

added to the media. Samples were then centrifuged briefly to separate the culture media 

from the Matrigel and colonic tissue. The culture media was collected, kept chill in ice, and 

transported to the Bob Champion Research and Education (BCRE) building to undergo 

preparation and extraction, followed by hydrophilic interaction liquid chromatography 

tandem mass spectrometry (HILIC-MS/MS). 

 

2.7.2 HILIC-MS/MS 

Media that had been chilled in ice was put through a sample preparation and extraction 

protocol, which was developed at the BCRE. Briefly, samples were thawed and filtered using 

a 10 μm cell strainer. Then, 100 µL of sample was mixed with 100 µL of aqueous internal 

standard. At the same time, calibration standards and quality control samples were prepared. 

Sample, calibration standards and quality control samples were then loaded into a weak-

cation-exchanger 96-well plate (Waters Corp Oasis), which bonds with weak-cationic 

compounds – such as acetylcholine – and retained them while remaining compounds were 

discarded.  The extracted cationic compounds were reconstituted, then injected into a 

Shimadzu LC-20 HPLC system to undergo liquid chromatography with a wash gradient 

involving two mobile phases. Liquid chromatography was achieved using a hydrophilic 

interaction liquid chromatography (HILIC) column (YMC-Triart Diol-HILIC), which specializes in 

separating hydrophilic compounds by charge and size. Compounds which were expected to 

include acetylcholine were diverted to enter the API 4000 MS/MS System to undergo tandem 

mass spectrometry.  

 

2.7.3 Analysis and Method Validation 

Data analysis was done using Analyst Software 1.6. Comparison between two groups was 

evaluated by using F-tests and t-tests provided in Microsoft Excel’s Analysis Toolpak. P-value 

of less than 0.05 was considered significant. The developed HILIC-MS/MS method was 

validated following guidelines from the FDA (FDA 2018) and elaborated further in (Chapter 

5.3). 
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2.8 Mucous Secretion 

2.8.1 Immunolabelling 

Day one organoids and human colonic crypts cultured using Method 2.3.4 were used to 

investigate mucous secretion. Organoids and crypts were cultured in hCCCM containing 

pharmacological agents used to induce or inhibit mucous secretion. Immunolabelling was 

then done using methacarn fixation described in Method 2.5.1 and imaged using confocal 

microscopy described in Method 2.5.3. A minimum of three repeats (n≥3) was performed for 

every experimental condition. More than one pharmacological agent may be used during the 

day, however only one crypt/organoid subject line (N=1) was used per pharmacological 

agents per given day; additional crypt/organoid subject lines were repeated on different days. 

 

2.8.2 FM 1-43, FM 1-43X, Cell TrackerTM Deep Red 

Cultured organoids and human colonic crypts were used to visualize mucous and fluid 

secretion in living cells in real-time under confocal microscopy. FM 1-43 (4 μM), a lipophilic 

fluorescent dye, was used to visualize the plasma membrane. Cell TrackerTM Deep Red (1 µM) 

was used as an alternative fluorescent dye. Short term culture (2 hrs) of samples with these 

dyes allowed the labelling of the plasma membrane, while long term culture (1-3 days) 

allowed the labelling of intracellular granules. Following short or long-term culture, samples 

were mounted onto an incubation chamber supplied with 5% CO2 and maintained at 37oC, 

and allowed to rest for 30 minutes. After this, plates were imaged and recorded in real-time 

under confocal microscopy following the addition of cholinergic agonist Carbachol (10 µM).  

 

The fixable analogue of FM 1-43, FM 1-43X (4 μM), was also used. Besides using it similarly to 

FM 1-43, samples that were loaded with FM 1-43X in the short term were stimulated with 

Carbachol then fixed with PFA, following which they were imaged under confocal microscopy. 

A minimum of three repeats (n≥3) was performed for every experimental condition. More 

than one pharmacological agent may be used during the day, however only one 

crypt/organoid subject line (N=1) was used per pharmacological agents per given day; 

additional crypt/organoid subject lines were repeated on different days. 

 

2.8.3 Quantifying Mucus Secretion 

Mucous secretion was quantified by measuring the fluorescence intensity of immunolabelled 

Muc2 in red (Figure 21). Using ImageJ, regions of interests were drawn to encompass the 

cytoplasm of each Muc2 positive cells at the base of colonic crypts and organoids. The 

brightfield channel visualized the cut-off point between cytoplasm and lumen, while E-

Cadherin was used to differentiate one cell from another. Notably, regions of interests do not 

include the bright-red region close to the nucleus, due to it being the Golgi apparatus where 

immature Muc2 is folded, and therefore not relevant for the analysis.  
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2.8.4 Analysis 

Data analysis was done using Microsoft Excel. Results were expressed as Muc2 

immunofluorescence with SE bars that has been normalised compared to control. 

Comparison between two groups was evaluated by using F-tests and t-tests provided in 

Microsoft Excel’s Analysis Toolpak. P-value of less than 0.05 was considered significant. 

Where specified otherwise, a minimum of two crypt subject lines (N≥2) were conducted per 

condition, with a minimum of ten crypts (n≥10) measured per subject line. 

 

 

Figure 21 – Quantifying Mucus Secretion. 

Brightfield channel (left) visualizes the cut-off point between plasma membrane and lumen. E-Cad and 

DNA (middle) were used as reference for drawing regions of interests. Regions of interests encompass 

the cytoplasm, from the apical pole of each cell to just beyond the bright regions close to the nucleus 

(right). Scale bar = 10 µm. 

 

 

 

 

 

 

 

 

 

 



 
 

 
84 

 

2.9 Organoid Swelling Assays 

2.9.1 Imaging and Measurement 

Day 1 cultured human colonic organoids were passaged and plated into 24-well plates with 

hCCCM; cultured with or without agonists carbachol (10 μM) for 2hrs; and cultured with or 

without and pharmacological antagonists (Table 9). Plates were imaged under the epi-

fluorescence microscope (Nikon-Ti) on an incubation chamber supplied with 5% CO2 and 

maintained at 37oC. A minimum of twenty organoids (n≥20) were measured for every 

experimental condition. Organoid swelling was measured by the change in luminal cross-

sectional diameter at T=2hrs compared to T=0 using ImageJ. 

 

2.9.2 Analysis 

Data analysis was done using F-tests and t-tests provided in Microsoft Excel’s Analysis 

Toolpak. Comparisons between two or more groups was assessed using one-way ANOVA with 

Tukey’s post-hoc analysis. P-value of less than 0.05 was considered significant. Where 

specified otherwise, a minimum of two organoid lines (N≥2) were conducted per condition, 

with a minimum of twenty organoids (n≥20) measured per organoid lines. 

 

2.10 EdU Labelling of Cultured Crypts 
Edu (10 µM) was added to the crypt culture for 2-4 hours. During this period, crypt cultures 

were incubated with pharmacological antagonists at the appropriate concentration and 

duration (Table 9). Crypts were then fixed with 4% PFA at RT for 1hr, then rehydrated by 

washing with cold PBS. The Click-IT reaction was prepared following the manufacturer’s 

instructions and crypts were incubated in the dark for 40 minutes at room temperature. The 

reaction was stopped with 3% BSA. Samples then undergo immunolabelling (Method 2.5.1), 

starting from washing with 10% donkey serum and 1% BSA for 2hrs, and imaged (Method 

2.5.3) using epifluorescence (Nikon Ti) or laser confocal microscopy (Zeiss LSM). A minimum 

of three repeats (n≥3) was performed for every experimental condition. More than one 

pharmacological agent may be used during the day, however only one crypt subject line (N=1) 

was used per pharmacological agent per given day; additional subject lines were repeated on 

a different day. 

 

The percentage of EdU positive cells were counted in the four regions of the crypt. The crypt-

base was defined as the first twenty cells from the bottom of the crypt. The crypt-supra-base 

was defined as the next twenty cells above the crypt-base. The crypt-mid was defined as the 

next twenty cells above the crypt-supra-base. And the crypt-top was defined as the remaining 

cells above the crypt-mid region. Comparison between two groups was evaluated by using F-

tests and t-tests provided in Microsoft Excel’s Analysis Toolpak. P-value of less than 0.05 was 

considered significant. Where specified otherwise, a minimum of two crypt subject lines (N≥2) 

were conducted per condition, with a minimum of three repeats (n≥3) conducted per crypt 

subject line. 
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3 Chapter 3 – Results Part 1: Ca2+ Signalling Toolkit Expression in 

Human Colonic Native Mucosa, Cultured Crypts, and Organoids. 

3.1 Introduction 
Intracellular Ca2+ signals are thought to play a diverse role in maintaining the intestinal 

epithelium. These include regulating ISC activity (Deng, Gerencser and Jasper 2016), packing 

and releasing MUC2 (Ambort, et al., 2012), and stimulating secretion of ions and fluids (Yang, 

et al. 2018). Intracellular Ca2+ signals can be generated by the release of stored Ca2+ within 

organelles such as the endoplasmic reticulum and acidic vesicles such as endolysosomes 

(Figure 17). A range of extracellular ligands are capable of generating intracellular Ca2+ signals 

via activation of plasma membrane GPCRs, including acetylcholine-induced activation of 

muscarinic receptors and ATP-induced activation of purinergic receptors. In this chapter, the 

gene expression and localisation of Ca2+ signalling toolkit components will be characterised in 

the human colonic epithelium using transcriptomic analysis and immunolabelling, 

respectively. 

 

Release of Ca2+ stored within the endoplasmic reticulum are mediated by inositol 1,4,5-

trisphosphate receptors (IP3Rs) and ryanodine receptors (RYRs) (Berridge M. J., 1993) and 

(Meissner, 1986). Three subtypes exist for both receptors (IP3R1, IP3R2, IP3R3; RYR1, RYR2, 

RYR3). While IP3Rs are receptors for inositol trisphosphate (IP3), RYRs are sensitive to Ca2+. 

Both are capable of promoting the release of endoplasmic reticular Ca2+ through calcium-

induced calcium-release (CICR). A transcriptomic analysis using Next Generation Sequencing 

(NGS) found mRNA expression of all IP3R subtypes and two RYR subtypes (RYR1-2) in human 

colonic cell lines (Pérez-Riesgo, et al., 2017). 

 

Release of Ca2+ stored within acidic vesicles are mediated by a range of channels (Yang, et al. 

2018) and (Tedeschi, Petrozziello and Secondo 2019). These include voltage-gated calcium 

channels, purinergic receptors, transient receptor potential channels, and two-pore channels 

(TPCs). This thesis focuses on TPCs, which are present on endolysosomes. Three subtypes of 

TPCs exist (TPC1, TPC2, TPC3), although the third subtype is not present in primates 

(Ogunbayo, et al., 2015). The function and mechanism of TPCs is a subject of debate. Ligands 

which activate TPCs include NAADP, PI(3,5)P2, Mg2+, JNK, P38, and m-TORC1 (Jha, Ahuja, 

Patel, Brailoiu, & Muallem, 2014) and (Ogunbayo, et al., 2018). NAADP synthesis is catalysed 

by CD38, which have been shown to be expressed on immune cells and promote intestinal 

inflammation (Figure 22) (Schneider, et al. 2015). 

 

Secreted extracellular ligands such as acetylcholine and ATP are capable of generating 

intracellular Ca2+ signals within the GI tract. Acetylcholine is catalysed by choline 

acetyltransferase (ChAT), which has been shown to be expressed in tuft cells (Pan, Zhang, 

Shao, & Huang, 2020). In neurons, acetylcholine is loaded into secretory vesicles by vAChT, 
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which are absent in tuft cells (Schütz, et al., 2019). ATP is produced by virtually all 

metabolically active cells via various processes, such as glycolysis and the citric acid cycle. ATP 

can also be loaded into secretory vesicles via vesicular nucleotide transporter (VNUT) to 

initiate transmission of purinergic signals (Moriyama, et al. 2017). Interestingly, a recent study 

has shown intestinal L-type enteroendocrine cells to be capable of secreting ATP alongside 

gut peptide hormones such as GLP1 and LYY (Lu, et al. 2019). In that study, they showed GLP1-

positive cells contained VNUT, demonstrated ATP was released from GLP1-positive cells, and 

showed it activated P2Y2 receptors in neighbouring enterocytes. 

 

Plasma membrane receptors for acetylcholine include ionotropic nicotinic receptors and 

metabotropic muscarinic receptors. Plasma membrane receptors for ATP include ionotropic 

P2X receptors and metabotropic PY2 receptors. Muscarinic receptors (mAChRs) are GPCRs 

which use second messengers to activate intracellular events upon receptor activation. Five 

subtypes of mAChRs exist (M1, M2, M3, M4, M5), all of which are expressed in the human GI 

tract (Kruse, et al., 2014). Of those, M1, M3 and M5 couple to Gq, which activates beta-type 

phospholipase C (PLC-β) enzymes to hydrolyse phosphatidylinositol 4,5-bisphosphate (PIP2) 

to diacyl glycerol (DAG) and IP3, the latter being a ligand of IP3Rs. P2Y receptors are also 

GPCRs. Eight P2Y receptors exist (Table 5), of which three (P2Y1, P2Y2 and P2Y11) are 

receptors for ATP and couple to Gq, and of which only P2Y2 also binds to UTP. 

 

 

 

 

 

 

 

 

 

 

 

Figure 22 – Enzymatic Catalysation of NAADP by CD38. 

(Right) Under acidic pH, CD38 catalyses the production of nicotinic acid adenine dinucleotide 

phosphate (NAADP) from nicotinamide adenine dinucleotide phosphate (NADP) and nicotinic acid 

(NA). (Left) Under neutral pH, CD38 catalyses the production of cyclic ADP-ribose (cADPR) and 

subsequently ADP-ribose (ADPR) from nicotinamide adenine dinucleotide (NAD). Adapted from (Zhao, 

Graeff and Lee 2012). 
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3.2 Results 
Crypt isolation, cell culture and organoid growth conditions were carried out based on current 

literature and on methods developed by the Williams group. Firstly, transcriptomic analysis 

of Ca2+ signalling toolkit expression was performed on native human colon mucosa (mucosa), 

freshly isolated human colonic crypts (crypts), and cultured human colonic organoids 

(organoids). Next, Ca2+ signalling toolkit components were labelled in mucosa, crypts, and 

organoids using immunolabelling and their localisation visualized using confocal imaging. 

 

3.2.1 Transcriptomic Analysis of Ca2+ Signalling Toolkit Expression 

RNA sequencing (Chapter 2.4) was used to compare the gene expression of Ca2+ signalling 

toolkit components in native human colonic mucosa, isolated crypts, and cultured organoids.  

These components can be divided as intracellular Ca2+ release channels, muscarinic and 

purinergic GPCRs, and proteins related to production or packaging of endogenous ligands. 

Intracellular Ca2+ release channels refer to endoplasmic reticular IP3Rs and RYRs, and 

endolysosomal TPCs. In addition to those, CD38 which catalyses the synthesis of TPC ligand 

NAADP, was analysed. Purinergic GPCRs specifically refers to ATP-sensitive P2Y receptors. 

Endogenous ligands specifically refer to acetylcholine and ATP. Proteins related to the 

production acetylcholine are ChAT. Packaging of ATP is mediated by VNUT. In addition, 

proteins related to GLP1 production were also compared. These are proglucagon and 

neuroendocrine convertase 1; the latter processes the former to form GLP1. 

 

Analysis of IP3R gene expression confirmed the presence of all three subtypes in every tissue 

sample (Figure 23). Notably, IP3R3 gene expression was approximately ten times higher than 

IP3R2 and over a hundred times higher than IP3R1. Gene expression of IP3R2 and IP3R3 were 

similar in mucosa, crypts, and organoids. In comparison, gene expression of IP3R1 was 

reduced in crypts and organoids compared to mucosa. 

 

 

 

 

 

 

Figure 23 – Gene Expression of IP3Rs. 

Bar chart representation of the gene expression for IP3R1 (ITPR1), IP3R2 (ITPR2) and IP3R3 (ITPR3) in 

native human colonic mucosa, isolated crypts, and cultured organoids. N=6 indicate six human 

samples. Data is expressed as number of reads per kilo base per million mapped reads (RPKM). 
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Analysis of the RYR gene expression also confirmed the presence of all three subtypes in every 

tissue sample (Figure 24). However, their expression was remarkably low; more so in crypts 

and organoids compared to mucosa. 

 

 

 

 

 

 

Figure 24 – Gene Expression of RYRs. 

Bar chart representation of the gene expression for RYR1, RYR2 and RYR3 in native human colonic 

mucosa, isolated crypts, and cultured organoids. N=6 indicate six human samples. Data is expressed 

as number of reads per kilo base per million mapped reads (RPKM). 

 

Analysis of TPC gene expression confirmed the presence of TPC1-2 subtypes in every tissue 

sample (Figure 25). TPC1 gene expression was approximately five times the levels of TPC2. 

Gene expression of TPC1 were similar in mucosa, crypts, and organoids. In comparison, gene 

expression of TPC2 was increased in crypts compared to mucosa and organoids.  

 

 

 

 

 

 

Figure 25 – Gene Expression of TPCs. 

Bar chart representation of the gene expression for TPC1 (TPCN1) and TPC2 (TPCN2) in native human 

colonic mucosa, isolated crypts, and cultured organoids. N=6 indicate six human samples. Data is 

expressed as number of reads per kilo base per million mapped reads (RPKM) 

 

Analysis of the gene expression for CD38 confirmed its presence in every tissue sample (Figure 

26). The expression of CD38 was reduced in crypts compared to mucosa. Its expression in 

organoids varied tremendously, hence the large error bar. 
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Figure 26 – Gene Expression of CD38. 

Bar chart representation of the gene expression for CD38 in native human colonic mucosa, isolated 

crypts, and cultured organoids. N=6 indicate six human samples. Data is expressed as number of reads 

per kilo base per million mapped reads (RPKM). 

 

Analysis of muscarinic receptor gene expression showed differential expression across tissue 

sample and between receptor subtypes (Figure 27). M1 and M3 expression were much higher 

than M2 and M4. Expression of M1, M3 and M4 were similar between mucosa, crypts, and 

organoids. For M2, no gene expression was detected in crypts and organoids. Unfortunately, 

the RNAseq for M5 was not done and thus cannot be analysed in this thesis. 

 

 

 

 

 

 

 

 

 

 

 

Figure 27 – Gene Expression of mAChRs. 

Bar chart representation of the gene expression for M1 (CHRM1), M2 (CHRM2), M3 (CHRM3) and M4 

(CHRM4) in native human colonic mucosa, isolated crypts, and cultured organoids. N=6 indicate six 

human samples. Data is expressed as number of reads per kilo base per million mapped reads (RPKM). 
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Analysis of ATP-sensitive purinergic P2Y receptor gene expression showed differential 

expression across tissue sample and between receptor subtypes (Figure 28). Expression of 

P2Y1 and P2Y2 were remarkably similar, and higher than P2Y11 expression. The expression of 

these three were similar between tissue types. Small amounts of P2Y13 were expressed in 

mucosa, which was much lower in crypts and non-existent in organoids.  

 

 

 

 

 

 

 

 

 

 

Figure 28 – Gene Expression of ATP-sensitive Purinergic P2Y receptors. 

Bar chart representation of the gene expression for P2Y1 (P2RY1), P2Y2 (P2RY2), P2Y11 (P2RY11) and 

P2Y13 (P2RY13) in native human colonic mucosa, isolated crypts, and cultured organoids. N=6 indicate 

six human samples. Data is expressed as number of reads per kilo base per million mapped reads 

(RPKM). 

 

Analysis of ChAT gene expression showed differential expression across tissue sample (Figure 

29). Compared to mucosa, expression of ChAT was lower in crypts and nearly non-existent in 

organoids. 

 

 

 

 

 

Figure 29 – Gene Expression of ChAT. 

Bar chart representation of the gene expression for choline acetyltransferase (ChAT) in native human 

colonic mucosa, isolated crypts, and cultured organoids. N=6 indicate six human samples. Data is 

expressed as number of reads per kilo base per million mapped reads (RPKM). 
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Analysis of VNUT gene expression confirmed its presence in every tissue sample (Figure 30). 

Intriguingly, its expression is higher in crypts and more so in organoids. Lastly, analysis of the 

gene expression for proglucagon and neuroendocrine convertase 1 confirmed their presence 

in every tissue sample (Figure 31). Expression of proglucagon was similar in mucosa and 

crypts, and higher than in organoids. By contrast, expression of neuroendocrine convertase 1 

was higher than organoids compared to mucosa and crypts. 

 

 

 

 

 

 

Figure 30 – Gene Expression of VNUT. 

Bar chart representation of the gene expression for VNUT (SLC17A9) in native human colonic mucosa, 

isolated crypts, and cultured organoids. N=6 indicate six human samples. Data is expressed as number 

of reads per kilo base per million mapped reads (RPKM). 

 

 

 

 

 

 

 

 

Figure 31 – Gene Expression of GCG and PCSK1. 

Bar chart representation of the gene expression for proglucagon (GCG) and neuroendocrine 

convertase 1 (PCSK1) in native human colonic mucosa, isolated crypts, and cultured organoids. N=6 

indicate six human samples. Data is expressed as number of reads per kilo base per million mapped 

reads (RPKM). 
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3.2.2 Immunofluorescent Localisation of Intracellular Ca2+ Release Channels 

Transcriptomic analysis using RNA sequencing confirmed the presence of Ca2+ signalling 

toolkit RNA within mucosa, crypts, and organoids. Thus, the next question was whether 

protein expression of these Ca2+ signalling toolkit were present. Immunolabelling and 

confocal imaging (Chapter 2.5) were used to visualize and characterize the localisation of 

intracellular Ca2+ release channels at the base of mucosal crypts, cultured crypts, and 

organoids. Intracellular Ca2+ release channels refer specifically to endoplasmic reticular IP3R1-

3 and RYR1-3, endolysosomal TPC1-2, with the complementary addition of CD38. 

Furthermore, cells which contained TPC1-2 and CD38 were identified by co-labelling them 

with markers for epithelial stem cells (LGR5 or PTK7), goblet cells (MUC2), enteroendocrine 

cells (CHGA), and tuft cells (COX2). Contributors to this data include Dr Victoria Jones, Dr 

Nicolas Pelaez Llaneza and Dr Kristy Kam.  

 

IP3R1 and IP3R2 were shown to be present in crypts and organoids (Figure 32). In crypts, 

IP3R1 labelling was present within the cytoplasmic space, on some basal membranes, and 

possibly on the lateral membranes (Figure 32A). This IP3R1 labelling pattern was similar in 

organoids (Figure 32C). In crypts, IP3R2 labelling was more prominent at the base of the cell, 

including the nucleus (Figure 32B). By contrast, organoid IP3R2 labelling was strongly limited 

to the basal pole and the basal membrane.  
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Figure 32 – Immunolabelling of IP3R1 and IP3R2 in Crypts and Organoids. 

Representative confocal images of the base of crypts (A & B) and organoids (C & D) immunolabelled 

with E-Cadherin (ECAD) in white and IP3R1 (A & C) or IP3R2 (B, D) in green. Nuclei was stained with 

Sytox Blue (DNA). Brightfield depicted on the left. Scale bar = 25 µm. 
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IP3R3 was shown to be present in all three tissue samples (Figure 33). Mucosal IP3R3 labelling 

was mainly along the apical membrane and the apical pole, with some labelling outside the 

epithelium (Figure 33A). In crypts, IP3R3 labelling was predominantly along the apical 

membrane (Figure 33B). This was the same in organoids, although it also labelled the apical 

pole and basolateral membranes of some cells (Figure 33C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33 – Immunolabelling of IP3R3 in Mucosa, Crypts, and Organoids. 

Representative confocal images of the base of mucosa (A), crypts (B), and organoids (C) 

immunolabelled with E-Cadherin (ECAD) in white and IP3R3 in green. Nuclei was stained with Sytox 

Blue (DNA). Brightfield depicted on the left. Scale bar = 25 µm. 
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RYR1 was shown to be present in all three tissue samples (Figure 34). Mucosal RYR1 labelling 

seemed to be concentrated on the apical side of the nucleus within the epithelium, as well as 

some basolateral membrane labelling (Figure 34A). In crypts, cytoplasmic and apical 

membrane RYR1 labelling was present at the very bottom, while basal membrane labelling 

was prominent higher up the crypt base (Figure 34B). This was similar to RYR1 labelling in 

organoids (Figure 34C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34 – Immunolabelling of RYR1 in Mucosa, Crypts, and Organoids. 

Representative confocal images of the base of mucosa (A), crypts (B), and organoids (C) 

immunolabelled with E-Cadherin (ECAD) in white and RYR1 in green. Nuclei was stained with Sytox 

Blue (DNA). Brightfield depicted on the left. Scale bar = 25 µm. 
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RYR2 was also shown to be present in all three tissue samples (Figure 35). Mucosal RYR2 

labelling appeared to be limited to the cytoplasmic space of slender cells scattered 

throughout the epithelium (Figure 35A). In crypts, RYR2 labelling was strong along the basal 

membrane, with some labelling within the cytoplasm and within the nucleus (Figure 35B). 

Similarly, in organoids RYR2 labelling was strong along their basal membrane and surrounding 

the nucleus of some cells, with weak apical labelling (Figure 35C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35 – Immunolabelling of RYR2 in Mucosa, Crypts, and Organoids. 

Representative confocal images of the base of mucosa (A), crypts (B), and organoids (C) 

immunolabelled with E-Cadherin (ECAD) in white and RYR2 in green. Nuclei was stained with Sytox 

Blue (DNA). Brightfield depicted on the left. Scale bar = 25 µm. 
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The third RYR subtype was shown to be present in all three tissue samples (Figure 36). 

Mucosal RYR3 labelling also appeared to be limited to the cytoplasmic space of slender cells 

scattered throughout the epithelium, with some labelling outside and surrounding the 

epithelium (Figure 36A). In crypts, RYR3 labelling was present on the basal membrane of most 

cells (Figure 36B). In organoids, RYR3 labelling was strongly along the basal pole and basal 

membrane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36 – Immunolabelling of RYR3 in Mucosa, Crypts, and Organoids. 

Representative confocal images of the base of mucosa (A), crypts (B), and organoids (C) 

immunolabelled with E-Cadherin (ECAD) in white and RYR3 in green. Nuclei was stained with Sytox 

Blue (DNA). Brightfield depicted on the left. Scale bar = 25 µm. 
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Moving on to endolysosomal TPCs, TPC1 was shown to be present in all three tissue samples 

(Figure 37). Mucosal TPC1 labelling was prominent outside the epithelium; within the 

epithelium, labelling appeared to be concentrated along the basal membrane, as well as on 

the apical membrane of some cells (Figure 37A). In crypts, TPC1 labelling was prominent in 

the nuclear space and within the cytoplasm of most cells, as well as some apical membrane 

labelling (Figure 37B). Organoid labelling of TPC1 is similar to crypts, prominent in the nuclear 

space, cytoplasm, and some apical membrane (Figure 37C). Next, the intracellular localisation 

of TPC1 was evaluated within colonic stem cells and goblet cells (Figure 38). TPC1 labelling 

was present within the cytoplasmic and nuclear space of PTK7+ stem cells (Figure 38A). In 

MUC2+ cells at the base of crypts, TPC1 labelling was strong within the cytoplasmic space, 

alongside weaker labelling in the nucleus. 

 

In addition to TPC1, TPC2 was also present in all three tissue samples (Figure 39). Mucosal 

TPC2 labelling appeared to be ubiquitous throughout the epithelium, except for the 

cytoplasmic space of wide cells which are indicative of goblet cells (Figure 39A). In crypts, 

TPC2 labelling was restricted to the basal pole and nuclear space, as well as weak labelling in 

the cytoplasm (Figure 39B), the labelling pattern of which was similar in organoids (Figure 

39C). Next, the intracellular localisation of TPC2 was evaluated in colonic stem cells and goblet 

cells (Figure 40). TPC2 labelling was barely present within the cytoplasmic space of PTK7+ 

stem cells (Figure 40A). In MUC2+ cells at the base of crypts, TPC2 labelling was absent from 

the cytoplasmic but present in the nucleus. 

 

Most recently, TPC1-2 immunolabelling was conducted on organoids and visualised on the 

LSM910 confocal microscope, which provided much clearer TPC labelling (Figure 161). During 

that experiment, TPC1-2 were co-immunolabelled with Rab (5 & 11), proteins Ras superfamily 

of small G proteins who are involved in endocytic trafficking (Wandinger-Ness and Zerial 

2014). Once again, TPC1 labelling was concentrated on the apical membrane and co-labels 

with Rab11 (Figure 161A-B), while TPC2 labelling was prominent on the basal side and co-

labels with Rab5 (Figure 161C-D). 
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Figure 37 – Immunolabelling of TPC1 in Mucosa, Crypts, and Organoids. 

Representative confocal images of the base of mucosa (A), crypts (B), and organoids (C) 

immunolabelled with E-Cadherin (ECAD) in white and TPC1 in green. Nuclei was stained with Sytox 

Blue (DNA). Brightfield depicted on the left. Scale bar = 25 µm. 
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Figure 38 – Immunolabelling of TPC1 with Colonic Epithelial Cells. 

Representative confocal images of TPC1 immunolabelled in crypts or organoids with E-Cadherin 

(ECAD) in white, TPC1 in green, and co-labelled with stem cell marker PTK7 (A) or goblet cell marker 

MUC2 (B) in red. Nuclei was stained with Sytox Blue (DNA). Brightfield depicted on the left. Scale bar 

= 25 µm. 
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Figure 39 – Immunolabelling of TPC2 in Mucosa, Crypts, and Organoids. 

Representative confocal images of the base of mucosa (A), crypts (B), and organoids (C) 

immunolabelled with E-Cadherin (ECAD) in white and TPC2 in green. Nuclei was stained with Sytox 

Blue (DNA). Brightfield depicted on the left. Scale bar = 25 µm. 
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Figure 40 – Immunolabelling of TPC2 with Colonic Epithelial Cells. 

Representative confocal images of TPC2 immunolabelled in crypts or organoids with E-Cadherin 

(ECAD) in white, TPC2 in green, and co-labelled with stem cell marker PTK7 (A) or goblet cell marker 

MUC2 (B) in red. Nuclei was stained with Sytox Blue (DNA). Brightfield depicted on the left. Scale bar 

= 25 µm. 

 

 

 

 

 

Following the immunolabelling expression of endoplasmic reticular IP3Rs and RYRs, and 

endolysosomal TPCs, expression and localisation of CD38 was determined. CD38 was shown 

to be present in crypts and organoids (Figure 41). In both crypts and organoids, CD38 labelling 

was predominantly within the nuclear space, alongside slight labelling in the apical 

cytoplasmic space and apical membrane (Figure 41A-B). Finally, the intracellular localisation 

of CD38 was evaluated in colonic stem cells, goblet cells, enteroendocrine cells, and tuft cells 

(Figure 42). Similar to its immunolabelling pattern in crypts and organoids (Figure 41), CD38 

labelling was present in the nucleus and apical membrane of LGR5+ stem cells (Figure 42A), 

and in the nucleus of MUC2+ goblet cells (Figure 42B), CHGA+ enteroendocrine cells (Figure 

42C), and COX2+ tuft cells (Figure 42D). 
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Figure 41 – Immunolabelling of CD38 in Crypts and Organoids. 

Representative confocal images of the base of crypts (A) and organoids (B) immunolabelled with E-

Cadherin (ECAD) in white and CD38 in green. Nuclei was stained with Sytox Blue (DNA). Brightfield 

depicted on the left. Scale bar = 25 µm. 
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Figure 42 – Immunolabelling of CD38 with Colonic Epithelial Cells. 

Representative confocal images of CD38 immunolabelled in crypts or organoids with E-Cadherin 

(ECAD) in white, CD38 in green, and co-labelled with stem cell marker LGR5 (A), goblet cell marker 

MUC2 (B), enteroendocrine cell marker CHGA (C), or tuft cell marker COX2 (D) in red. Nuclei was 

stained with Sytox Blue (DNA). Brightfield depicted on the left. Scale bar = 25 µm. 
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3.2.3 Immunofluorescent Localisation of Ca2+ Coupled GPCRs 

Immunolabelling and confocal imaging were next used to visualize and characterize the 

localisation of Ca2+ coupled muscarinic and purinergic GPCRs at the base of mucosal crypts, 

cultured crypts, and organoids. This referred specifically to Gq-coupled M1, M3, M5, as well 

as P2Y2. Furthermore, cells which contain these GPCRs were evaluated by co-labelling them 

with markers for epithelial stem cells (LGR5 or PTK7), goblet cells (MUC2), and 

enteroendocrine cells (CHGA). Contributors to this data include Dr Victoria Jones, Dr Nicolas 

Pelaez Llaneza and Dr Kristy Kam.  

 

M1 was shown to be present in all three tissue samples (Figure 43). Mucosal M1 labelling 

showed high expression along the basolateral membrane of most cells (Figure 43A). In crypts, 

M1 labelling was exclusive to the basal membrane with some lateral membrane labelling 

(Figure 43B), which was similar to M1 labelling in organoids (Figure 43C). M3 was also shown 

to be present in all three tissue samples (Figure 44). Mucosal M3 labelling showed high 

expression within the basal pole of most cells (Figure 44A). In crypts, M3 labelling was 

exclusive to the basal membrane (Figure 44B), which was similarly observed in organoids 

(Figure 44C). M5 was also shown to be present in all three tissue samples (Figure 45). Mucosal 

M5 labelling showed high expression within the basal pole of most cells (Figure 45A). In crypts, 

M5 labelling appeared to also be prominent along the basal pole with strong nuclear labelling 

at the bottom, with some weak labelling on the apical pole and apical membrane (Figure 45B). 

However, in organoids M5 labelling was restricted to the basal membrane and even labelled 

outside the plasma membrane (Figure 45C). 

 

Next, the intracellular localisation of M1, M3 and M5 was evaluated in colonic stem cells, 

goblet cells and enteroendocrine cells (Figure 46-48). With the exception of M5 labelling in 

stem cells (Figure 48A), expression of all three mAChRs were exclusive to the basal 

membrane. Stem cells, which were labelled with LGR5 along the basal membranes of cells at 

the base of crypts or organoids, co-labelled with M1 (Figure 46A) and M3 (Figure 47A). Goblet 

cells, which were packed with MUC2, expressed M1 (Figure 46B), M3 (Figure 47B) and M5 

(Figure 48B) along their basal membranes. Sparse numbers of enteroendocrine cells, which 

were labelled with CHGA, also expressed M1 (Figure 46C), M3 (Figure 47C) and M5 (Figure 

48C) along their basal membranes. 
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Figure 43 – Immunolabelling of M1 in Mucosa, Crypts, and Organoids. 

Representative confocal images of the base of mucosa (A), crypts (B), and organoids (C) 

immunolabelled with E-Cadherin (ECAD) in white and M1 in green. Nuclei was stained with Sytox Blue 

(DNA). Brightfield depicted on the left. Scale bar = 25 µm. 

 

 

 

 

 

 

 



 
 

 
107 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44 – Immunolabelling of M3 in Mucosa, Crypts, and Organoids. 

Representative confocal images of the base of mucosa (A), crypts (B), and organoids (C) 

immunolabelled with E-Cadherin (ECAD) in white and M3 in green. Nuclei was stained with Sytox Blue 

(DNA). Brightfield depicted on the left. Scale bar = 25 µm. 
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Figure 45 – Immunolabelling of M5 in Mucosa, Crypts, and Organoids. 

Representative confocal images of the base of mucosa (A), crypts (B), and organoids (C) 

immunolabelled with E-Cadherin (ECAD) in white and M5 in green. Nuclei was stained with Sytox Blue 

(DNA). Brightfield depicted on the left. Scale bar = 25 µm. 
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Figure 46 – Immunolabelling of M1 with Colonic Epithelial Cells. 

Representative confocal images of M1 immunolabelled in crypts or organoids with E-Cadherin (ECAD) 

in white, M1 in green, and co-labelled with stem cell marker LGR5 (A), goblet cell marker MUC2 (B), 

and enteroendocrine cell marker CHGA (C) in red. Nuclei was stained with Sytox Blue (DNA). Brightfield 

depicted on the left. Scale bar = 25 µm. 
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Figure 47 – Immunolabelling of M3 with Colonic Epithelial Cells. 

Representative confocal images of M3 immunolabelled in crypts or organoids with E-Cadherin (ECAD) 

in white, M3 in green, and co-labelled with stem cell marker LGR5 (A), goblet cell marker MUC2 (B), 

and enteroendocrine cell marker CHGA (C) in red. Nuclei was stained with Sytox Blue (DNA). Brightfield 

depicted on the left. Scale bar = 25 µm. 
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Figure 48 – Immunolabelling of M5 with Colonic Epithelial Cells. 

Representative confocal images of M5 immunolabelled in crypts or organoids with E-Cadherin (ECAD) 

in white, M5 in green, and co-labelled with stem cell marker LGR5 (A), goblet cell marker MUC2 (B), 

and enteroendocrine cell marker CHGA (C) in red. Nuclei was stained with Sytox Blue (DNA). Brightfield 

depicted on the left. Scale bar = 25 µm. 
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Of the four ATP-sensitive P2Y receptors identified using RNA sequencing transcriptomic 

analysis (Figure 28), only P2Y2 coupled to Gq and was sensitive to both ATP and UTP (Table 5). 

Hence, this purinergic receptor was focused on in this thesis. P2Y2 was shown to be present 

at the base of all three tissues (Figure 49). Mucosal P2Y2 labelling showed uniform expression 

along the basal pole and on lateral membranes (Figure 49A). In crypts, P2Y2 labelling appear 

to also be prominent along the basal pole and basal membrane, as well as within the lumen 

(Figure 49B). In organoids, P2Y2 labelling was also prominent in the basal pole, with some 

cytoplasmic and lateral membrane labelling (Figure 49C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 49 – Immunolabelling of P2Y2 in Mucosa, Crypts, and Organoids. 

Representative confocal images of the base of mucosa (A), crypts (B), and organoids (C) 

immunolabelled with E-Cadherin (ECAD) in white and P2Y2 in green. Nuclei was stained with Sytox 

Blue (DNA). Brightfield depicted on the left. Scale bar = 25 µm. 
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Next, the intracellular localisation of P2Y2 was evaluated in colonic stem cells, goblet cells and 

enteroendocrine cells (Figure 50). P2Y2 co-labelled with LGR5+ stem cells along their basal 

membranes at the crypt base, in addition to labelling the lateral membrane on the basal pole 

of the cell (Figure 50A). In MUC+ goblet cells, P2Y2 labelling was present on their basal pole 

(Figure 50B). Sparse numbers of enteroendocrine cells, which were labelled with CHGA, also 

contain P2Y2 labelling on the basal pole (Figure 50C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50 – Immunolabelling of P2Y2 with Colonic Epithelial Cells. 

Representative confocal images of P2Y2 immunolabelled in crypts or organoids with E-Cadherin 

(ECAD) in white, P2Y2 in green, and co-labelled with stem cell marker LGR5 (A), goblet cell marker 

MUC2 (B), and enteroendocrine cell marker CHGA (C) in red. Nuclei was stained with Sytox Blue (DNA). 

Brightfield depicted on the left. Scale bar = 25 µm. 
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3.2.4 Immunofluorescent Localisation of ChAT 

Finally, immunolabelling and confocal imaging were used to visualize and characterize the 

localisation of ChAT in the base of mucosal crypts, cultured crypts, and organoids. 

Furthermore, cells which contained ChAT were evaluated by co-labelling them with markers 

for goblet cells (MUC2 and WFDC2), enteroendocrine cells (CHGA and GLP1), and tuft cells 

(ADVILLIN, COX1 and COX2). Contributors to this data include Dr Victoria Jones and Dr Nicolas 

Pelaez Llaneza.  

 

ChAT was shown to be present in mucosa and crypts, but not in organoids (Figure 51). In 

mucosa, ChAT labelling were either small punctate, parts of apical or lateral membrane, or 

the entire cytoplasmic space of a few slender cells (Figure 51A). In crypts, ChAT labelling were 

predominantly the cytoplasmic space of slender cells (Figure 51B). ChAT labelling was not 

present in organoids (Figure 51C), which reflected the absence of ChAT RNA in organoids 

during transcriptomic analysis (Figure 29).  

 

Last of all, the intracellular localisation of ChAT was evaluated in colonic goblet cells, tuft cells 

and enteroendocrine cells. ChAT labelling were either absent or low in goblet cells (Figure 52). 

ChAT labelling was absent in WFDC2+ goblet cells, and the few cells containing ChAT labelling 

within their cytoplasmic space did not contain WFDC2 labelling (Figure 52A). Similarly, ChAT 

labelling was absent or low in MUC2+ goblet cells, and the few slender cells containing ChAT 

labelling within their cytoplasmic space did not contain MUC2 labelling (Figure 52B). ChAT 

labelling occurred in most tuft cells (Figure 53); ChAT co-labelled with most ADVILLIN+, COX1+ 

and COX2+ tuft cells (Figure 53A-C). ChAT labelling was also present on most enteroendocrine 

cells (Figure 54); ChAT co-labelled with CHROA+ and GLP1+ enteroendocrine cells (Figure 54A-

B). 
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Figure 51 – Immunolabelling of ChAT in Mucosa, Crypts, and Organoids. 

Representative confocal images of the base of mucosa (A), crypts (B), and organoids (C) 

immunolabelled with E-Cadherin (ECAD) in white and ChAT in green. Nuclei was stained with Sytox 

Blue (DNA). Brightfield depicted on the left. Scale bar = 25 µm. 
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Figure 52 – Immunolabelling of ChAT with Colonic Goblet Cells. 

Representative confocal images of ChAT immunolabelled in mucosa or crypts or organoids with E-

Cadherin (ECAD) in white, ChAT in green, and co-labelled with goblet cell marker WFDC2 (A) or MUC2 

(B) in red. Nuclei was stained with Sytox Blue (DNA). Brightfield depicted on the left. Scale bar = 25 

µm. 
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Figure 53 – Immunolabelling of ChAT with Colonic Tuft Cells. 

Representative confocal images of ChAT immunolabelled in mucosa or crypts or organoids with E-

Cadherin (ECAD) in white, ChAT in green, and co-labelled with tuft cell marker ADVILLIN (A), COX1 (B) 

or COX2 (C) in red. Nuclei was stained with Sytox Blue (DNA). Brightfield depicted on the left. Scale 

bar = 25 µm. 
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Figure 54 – Immunolabelling of ChAT with Colonic Enteroendocrine Cells. 

Representative confocal images of ChAT immunolabelled in mucosa or crypts or organoids with E-

Cadherin (ECAD) in white, ChAT in green, and co-labelled with enteroendocrine cell marker CHGA (A) 

or GLP1 (B) in red. Nuclei was stained with Sytox Blue (DNA). Brightfield depicted on the left. Scale bar 

= 25 µm. 
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3.3 Discussion 
This chapter’s results quantified the gene expression followed by visualisation of the protein 

expression of Ca2+ signalling toolkit components in human colonic native mucosa, cultured 

crypts, and organoids. Transcriptomic analysis using RNA sequencing demonstrated the gene 

expression of intracellular Ca2+ release channels, muscarinic and purinergic GPCRs, and 

proteins related to production or packaging of endogenous acetylcholine and ATP. Next, 

immunolabelling and confocal imaging were used to reveal the presence of these proteins 

and identify their cellular localisations within colonic epithelial cells at the base of mucosal 

crypts, cultured crypts, and organoids. These findings indicate the presence of Ca2+ signalling 

pathways that are mediated by muscarinic and purinergic receptor activation. 

 

3.3.1 Differential RNA Expression in Mucosa, Crypts, and Organoids 

Within the same family of receptors, the gene expression of certain receptor subtypes was 

higher compared than others. Among IP3Rs, IP3R3 gene expression was the highest while 

IP3R1 gene expression was the lowest (Figure 23). That study also showed the absence of 

RYR3 gene expression in colonic cell lines, which was identical to this thesis’s findings in crypts 

and organoids (Figure 24). For TPCs, TPC1 was higher than TPC2 (Figure 25); TPC3 gene  

expression was not explored as they are known to not be expressed in primates (Ogunbayo, 

et al., 2015). M3 gene expression was highest of M1-4 (Figure 27). And, P2Y1 and P2Y2 genes 

were expressed higher than P2Y11 and P2Y13 (Figure 28). 

 

On the other hand, the differential expression between human colonic native mucosa, 

cultured crypts, and organoids are an interesting subject to analyse. For example, expression 

of IP3R1 mRNA in crypts and organoids was less than half compared to mucosa (Figure 23). 

This can be explained by the nature of these samples. Mucosa, as the name implies, consists 

of the epithelium embedded to its lamina propria basement membrane, which contain 

subepithelial connective tissue and non-epithelial cells such as neurons and immune cells. By 

comparison, crypts consist solely of the isolated monolayer epithelium which were separated 

from the lamina propria using collagen degrading enzymes. And lastly, organoids consist of 

epithelial cells grown from single cells cultured in media within Matrigel to form ‘mini-guts’. 

Thus, the RNA isolated and analysed from mucosa will originate from epithelial and non-

epithelial cells, while the RNA isolated and analysed from crypts and mucosa should solely be 

from epithelial cells.  

 

Since these crypts were isolated from mucosa and immediately put through RNA extraction, 

their transcriptomic analysis data reflects the in-vivo gene expression of the human colonic 

epithelium. On the other hand, organoids reflect the ex-vivo gene expression of the human 

colonic epithelium. Due to this, similarity in RPKM between crypts and organoids indicate the 

advantage of cultured organoids as a model of studying the human colonic epithelium. 

However, a drastically lower organoid RPKM (RYR1, M1) would indicate a paradigm of gene 



 
 

 
120 

 

upregulation in the colonic epithelium by the mucosa which was not replicated by the 

organoid culture conditions. And on the flipside, a drastically increased organoid RPKM 

(IP3R3, RYR2, TPC2) would indicate a paradigm of gene downregulation in the colonic 

epithelium by the mucosa which similarly was not replicated by the organoid culture 

conditions. 

 

Even so, one should be cautious about using this data to infer whether the protein expression 

of one receptor subtype would be higher or lower in the human colonic epithelium. This is 

because gene and protein expression can be affected by the rate of protein synthesis and 

degradation. For example, the half-life of IP3R3 proteins may be short and thus require 

constant gene expression, while IP3R1 proteins may have a long half-life and thus gene 

expression is infrequent. By that extension, the low gene expression of RYRs (Figure 24) may 

indicate a slow rate of protein turnover rather than not being expressed. One way to evaluate 

whether the genes being expressed by mucosa crypts, isolated crypts and organoids are highly 

or lowly expressed, would be to measure housekeeping genes – essential genes which are 

required for the maintenance of basic cellular functions. Since housekeeping genes would be 

expected to be expressed at a constant level in every cell regardless of condition (Eisenberg 

and Levanon 2013), it would be a suitable internal control to compare relative gene 

expression. Future studies should also consider splice variants for the same protein subtype. 

For example, the M3 cDNA consists of over four thousand base pairs in eight exons, which 

can generate multiple splice variants (Forsythe, et al. 2002). It would be of interest to compare 

the expression of splice variants between different tissue models, as well as comparing their 

expression between normal and abnormal tissues, to determine whether splice variants 

contribute to the development of disease. 

 

3.3.2 Differential Intracellular Ca2+ Release Channel Expression 

To validate the transcriptomic analyses, immunolabelling was done to visualize the protein 

expression for these Ca2+ signalling toolkit components. In addition, the cellular localisation 

of these proteins was determined by labelling tissue samples with markers of colonic 

epithelial cells. Imaging was restricted to the base of crypts and organoids as stem cells reside 

within that region, and subsequent experiments were focused on the base of crypts and 

organoids. Due to disruptions caused by the coronavirus pandemic, some gaps are present in 

this body of data. 

 

Endoplasmic reticular IP3Rs (Figure 32-33) and RYRs (Figure 34-36) were shown to be 

expressed by human colonic native mucosa, cultured crypts, and organoids. IP3R1 and IP3R2 

in mucosa could not be achieved due to lack of access of human colonic tissue samples during 

the pandemic. However, the existing data sufficiently showed differential expression of 

receptor subtypes. Differences in IP3R subtype distribution suggests specialized functions for 

each receptor, which was explored by a study which characterized and identified differential 
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IP3R expression in rat colonic epithelium (Siefjediers, et al. 2007). In that study, IP3R1 was not 

present, IP3R2 labelled the nuclei, and IP3R3 stained the apical side of cells near the opening 

colonic crypts. By comparison, this thesis showed IP3R1 to be present in the human colonic 

epithelium (Figure 32). Irrespective of tissue type, IP3R1 and IP3R3 labelling were more 

prominent on the apical pole, while IP3R2 labelling was prominent on the basal pole. Notably, 

the expression of IP3R3 in organoids was more widespread than in crypt or mucosa, which 

correlated with the IP3R3 transcriptomic analysis (Figure 23). As for RYR1-3, in mucosa they 

seemed to favour the apical pole of cells, while in crypts and organoids their labelling was 

prominent on the basal membrane with some apical labelling. Non-specific labelling was ruled 

out using blocking peptides (data not shown). One possibility is the inability of RYR1-3 

antibodies to permeate the Matrigel or plasma membrane of crypts and organoids, which 

might explain their high prevalence of basal labelling. On the other hand, mucosa samples 

consist of 10-micron sectioned slices, which poses no problem for antibody penetration. 

 

Endolysosomal TPCs were next shown to be expressed on human colonic native mucosa, 

cultured crypts, and organoids. TPC1 labelling appear to be concentrated in the nuclear space 

and in the cytoplasm, as well as some apical membranes (Figure 37). This labelling pattern 

was observed in both stem cells and goblet cells, where TPC1 was present inside the nucleus 

and in the cytoplasmic space of PTK7+ cells (Figure 38) and on the apical side of MUC2+ cells. 

On the other hand, TPC2 labelling was prominent on the basal side in crypts and organoids, 

and prominent in the cytoplasm of some cells in mucosa (Figure 39). One complication 

regarding TPC2 was high background labelling in the lumen or outside the epithelium. This 

was observed in stem cells and goblet cells labelled with TPC2 (Figure 40) which complicates 

data interpretation. Even so, it is clear that TPCs are present in the colonic epithelium. Recent 

TPC immunolabelling with Rab5/11 on the LSM910 confocal microscope not only confirmed 

the apical labelling of TPC1 (Figure 161A-B) and basal labelling of TPC2 (Figure 161C-D), but it 

also highlighted the endosomes which TPCs were expressed on. Rab5 is involved in the 

maturation of early endosomes into late endosomes via the trans-Golgi (Nagano, et al. 2019), 

while Rab11 localised on early endosomes (Kobayashi and Fukuda 2013). The co-labelling of 

TPC1 with Rab5 (Figure 161B) indicate TPC1 are present on late endosomes, while the co-

labelling of TPC2 with Rab11 (Figure 161C) indicate TPC2 are present on early endosomes. 

 

To support the hypothesis that endolysosomal TPCs were involved in intracellular Ca2+ 

signalling in the colonic epithelium, CD38 gene expression confirmed (Figure 26). Next, CD38 

protein was shown to be prominent in the nucleus, alongside some labelling on the apical 

membrane (Figure 41) and (Figure 42). This indicate CD38 playing a role in catalysing the 

formation of NAADP to act on endolysosomal TPCs to induce release of stored Ca2+. 
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3.3.3 Differential Expression of Ca2+ Coupled GPCRs 

Having characterized the protein expression of intracellular Ca2+ release channels and CD38, 

the expression and localisation of GPCRs which couple to those channels were determined. 

Transcriptomic analysis confirmed the gene expression of M1-4 (Figure 27) and P2Y1/2/11/13 

(Figure 28). Of the five mAChRs, only M1/3/5 couple to Gq (Kruse, et al., 2014) to activate PLC 

to hydrolyse PIP2 to DAG and IP3; the latter being the ligand of IP3Rs. Thus, only those three 

were evaluated in this thesis. However, another member of the Williams group has 

characterized M1-5 using RT-PCR, RNA sequencing and immunolabeling during their PhD 

(Pelaez-Llaneza 2019). In this thesis, M1/3/5 were consistently shown to label the basal 

membrane of every cell marked within the base of crypts and organoids (Figure 43-48), which 

supports the hypothesis of them being basal plasma membrane receptors for acetylcholine 

in the colonic epithelium. Of the eight P2YRs, only P2Y2 couples to Gq and is sensitive to both 

ATP and UTP. As subsequent experiments focused on the consequence of P2Y2-induced 

purinergic signals, only P2Y2 protein expression was evaluated. P2Y2 labelling was shown to 

be prominent on the basal pole, however apical and luminal P2Y2 labelling was also 

characterized (Figure 49 & 50). 

 

Due to the observation that M1, M3 and M5 immunolabelling appeared largely similar, one 

point of concern is that the suitability of muscarinic acetylcholine receptor antibodies – and 

others such as IP3Rs and RYRs – may not be optimal. For example, the amino acid sequences 

which these antibodies were raised against may be between two or more proteins, especially 

if these two proteins belong to the same family, are isoforms, or are splice variants. This point 

was echoed by another study (Jositsch, et al. 2009), which evaluated twenty-four muscarinic 

receptor antibodies using twenty-one different protocols in different tissue sections within 

gene-deficient mice. During this study, they found that the immunohistochemical localization 

of muscarinic receptors subtypes to be unreliable; it varied between tissue sections and 

protocols and resulted in some false positives. 

 

3.3.4 ChAT Preferentially Labels Tuft Cells 

Finally, this chapter evaluated the human colonic epithelium’s potential of synthesizing 

acetylcholine, which other studies have shown tuft cells to be capable of (Pan, Zhang, Shao, 

& Huang, 2020). Transcriptomic analysis confirmed gene expression for ChAT in mucosa and 

crypts, but not in organoids (Figure 29). This was reflected by the absence of ChAT protein in 

organoids using immunolabelling (Figure 51). Labelling ChAT with epithelial cell markers 

showed ChAT labelling being absent/low in goblet cells (Figure 52), strong co-labelling with 

tuft cells (Figure 53), and some co-labelling with enteroendocrine cells (Figure 54). In the 

literature, ChAT labelling was shown to be expressed specifically in DCLK1 tuft cells (Schütz, 

Jurastow, et al. 2015). One study has shown tuft cells adopting an enteroendocrine phenotype 

as a result of disrupted muscarinic signals (Middelhoff, et al., 2020). Since the majority of 

human tissues samples obtained by the Williams group originate from patients undergoing 

colon surgery, it is possible that the same is occurring here (N>3), resulting in ChAT+ 
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enteroendocrine cells which could be explored in future studies. The absence of ChAT+ cells 

in organoids will be discussed in a latter chapter. 

 

The gene expression of vesicular nucleotide transporter (VNUT), SLC17A9, was shown to be 

present in mucosa, crypts, and organoids (Figure 30). This suggests that the colonic epithelium 

is capable of packing ATP into secretory vesicles. In addition, gene expression for proteins 

related to GLP1 production, GCG and PCSK1, were also shown to be present in all three tissue 

samples (Figure 31). However, immunolabelling for those proteins were not carried out due 

to time limitations and subject to further studies. A more in-depth discussion for these 

findings will be presented in the final conclusion (Chapter 8.4.4).  

 

3.4 Conclusion 
This chapter identified the gene and protein expression of Ca2+ signalling toolkit components 

in human colonic native mucosa, cultured crypts, and organoids. Gene expression was 

identified using RNA sequencing transcriptomic analysis, which was validated by protein 

localisation using immunolabelling. Immunolabelling identified specific labelling patterns for 

IP3 and RYR receptors, which suggest differential receptor function. In addition, the human 

colonic epithelium expresses muscarinic and purinergic receptors, CD38 which catalyses TPC-

ligand NAADP, tuft cells that are capable of synthesizing and secreting acetylcholine, and TPC1 

may be involved in mucus secretion from goblet cells. The next chapter of this thesis will 

elucidate the muscarinic and purinergic-induced pathway by selectively activating and/or 

inhibiting these Ca2+ signalling toolkit components. 
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4 Chapter 4 – Results Part 2: Spatio-Temporal Characteristics of 

Ca2+ Signals Induced by Muscarinic and Purinergic Receptors 

4.1 Introduction 
The previous chapter characterised the mRNA and protein expression for Ca2+ signalling 

toolkit components in human colonic mucosa, native isolated crypts, and cultured organoids.  

Specifically, the expression of muscarinic and purinergic receptor subtypes were studied using 

RNAseq and fluorescent immunolabelling techniques. Expression patterns in the stem cell 

zone suggested that these GPCRs can potentially to couple to numerous intracellular Ca2+ 

release channels to invoke colonic epithelial Ca2+ signals.  This chapter describes a series of 

experiments that combine Ca2+ signalling with a pharmacological approach to identify specific 

receptor coupling to intracellular Ca2+ store mobilisation. These experiments were carried out 

using the ratiometric fluorescent dye that is specifically sensitive to Ca2+, Fura-2 (Figure 55) 

and (Figure 56). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 55 – Detection of Intracellular Ca2+ by Fura-2. 

A. Outside the cell, the Fura-2-AM ester is Ca2+ insensitive and nonpolar. Upon interacting with the 

plasma membrane and becoming internalized, esterase enzymes cleave the AM groups, trapping Fura-

2 inside the cell, where it is sensitive to Ca2+. B. Upon release of organellar stored Ca2+, such the ER via 

the muscarinic signalling pathway induced by Carbachol, Fura-2 exhibits a Ca2+ dependent excitation 

spectral shift. Adapted from (Shaalan, Carpenter and Proctor 2017). 



 
 

 
125 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56 – Fluorescence Excitation Spectra of Fura-2. 

Fura-2 has an emission peak of 505 nm and is excited by at 340 nm and 380 nm of light. The 340 nm 

emission corresponds to Fura-2 bound to Ca2+, while the 380 nm emission corresponds to Fura-2 

unbound to Ca2+.  The ratio of those wavelength emissions (340/380 nm) is directly related to changes 

in [Ca2+]. Fura-2 operates well in solutions containing low concentrations of free Ca2+. 

 

Muscarinic and purinergic Ca2+ signals were generated in cultured crypts and organoids. First, 

the spatio-temporal characteristics of muscarinic and purinergic Ca2+ signals were 

determined. A range of pharmacological agents (Table 9) were then used to show that the 

muscarinic Ca2+ signalling pathway was mediated by Two-Pore Channels (TPCs) while the 

purinergic Ca2+ signalling pathway was mediated by IP3-Receptors (IP3Rs). Next, muscarinic 

and purinergic signals were shown to preferentially couple to distinct organellar Ca2+ stores 

but crosstalk with one another by converging on ryanodine receptors (RYRs). In addition to 

muscarinic and purinergic Ca2+ signalling, additional experiments were conducted to 

investigate other means of generating Ca2+ signals in crypts and organoids. These include a 

member of the TRP ion channels called Mucolipin-1 (TRPML1), and mechanosensitive Piezo 

channels.  
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4.2 Results 
Cultured crypts and organoids which had been grown for 24-72 hours were loaded with Fura-

2-AM (5 µM) for 2 hours in HBS at room temperature (Chapter 2.6). Certain antagonists which 

require incubation in culture media at 37oC (Table 9) were done prior to Fura-2 loading. “N” 

denotes the number of patients whose colonic crypts or organoids were used to generate 

data. Each patient sample would further be tested at least three times (n≥3). “N.S.” denotes 

the data is not statistically significant (P>0.05). “*” denotes the data is statistically significant 

(P<0.05). 

 

4.2.1 Spatio-Temporal Characteristics of Muscarinic and Purinergic Ca2+ Signals 

The spatio-temporal characteristics of muscarinic Ca2+ signalling was investigated on crypts 

stimulated with carbachol (CCh; 10 µM), a pharmacological analogue of acetylcholine that is 

resistant to acetylcholinesterase hydrolysis (Streichert and Sargent 1992). The ratiometric 

fluorescence imaging (340/380 nm) showed CCh causing an increase in fluorescence initiating 

at the crypt base (Figure 57), which spreads to neighbouring cells before propagating up the 

crypt axis; all of which occurring within 1-3 minutes. The topology of CCh-induced Ca2+ signals 

were determined by drawing regions of interest (ROI) at three positions along the crypt axis 

(Figure 58A). Fluorometric measurements of those ROIs confirmed the Ca2+ signal originating 

at the crypt base and spreading up the crypt axis over time (Figure 58B). Next, the polarity of 

CCh-induced Ca2+ signals were determined by drawing two pairs of ROIs at two positions along 

the crypt axis (Figure 58C). Fluorometric measurements of those ROIs confirmed the Ca2+ 

signal originating at the apical pole and spreading to the basal pole at the crypt base, before 

the same occurs higher up the crypt axis (Figure 58D). 

 

 

 

 

 

 

 

 

 

 

Figure 57 – CCh-induced Ca2+ Signals Originate at the Crypt Base. 

Representative series of epi-fluorescent live images of a crypt loaded with Fura-2 (5 μM) being 

stimulated with CCh (10 μM) over time in seconds (s). Increase in Fura-2 ratio (340/380 nm) 

fluorescence is visualized by a colour map ranging from blue (0.4) to green then red (1.3). 
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Figure 58 – Topology and Polarity of CCh-induced Ca2+ Signals. 

Topology (A-B) and polarity (C-D) of Ca2+ signals induced by CCh (10 μM) over time. Left-side images 

depict crypts with drawn ROIs. Right-side line graphs represent the normalized Fura-2 ratio changes 

in each ROI. 

 

CCh-induced Ca2+ release was not significantly affected by the absence of extracellular Ca2+ 

which was chelated by EGTA (1 mM), (Figure 59), indicating intracellular organelles were the 

source of Ca2+ release. CCh was confirmed to induce release of stored organellar Ca2+ via 

muscarinic receptors (Figure 60), as it was ablated by 4-DAMP, which inhibits M1 and M3 but 

prefers the latter (Greenwood and Dragunow 2010). In the absence of 4-DAMP, paired CCh 

responses with a 25-minute resting time between each (Figure 60A) demonstrated the crypt’s 

ability to produce a second Ca2+ signal which was not statistically significant compared to the 

first (Figure 60B). However, addition of 4-DAMP (100 nM) after the first CCh response (Figure 

60C) abolished the second CCh-induced Ca2+ signal (Figure 60D). 
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Figure 59 – CCh-induced Ca2+ Signals Originate from Intracellular Stores. 

Example traces of crypts stimulated with CCh (10 μM) over time in the presence (control) or absence 

(EGTA 1 mM) of extracellular Ca2+ (A). Bar chart summarising the normalized Fura-2 ratio amplitude 

comparing the CCh-induced Ca2+ signals with and without EGTA on crypts (B). Data normalised to 

control and displayed as mean +/- SEM. Not significant (N.S). P>0.05 (*). N=2. For every “N”, n≥3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 60 – Muscarinic Antagonist 4-DAMP Inhibits CCh-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (10 μM) once followed by another after 25 minutes rest, 

in the absence (A) or presence (C) of 4-DAMP (100 nM). Bar charts summarising the normalized Fura-

2 ratio amplitude comparing the 1st and 2nd CCh stimulation in crypts, in the absence (B) or presence 

(D) of 4-DAMP. Data normalised to control and displayed as mean +/- SEM. Not significant (N.S). 

P>0.05 (*). N=1. For every “N”, n≥3. 
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Next, the spatio-temporal characteristics of purinergic Ca2+ signalling was investigated on 

crypts. Initial experiments using ATP and UTP (Figure 61) determined both agonists were 

capable of causing Ca2+ signals. Since the Fura-2 ratio amplitude change induced by ATP (10 

µM) and UTP (50 µM) were equivalent to CCh (10 µM), all subsequent experiments using 

those agonists were conducted using those concentrations. The ratiometric fluorescence 

imaging (340/380 nm) showed UTP causing an increase in fluorescence initiating higher up 

the crypt axis (Figure 62), which spreads to neighbouring cells before propagating down the 

crypt axis; all of which occurring within 1-3 minutes after the addition of UTP. The topology 

of UTP-induced Ca2+ signals were determined by drawing ROI at three positions along the 

crypt axis (Figure 63A). Fluorometric measurements of those ROIs confirmed the Ca2+ signal 

originating higher up crypt axis and spreading downwards over time (Figure 63B). Next, the 

polarity of UTP-induced Ca2+ signals were determined by drawing two pairs of ROIs at two 

positions along the crypt axis (Figure 63C). Fluorometric measurements of those ROIs showed 

the Ca2+ signal may originate from either the apical or basal pole (Figure 63D). 

 

 

 

 

 

 

 

 

Figure 61 – Characterisation of Ca2+ Signals Induced by ATP/UTP. 

Example normalized Fura-2 ratio traces in crypts stimulated by varying concentrations of ATP, as well 

as UTP, over time (A). Bar chart summarising the normalized Fura-2 ratio amplitude comparing 

ATP/UTP-induced Ca2+ signals on crypts (B). N≥1. For every “N”, n≥3. 
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Figure 62 – UTP-induced Ca2+ Signals Originate Higher Up the Crypt Axis. 

Representative series of epi-fluorescent live images of a crypt loaded with Fura-2 (5 μM) being 

stimulated with UTP (50 μM) over time in seconds (s). Increase in Fura-2 ratio (340/380 nm) 

fluorescence is visualized by a colour map ranging from blue (0.4) to green to red (1.3). 
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Figure 63 – Topology and Polarity of UTP-induced Ca2+ Signals. 

Topology (A-B) and polarity (C-D) of Ca2+ signals induced by UTP (50 μM) over time. Left-side images 

depict crypts with drawn ROIs. Right-side line graphs represent the normalized Fura-2 ratio changes 

in each ROI. 
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Next, UTP was confirmed to induce release of stored organellar Ca2+ via P2Y2 receptors. UTP-

induced Ca2+ signals were not significantly affected by the absence of extracellular Ca2+ (Figure 

64) which was chelated by EGTA (1 mM), indicating intracellular organelles were the source 

of Ca2+ release. UTP was confirmed to induce Ca2+ release by via P2Y2 receptors (Figure 65) 

by designing an experiment using AR-C118925XX, which specifically inhibits P2Y2 receptors 

(Muoboghare, Drummond and Kennedy 2019). First, a control experiment was conducted 

(Figure 65A), whereby an initial UTP stimulation was followed by a secondary CCh stimulation 

with a 25-minute resting time between each. However, in the presence of AR-C118925XX (5 

μM) the initial UTP stimulation was ablated (Figure 65B) while the secondary CCh stimulation 

produced a Ca2+ signal which was not statistically significant to the control. This was 

conducted in both crypts (Figure 65C) and organoids (Figure 65D), with similar trends 

observed in both. As an aside, P2Y2 receptors were shown to not be the only form of ATP-

sensitive purinergic receptors present in colonic crypts (Figure 66), as the Ca2+ signals induced 

by ATP (10 μM) was not inhibited by AR-C118925XX (5 μM). 

 

 

 

 

 

 

 

 

Figure 64 – UTP-induced Ca2+ Signals Originate from Intracellular Stores. 

Example traces of crypts stimulated with UTP (50 μM) over time in the presence (control) or absence 

(EGTA 1 mM) of extracellular Ca2+ (A). Bar chart summarising the normalized Fura-2 ratio amplitude 

comparing CCh-induced Ca2+ signals with and without EGTA performed on crypts (B). Data normalised 

to control and displayed as mean +/- SEM. Not significant (N.S). N=2. For every “N”, n≥3. 
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Figure 65 – P2Y2 Receptor Antagonist AR-C118925XX Inhibits UTP-induced Ca2+ Signals. 

Example traces of crypts stimulated with UTP (50 μM) followed by CCh (10 μM) after 25 minutes rest, 

in the absence (A) or presence (B) of AR-C118925XX (5 μM). Bar charts summarising the normalized 

Fura-2 ratio amplitude comparing CCh and UTP-induced Ca2+ signals with and without AR-C118925XX 

in crypts (C) and organoids (D). Not significant (N.S). P>0.05 (*). N=1. For every “N”, n≥3. 

 

 

 

 

 

 

 

 

Figure 66 – Purinergic Antagonist AR-C118925XX Does Not Inhibit ATP-induced Ca2+ Signals. 

Example traces of crypts stimulated with ATP (10 μM) over time in the absence (control) or presence 

of AR-C118925XX (5 μM) (A). Bar chart summarising the normalized Fura-2 ratio amplitude comparing 

ATP-induced Ca2+ signals with and without AR-C118925XX performed on crypts (B). Data normalised 

to control and displayed as mean +/- SEM. Not significant (N.S). N=1. For every “N”, n≥3. 
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4.2.2 Effects of Intracellular Ca2+ Release Channel Antagonists on Muscarinergic and 

Purinergic Coupled Ca2+ Signals 

Having confirmed the spatio-temporal characteristics of muscarinic and purinergic Ca2+ 

signals, their signalling pathway was investigated by targeting intracellular receptors (TPCs 

and IP3Rs) using pharmacological compounds. Besides those, the muscarinic and purinergic 

Ca2+ signal was evaluated against an array of non-specific pharmacological compounds which 

have been shown to affect Ca2+ signals in the literature. 

 

Muscarinic and purinergic Ca2+ signals were first evaluated in the presence of TPC-inhibiting 

pharmacological compounds. The first TPC-inhibiting pharmacological compound used was 

trans Ned-19, which binds to TPCs to inhibit binding of NAADP to TPCs as well as inhibit 

NAADP-mediated Ca2+ release (Rosen, et al. 2009) and (Ruas, Rietdorf, et al. 2010). In crypts 

and organoids, high concentrations of Ned-19 (500 μM) were found to significantly inhibit 

CCh (Figure 67A-C) but not UTP (Figure 67D-F), while lower concentrations of Ned-19 (125 & 

250 μM) increased the sensitivity of crypts and organoids to CCh and UTP. Another TPC-

inhibiting pharmacological compound used was tetrandrine, a plant alkaloid used in 

traditional medicine, which was first shown to inhibit TPCs and thereby disrupt endosomal 

vesicle trafficking to impact the micropinocytosis of Ebolavirus (Sakurai, et al., 2016) and 

(Patel and Kilpatrick 2018). Similar to Ned-19, tetrandrine (20 μM) significantly inhibited CCh 

(Figure 68A-C) but not UTP (Figure 68D-F) in both crypts and organoids. 

 

Next, muscarinic and purinergic Ca2+ signals were evaluated in the presence of IP3R-inhibiting 

pharmacological compounds. The first IP3R-inhibiting pharmacological compound used was 

2-APB, which has a long history of being used as a membrane-permeable blocker of IP3Rs 

(Missiaen, et al. 2001). In crypts and organoids, 2-APB (50 μM) was consistently found to not 

inhibit CCh-induced Ca2+ signals (Figure 69A-C) but significantly inhibited UTP-induced Ca2+ 

signals (Figure 69D-F), while higher concentrations of 2-APB (100 μM) were capable of 

significantly reducing CCh-induced Ca2+ release in organoids (Figure 69C). Another IP3R-

inhibiting pharmacological compound used was xestospongin-C, which also has a long history 

of being used as a blocker of IP3Rs (Oka, et al. 2004), although studies have also shown it 

being non-specific towards IP3Rs and instead inhibit Ca2+-ATPase of the sarcoendoplasmic 

reticulum (Solovyova, et al. 2002). Interestingly, neither CCh nor UTP was affected by 

xestospongin-C (4 μM) in either crypts or organoids (Figure 70). Another IP3R antagonist used 

in this thesis is caffeine, which was first proposed to inhibit IP3Rs close to thirty years ago 

(Ehrlich, et al. 1994) and (Sei, Gallagher and Daly 2001). In this case, caffeine (10 mM) 

significantly inhibited CCh-induced Ca2+ signals (Figure 71A-C) in crypts and organoids, but did 

not inhibit UTP-induced Ca2+ signals in crypts (Figure 71D-E). 
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Figure 67 – High Concentrations of Ned-19 Inhibits CCh but not UTP-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) or UTP (D), in the presence or absence of Ned-19 

(500 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ 

signals with various concentrations of Ned-19 in crypts (B) and organoids (C) against control, as well 

as comparing UTP-induced Ca2+ signals with various concentrations of Ned-19 in crypts (E) and 

organoids (F) against control. Data normalised to control and displayed as mean +/- SEM. Not 

significant (N.S). P>0.05 (*). N≥1. For every “N”, n≥3. 
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Figure 68 – Tetrandrine Inhibits CCh but not UTP-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) or UTP (D), in the presence or absence of tetrandrine 

(20 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ 

signals with and without tetrandrine in crypts (B) and organoids (C), as well as comparing UTP-induced 

Ca2+ signals with and without tetrandrine in crypts (E) and organoids (F). Data normalised to control 

and displayed as mean +/- SEM. Not significant (N.S). P>0.05 (*). N≥2. For every “N”, n≥3. 
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Figure 69 – 2-APB Inhibits UTP but not CCh-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) or UTP (D), in the presence or absence of 2-APB 

(100 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced 

Ca2+ signals with various concentrations of 2-APB in crypts (B) and organoids (C) against control, as 

well as comparing UTP-induced Ca2+ signals with various concentrations of 2-APB in crypts (E) and 

organoids (F) against control. Data normalised to control and displayed as mean +/- SEM. Not 

significant (N.S). P>0.05 (*). N≥2. For every “N”, n≥3. 
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Figure 70 – Xestospongin-C Inhibits Neither UTP nor CCh-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) or UTP (D), in the presence or absence of 

Xestospongin-C (4 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-

induced Ca2+ signals with and without Xestospongin-C in crypts (B) and organoids (C), as well as 

comparing UTP-induced Ca2+ signals with and without Xestospongin-C in crypts (E) and organoids (F). 

Data normalised to control and displayed as mean +/- SEM. Not significant (N.S). P>0.05 (*). N=1. For 

every “N”, n≥3. 
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Figure 71 – Caffeine Inhibits CCh but not UTP-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) or UTP (D), in the presence or absence of caffeine 

(10 mM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ 

signals with and without caffeine in crypts (B) and organoids (C), as well as comparing UTP-induced 

Ca2+ signals with and without caffeine in crypts (E). Data normalised to control and displayed as mean 

+/- SEM. Not significant (N.S). P>0.05 (*). N≥1. For every “N”, n≥3. 
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Bafilomycin A1 has been shown to inhibit lysosomal H+-ATPase (Steen, Kirchberger and Guse 

2007), including V-ATPases which resulted in disrupted acidification in lysosomes (Mauvezin 

and Neufeld 2015). As described earlier (Chapter 1.4.1), acidic stores such as endolysosomes 

rely on the proton gradient developed by V-ATPases to maintain their organellar [Ca2+]. 

Incubation of organoids with bafilomycin A1 (2.5 μM) resulted in significantly diminished CCh-

induced Ca2+ signals compared control (Figure 72A-B), while the UTP-induced Ca2+ signals 

remained unaffected. 

 

Another pharmacological compound which was evaluated in this thesis was carbenoxolone. 

Carbenoxolone had been shown to inhibit gap junctions (Manjarrez-Marmolejo and Franco-

Pérez 2016) as well as voltage-gated Ca2+ channels (Vessey, et al. 2004) which, alongside TRP 

Channels, Piezo, P2X Receptors, are responsible for influx of Ca2+ across the plasma 

membrane and lysosomal membranes (Chapter 1.4.1). Intriguingly, both CCh (Figure 73A-B) 

and UTP (Figure 73C-D) induced Ca2+ signals were increasingly reduced in crypts and 

organoids correlating with increasing dosage of carbenoxolone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 72 – Bafilomycin A1 Inhibits CCh-induced Ca2+ Signals. 

Example traces of organoids stimulated with CCh (A) or UTP (C), in the presence or absence of 

bafilomycin A1 (2.5 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing 

CCh (B) and UTP (D) -induced Ca2+ signals with and without bafilomycin A1 in organoids. Data 

normalised to control and displayed as mean +/- SEM. Not significant (N.S). P>0.05 (*). N=1. For every 

“N”, n≥3. 
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Figure 73 – Dose Inhibition of Carbenoxolone on CCh-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) and UTP (C) in the presence or absence of 

carbenoxolone (600 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing 

CCh (B) and UTP (D) induced Ca2+ signals against increasing concentrations of carbenoxolone in 

crypts/organoids. Data normalised to control and displayed as mean +/- SEM. P>0.05 (*). N≥1. For 

every “N”, n≥3. 

In addition to carbenoxolone, muscarinic and purinergic Ca2+ signals were evaluated using 

nifedipine, verapamil and diltiazem, three ‘slow channel blocking agents’ (Henry 1980).  

Nifedipine is regarded as a blocker of L-type Ca2+ channels and other VGCCs (Curtis and 

Scholfield 2001), which have been shown to reduce caecum contractions induced by 

acetylcholine but not CCh (Mitchelson and Ziegler 1984), and also inhibit UTP-induced 

emptying of intracellular Ca2+ stores (Krutetskaia, et al. 1997). Indeed, in this thesis, crypts 

which were incubated with nifedipine (50 μM) did not result in diminished CCh-induced Ca2+ 

signals (Figure 74). Due to lack of time, UTP-induced Ca2+ signals were not evaluated in the 

presence of nifedipine. Verapamil is another blocker of L-type Ca2+ channel (Davis and Bauer 

2012) which has been shown to inhibit the contraction of pulmonary tissues in-vitro induced 

by CCh (Deal, Cherniack and Eberlin 1984) and also inhibited UTP-induced emptying of 

intracellular Ca2+ stores (Krutetskaia, et al. 1997). Verapamil is also capable of inhibiting TPCs 

(He, et al. 2020). In this thesis, verapamil (50 μM) significantly inhibited CCh-induced Ca2+ 

signals in crypts and organoids (Figure 75A-C), while the UTP-induced Ca2+ signals were 

unaffected in crypts and organoids (Figure 75D-F). Diltiazem is yet another L-type Ca2+ channel 

antagonist (Chen, et al. 2013) which reduces airway reactivity to CCh in asthmatic subjects 

(Hartmann and Magnussen 1985) and also inhibits UTP-induced vasoconstriction in canine 

coronary artery (Matsumoto, Nakane and Chiba 1997). It has also been reported to inhibit 

TPCs (He, et al. 2020). Diltiazem (250 and 500 μM) consistently and significantly inhibited CCh-

induced Ca2+ signals in crypts and organoids (Figure 76A-C), while the UTP-induced Ca2+ 

signals were unaffected in crypts and organoids (Figure 76D-F). 
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Figure 74 – Nifedipine Does not Inhibit CCh-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) in the presence or absence of nifedipine (50 μM). 

Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ signals in 

the presence or absence nifedipine in crypts (B). Data normalised to control and displayed as mean 

+/- SEM. Not significant (N.S). N=1. For every “N”, n≥3. 
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Figure 75 – Verapamil Inhibits CCh but not UTP-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) or UTP (D), in the presence or absence of verapamil 

(50 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ 

signals with various concentrations of verapamil in crypts (B) and organoids (C) against control, as well 

as comparing UTP-induced Ca2+ signals with various concentrations of verapamil in crypts (E) and 

organoids (F) against control. Data normalised to control and displayed as mean +/- SEM. Not 

significant (N.S). P>0.05 (*). N≥1. For every “N”, n≥3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 76 – Diltiazem Inhibits CCh but not UTP-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) or UTP (D), in the presence or absence of diltiazem 

(500 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ 

signals with various concentrations of diltiazem in crypts (B) and organoids (C) against control, as well 

as comparing UTP-induced Ca2+ signals with various concentrations of diltiazem in crypts (E) and 

organoids (F) against control. Data normalised to control and displayed as mean +/- SEM. Not 

significant (N.S). P>0.05 (*). N≥1. For every “N”, n≥3. 
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Muscarinic and purinergic Ca2+ signals were next evaluated against three other non-specific 

Ca2+ antagonists – TMB8, procaine, and chloroquine. Unlike the previous antagonists, TMB8 

is a nonspecific Ca2+ antagonist which have been shown to antagonize IP3Rs in plants 

(Poutrain, et al. 2009), as well as nicotinic (Bencherif, et al. 1995) and muscarinic receptors 

(Leipziger, et al. 1996). In this thesis, TMB8 (50 and 100 μM) abolished CCh-induced Ca2+ 

signals in crypts and organoids (Figure 77A-C), while sometimes increasing the sensitivity of 

the UTP-induced Ca2+ signals in crypts and organoids (Figure 77D-F). 

 

Procaine is used a local dental anaesthetic and vasodilator; it is a non-specific antagonist 

whose targets includes muscarinic and nicotinic acetylcholine receptors (Drugbank 2005). 

Procaine has been shown to inhibit CCh-induced neurotransmitter secretion (Charlesworth, 

et al. 1992) and also been proposed to inhibit ryanodine receptors (Zahradníková and Palade 

1993). Intriguingly, low concentrations of procaine (1 mM) was capable of significantly 

inhibiting CCh-induced Ca2+ signals in crypts and organoids (Figure 78A-C) but not UTP-

induced Ca2+ signals in crypts and organoids (Figure 78D-F), however UTP-induced Ca2+ 

signals was inhibited by high concentrations of procaine (10 mM).  

 

Chloroquine is an outdated medication for malaria since the 1940s; chloroquine and its 

derivative – hydroxychloroquine – are currently used to treat rheumatoid arthritis, lupus and 

HIV (Drugbank 2005). It has recently been touted as a ‘cure’ for SARS-COV-2 despite the lack 

of definitive studies proving its efficacy in preventing SARS-COV-2 infection or improving 

recovery (The BMJ 2020). It has a high affinity for the intracellular space of lysosomes 

(Derendorf 2020), resulting in increased pH within the intracellular vacuoles (Fox 1993). A 

recent review described chloroquine as a lysosomotropic agent (Tian, et al. 2021), meaning it 

penetrates cells/lysosomes due to its lipophilic nature, and are weak bases meaning they are 

protonated at low pH and become trapped in lysosomes. This gradually destabilises the 

lysosomal membranes and loss of lysosomal acidification, and eventually block lysosomal 

function. Chloroquine has also been proposed to inhibit Ca2+ signals by inhibiting IP3Rs, TRPs 

and/or STIM/Orai channels (Wu, et al. 2017), and also blocks ATP-sensitive potassium 

channels (Ponce-Balbuena, et al. 2012). In this thesis, chloroquine (10-50 μM) caused a 

significant reduction of Ca2+ signals induced by CCh (Figure 79A-B) and UTP (Figure 79C-D) in 

organoids; CCh was more susceptible than UTP towards lower concentrations (10 and 25 μM) 

of chloroquine. 

 

 

 

 

 

 



 
 

 
145 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 77 – TMB8 Inhibits CCh but not UTP-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) or UTP (D), in the presence or absence of TMB8 

(100 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced 

Ca2+ signals with various concentrations of TMB8 in crypts (B) and organoids (C) against control, as 

well as comparing UTP-induced Ca2+ signals with various concentrations of TMB8 in crypts (E) and 

organoids (F) against control. Data normalised to control and displayed as mean +/- SEM. Not 

significant (N.S). P>0.05 (*). N≥1. For every “N”, n≥3. 
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Figure 78 – Procaine Inhibits both CCh and UTP-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) or UTP (D), in the presence or absence of low 

procaine dosage (1 mM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing 

CCh-induced Ca2+ signals with various concentrations of procaine in crypts (B) and organoids (C) 

against control, as well as comparing UTP-induced Ca2+ signals with various concentrations of procaine 

in crypts (E) and organoids (F) against control. Data normalised to control and displayed as mean +/- 

SEM. Not significant (N.S). P>0.05 (*). N≥1. For every “N”, n≥3. 
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Figure 79 – High Doses of Chloroquine Inhibits Both CCh and UTP-induced Ca2+ Signals. 

Example traces of organoids stimulated with CCh (A) or UTP (C), in the presence or absence of 

chloroquine (50 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh 

(B) and UTP (D) responses in organoids with various concentrations of chloroquine against control. 

Not significant (N.S). P>0.05 (*). N≥1. For every “N”, n≥3. 

 

 

Two direct agonists of TPCs were evaluated against some of the pharmacological agents used 

so far. The two TPC agonists used in this thesis are chlorpromazine and nortriptyline, both 

tricyclic anti-depressants (TCAs) with an EC50 of 50-60 μM (Zhang, et al. 2019). Both 

chlorpromazine (100 μM) and nortriptyline (100 μM) caused a Ca2+ signal that is comparable 

to CCh (Figure 80A). Chlorpromazine (Figure 80B) and nortriptyline-induced (Figure 80C) Ca2+ 

signals were abolished by TPC-antagonist tetrandrine (20 μM) and inhibited by non-specific 

Ca2+ antagonists diltiazem (500 μM) and TMB8 (100 μM). High concentrations of 2-APB (100 

μM) also significantly inhibited chlorpromazine-induced and nortriptyline-induced Ca2+ 

signals. High concentrations of caffeine (10 mM) reduced chlorpromazine-induced Ca2+ 

signals by half but was not statistically significant, but reduced nortriptyline-induced Ca2+ 

signals by 80% and was statistically significant. 
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Figure 80 – Pharmacological Characteristics of TPC Agonists. 

Example traces of organoids stimulated with CCh, nortriptyline and chlorpromazine (A). Bar charts 

summarising the normalized Fura-2 ratio amplitude comparing the Ca2+ signals induced by 

chlorpromazine (B) and nortriptyline (C) in organoids with various pharmacological Ca2+ antagonists 

against control. Data normalised to control and displayed as mean +/- SEM. Not significant (N.S). 

P>0.05 (*). N≥1. For every “N”, n≥3. 

 

 

 

 



 
 

 
149 

 

4.2.3 Muscarinic and Purinergic Signals Couple to Distinct Stores but Converge on RYRs 

In order to determine whether the Ca2+ signals elicited by activation of muscarinic and 

purinergic receptors originate from distinct intracellular stores, an experiment was designed 

to sequentially empty intracellular stores (Figure 81). First, a control experiment was 

conducted to demonstrate intracellular Ca2+ stores which were emptied by CCh or UTP were 

capable of refilling upon removal of agonist. Crypts which were stimulated by CCh were 

capable of eliciting a secondary response to CCh after the agonist was removed and the tissue 

sample was allowed to rest for 25 minutes (Figure 81A), and likewise with UTP (Figure 81B). 

The secondary Ca2+ signal induced by CCh and UTP were not statistically significant from the 

first (Figure 81C). Next, extracellular Ca2+ was removed by adding Ca2+-chelator EGTA (1 mM) 

to the buffering solution. During this condition, crypts were unable to produce a secondary 

CCh response (Figure 81D) and likewise with UTP (Figure 81E). However, crypts which were 

stimulated first with CCh followed by UTP produced a secondary Ca2+ response (Figure 81F), 

and likewise when the order was reversed (Figure 81G). In the absence of extracellular Ca2+, 

stimulating crypts with CCh then UTP (and vice versa) elicited a secondary response that was 

lower than the initial CCh/UTP (Figure 81H). This indicates a proportion of Ca2+ release 

induced by CCh and UTP originating from a common store/receptor, which this thesis 

proposes to be endoplasmic reticular RYRs.  

 

The antagonist of RYRs, ryanodine, was used to test the proposal whether CCh and UTP-

induced Ca2+ signals converge on RYRs. Peculiarly, ryanodine (50 μM) reduced but did not 

significantly inhibit CCh (Figure 82A-B) or UTP-induced (Figure 82D-E) Ca2+ signals in crypts. It 

in fact elicited a greater CCh and UTP-induced Ca2+ signal in organoids (Figure 82C&F). 

Undeterred by this, other RYR-antagonists were turned to. One of them was dantrolene, a 

skeletal muscle relaxant which is a selective antagonist of RYR1 and RYR3, but not RYR2 (Zhao, 

et al. 2001). Excitingly, dantrolene consistently and significantly reduced the CCh and UTP-

induced Ca2+ signals by 70-90% in both crypts and organoids (Figure 83A-F). Another RYR-

antagonist used in this thesis was flecainide, which specifically inhibits RYR2 (Hilliard, et al. 

2010). Intriguingly, the CCh and UTP-induced Ca2+ signal response in flecainide (100 μM) was 

remarkably similar to ryanodine (Figure 84); it reduced but did not significantly inhibit CCh 

(Figure 84A-B) or UTP-induced (Figure 84D-E) Ca2+ signals in crypts and it in fact elicited a 

greater CCh and UTP-induced Ca2+ signal in organoids (Figure 84C&F). One other RYR-

antagonist considered in this thesis was tetracaine, a local anaesthetic which has been shown 

to inhibit RYR1 (Xu, Jones and Meissner 1993), but also blocks glutamate and sodium channels 

(Gammaitoni, et al. 2013). Puzzlingly, tetracaine (1 mM) was capable of inducing a Ca2+ signal 

in crypts (Figure 85A) which was reduced but not significantly in the presence of EGTA (Figure 

85B), indicating it mobilised an intracellular source of Ca2+. Brief experiments using 

dantrolene (50 μM) and procaine (10 mM) showed a reduction of tetracaine-induced Ca2+ 

signals which were not significant due to huge variation (Figure 85C). Another non-specific 

RYR antagonist used in this thesis was procaine, which was described earlier (Figure 78).  
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Figure 81 – Sequential Emptying of Ca2+ Stores in Crypts Using CCh and UTP. 

Traces from control experiments demonstrate CCh (A) and UTP (B) are capable of eliciting a secondary 

Ca2+ signal after 25 minutes of rest following an initial stimulation. Bar chart summarising the Fura-2 

ratio amplitude comparing the initial and secondary Ca2+ signals induced by CCh and UTP (C). Traces 

demonstrating the secondary CCh (D) and UTP (E) Ca2+ signals are abolished in the absence of 

extracellular Ca2+ (EGTA 1 mM); however, an initial CCh stimulation followed by a secondary UTP 

stimulation (F) and vice versa (G) elicited a smaller yet pronounced Ca2+ signal. Bar chart summarising 

the Fura-2 ratio amplitude comparing the initial and secondary Ca2+ signals induced by CCh and UTP 

in the absence of extracellular Ca2+ (H). N=1 for every experiment. Not significant (N.S). N=2 for every 

experiment. N=1. For every “N”, n≥3. 
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Figure 82 – Ryanodine Inhibits Neither UTP nor CCh-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) or UTP (D), in the presence or absence of ryanodine 

(50 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ 

signals with and without ryanodine in crypts (B) and organoids (C), as well as comparing UTP-induced 

Ca2+ signals with and without ryanodine in crypts (E) and organoids (F). Data normalised to control and 

displayed as mean +/- SEM. Not significant (N.S). P>0.05 (*). N=1. For every “N”, n≥3. 
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Figure 83 – Dantrolene Inhibits both CCh and UTP-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) or UTP (D), in the presence or absence of dantrolene 

(50 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ 

signals with or without dantrolene in crypts (B) and organoids (C) against control, as well as comparing 

UTP-induced Ca2+ signals with or without dantrolene in crypts (E) and organoids (F) against control. 

Data normalised to control and displayed as mean +/- SEM. P>0.05 (*). N≥2. For every “N”, n≥3. 
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Figure 84 – Flecainide Inhibits Neither UTP nor CCh-induced Ca2+ Signals. 

Example traces of crypts stimulated with CCh (A) or UTP (D), in the presence or absence of flecainide 

(100 μM). Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ 

signals with and without flecainide in crypts (B) and organoids (C), as well as comparing UTP-induced 

Ca2+ signals with and without flecainide in crypts (E) and organoids (F). Data normalised to control and 

displayed as mean +/- SEM. Not significant (N.S). N≥1. For every “N”, n≥3. 
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Figure 85 – Tetracaine Induces Ca2+ Signals in Crypts. 

Example traces of crypts stimulated with tetracaine (A) in the presence or absence of EGTA (500 µM). 

Bar chart summarising the normalized data comparing tetracaine-induced Ca2+ signals with and 

without EGTA in crypts (B). Bar chart summarising the normalized Fura-2 ratio amplitude comparing 

tetracaine-induced Ca2+ signals in the presence of dantrolene (50 µM) and procaine (1 mM) against 

control in crypts (C). Data normalised to control and displayed as mean +/- SEM. Not significant (N.S). 

N≥1. For every “N”, n≥3. 

 

Sequential stimulation of crypts using CCH/UTP in the presence of EGTA demonstrate they 

couple to distinct intracellular stores to induce Ca2+ signals (Figure 81). To further validate 

that finding, another experiment was designed involving the use of cyclopiazonic acid (CPA). 

Cyclopiazonic acid is a fungal metabolite which inhibits the sarcoendoplasmic reticulum Ca2+-

ATPase (SERCA) pump (Soler, et al. 1998) and has been shown to evoke a transient ‘leak’ of 

sarcoendoplasmic reticular Ca2+ (Beck, et al. 2004). Interestingly, crypts which were 

stimulated with CPA (20 μM) in the absence of EGTA (1 mM) elicited a Ca2+ response that was 

considerably higher than crypts stimulated CPA with EGTA (Figure 86A-B). More importantly, 

crypt and organoids that were stimulated with CPA were capable of eliciting a small but 

noticeable Ca2+ signal in response to CCh, which was abolished when the experiment was 

repeated in the presence of TPC-antagonists tetrandrine (Figure 86C-D) and diltiazem (Figure 

86E-G). This experiment was repeated but CCh was replaced by chlorpromazine, with similar 

results obtained (Figure 87A-B); the chlorpromazine response was abolished after the initial 

CPA-induced Ca2+ signal when tetrandrine or diltiazem was present. 
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Figure 86 – CCh Induces Ca2+ Signals in Crypts Following Cyclopiazonic Acid Stimulation 

Example traces of crypts stimulated with cyclopiazonic acid (CPA) in the presence and absence of EGTA 

(A), and crypts with EGTA stimulated by CPA followed by CCh in the presence and absence of 

tetrandrine (C) or diltiazem (E). Bar charts summarising the Fura-2 ratio amplitude of CPA-induced 

Ca2+ signals in crypts with and without EGTA (B), and the normalized Fura-2 ratio amplitude of the 

CCh-induced Ca2+ signals crypts and/or organoids with EGTA and tetrandrine (D) or diltiazem (E-G). 

Data normalised to control and displayed as mean +/- SEM. P>0.05 (*). N=1. For every “N”, n≥3. 
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Figure 87 – Chlorpromazine Induces Ca2+ Signals in Crypts Following CPA Stimulation. 

Example traces of crypts with EGTA (1 mM) stimulated with cyclopiazonic acid (CPA) followed by 

Chlorpromazine in the presence and absence of tetrandrine (A) or diltiazem (C). Bar chart summarising 

the normalized Fura-2 ratio amplitude comparing CPA-induced Ca2+ signals with and without 

tetrandrine (B) or diltiazem (D) in crypts with EGTA. Data normalised to control and displayed as mean 

+/- SEM. P>0.05 (*). N=1. For every “N”, n≥3. 

 

Another Ca2+ channel which this thesis explored was Mucolipin-1 (TRPML1), a member of the 

TRP ion channels. TRPML1 is expressed on lysosomes (Wang W. , Zhang, Gao, & Xu, 2014) and 

is involved in autophagosome biogenesis (Rosato, et al. 2019). ML-SA1 is an agonist of 

TRPML1 which induces lysosomal Ca2+ release in motor neuronal cells (Tedeschi, Petrozziello 

and Sisalli, et al. 2019). Knowing this, a series of experiments were carried out to determine 

if Ca2+ signals induced by ML-SA1 was capable of emptying lysosomal stores and thus affect 

Ca2+ signals induced by CCh. ML-SA1 (100 µM) was shown to be capable of causing Ca2+ signals 

in crypts (Figure 88A) and organoids (Figure 88C) which rendered crypts and organoids to be 

unable respond to a second stimulation of ML-SA1. However, subsequent CCh stimulation 

was still capable of inducing Ca2+ signals both crypts (Figure 88B) and organoids (Figure 88D) 

of an amplitude which was comparable to control CCh responses (Figure 65C&D). Out of 

curiosity, we then evaluated the potential of non-specific Ca2+ antagonists – diltiazem (Figure 

88E) and TMB8 (Figure 88G) – in inhibiting ML-SA1-induced Ca2+ signals in organoids. 

Interestingly, diltiazem (500 µM) utterly blocked ML-SA1 and subsequent CCh-induced Ca2+ 

signals (Figure 88F), while TMB8 (100 µM) did not affect ML-SA1 but blocked CCh-induced 

Ca2+ signals (Figure 88H). 
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Figure 88 – ML-SA1 Induces Ca2+ Signals Via TRPML Receptors. 

Example traces of crypts (A) and organoids (C) stimulated with ML-SA1 (100 µM) twice followed by 

CCh, and when in the presence of diltiazem (E) or TMB8 (G). Bar charts summarising the Fura-2 ratio 

amplitude comparing the two ML-SA1 and subsequent CCh-induced Ca2+ signals in crypts (B) and 

organoids (D), and when in the presence of diltiazem (F) or TMB8 (H). N=1 for all conditions. P>0.05 

(*). N=1. For every “N”, n≥3. 
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This thesis also explored other means of generating Ca2+ signals in crypts and organoids. 

Mechanosensitive Piezo1 and Piezo2 ion channels convert mechanical stimuli into biological 

signals and are crucial for organ development and homeostasis, modulating a diverse range 

of cellular functions such as migration, proliferation, differentiation, and apoptosis (Volkers, 

Mechioukhi and Coste 2015). Both Piezo1 and Piezo2 are expressed throughout the GI tract 

(Coste, et al. 2010) on epithelial and non-epithelial cells, such as enterochromaffin cells, 

smooth muscle cells, interstitial cells of Cajal, and numerous types of neurons. A recent study 

showed the mechanical threshold for Piezo1 activation was reduced by Yoda1 (Botello-Smith, 

et al. 2019). And, GsMTx4 was shown to be capable of inhibiting Piezo1 (Bae, Sachs and 

Gottlieb 2011). With this is mind, an experiment was carried out using Yoda1 and GsMTx4 

(Figure 89A). Yoda1 (100 µM) was capable of eliciting a Ca2+ signal which was reduced by 

GsMTx4 (5 µM), albeit not significantly due to wide variation (Figure 89B).  

 

 

 

 

 

 

Figure 89 – Yoda1-Induced Ca2+ Signals is Partially Inhibited by GsMTx4. 

Example traces of organoids stimulated with Yoda1 (A) in the presence or absence of GsMTx4 (5 μM). 

Bar charts summarising the normalized Fura-2 ratio amplitude comparing Yoda1-induced Ca2+ signals 

in the presence or absence GsMTx4 in organoids (B). Data normalised to control and displayed as 

mean +/- SEM. Not significant (N.S). N=1. For every “N”, n≥3. 
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4.3 Discussion 
Early work by the Williams group showed that cultured human colonic crypts responded to 

acetylcholine stimulation by inducing an intracellular Ca2+ signal originating the base of 

colonic crypts (Reynolds, Parris, et al. 2007). Since then, the Williams group elucidated 

acetylcholine-induced Ca2+ signals to initiate from muscarinic receptors and be mediated by 

TPCs, which then induces CICR through IP3Rs and RYRs (Kam 2015) and (Pelaez-Llaneza 2019). 

This thesis further validated those findings using a range of pharmacological agents, as well 

as investigate the role of purinergic Ca2+ signals in colonic crypts and organoids. This chapter’s 

results first determined the spatio-temporal characteristics of muscarinic and purinergic Ca2+ 

signals. Next, it demonstrated muscarinic-induced Ca2+ signals were mediated by TPCs while 

purinergic-induced Ca2+ signals were mediated by IP3Rs. Finally, it confirmed muscarinic and 

purinergic signals preferentially couples to distinct intracellular stores but converges on RYRs. 

 

4.3.1 Spatio-Temporal Characteristics of Muscarinic & Purinergic Ca2+ Signalling 

CCh (10 µM) was used in lieu of acetylcholine to activate muscarinic receptors and induce 

intracellular Ca2+ signals. Besides mimicking the effects of acetylcholine on both the 

muscarinic and nicotinic receptors (National Library of Medicine 2004), CCh is resistant to 

hydrolysis by acetylcholinesterase (Streichert and Sargent 1992). Previous work in the 

Williams group had characterized the EC50 of CCh to be 6.1 µM (Pelaez-Llaneza 2019). 

Topology-wise, CCh-induced Ca2+ signals consistently initiated at the crypt base, within the 

stem cell zone, and propagated up the crypt axis (Figure 57) and (Figure 58A). Polarity-wise, 

CCh-induced Ca2+ signals consistently initiated on the apical pole and spreads to the basal pole 

(Figure 58B). The apical initiation of CCh-induced Ca2+ signals corelated with the apical 

expression of TPC1 (Figure 37-8) and IP3R3 (Figure 33) and suggest these receptors are 

responsible for the origins of CCh-induced Ca2+ signals.  

 

The use of 4-DAMP (100 nM), a specific antagonist of M3, confirmed CCh-induced Ca2+ signals 

were initiated by M3 (and possibly M1) but not M5 or nicotinic receptors (Figure 60C-D). The 

Ca2+ signals that were generated by CCh-induced M3 receptor activation was determined to 

originate from intracellular stores and was independent of influx of extracellular Ca2+, as the 

Ca2+ signal was not significantly reduced by the presence of a Ca2+ chelator EGTA (1 mM) in 

the buffering solution (Figure 59). That said, the response was 20% reduced compared to 

control, which likely reflects the gradual leakage of Ca2+ from the cell. In addition, that 

experiment showed crypts were capable of being stimulated by CCh twice (following a period 

of rest) and elicited a secondary Ca2+ response that was not significantly different to the first 

(Figure 60A-B). 

 

ATP and UTP were then shown to stimulate Ca2+ signals (Figure 61), during which the Fura-2 

ratio amplitude for ATP (10 µM) and UTP (50 µM) were found to be similar to CCh (10 µM). 

This narrows the list of potential P2Y receptors down to P2Y2, as it is the only purinergic 
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receptor which couples to Gq and were sensitive to ATP and UTP (Table 5). Topology-wise, 

UTP-induced Ca2+ signals were inconsistent; signal initiation may occur at the crypt base or 

higher up the crypt axis before propagating to adjacent cells (Figure 62) and (Figure 62A-B). 

Polarity-wise, UTP-induced Ca2+ signals were also inconsistent; signal initiation may occur on 

the apical or basal pole (Figure 63C-D).  

 

The use of AR-C118925XX (5 µM), a specific antagonist of P2Y2 receptors, confirmed UTP-

induced Ca2+ signals were initiated by P2Y2 receptors (Figure 65). Due to the design of this 

experiment, UTP and CCh-induced Ca2+ signals were shown to be independent of one another 

in both crypts and organoids, as CCh-induced Ca2+ signals were unaffected by targeted 

inhibition of P2Y2 receptors (Figure 65B-D). The Ca2+ signals that were generated by UTP-

induced P2Y2 receptor activation was also determined to be released by intracellular stores 

and was independent of influx of extracellular Ca2+, as the Ca2+ signal was not significantly 

reduced by the presence of a Ca2+ chelator EGTA (1 mM) in the buffering solution (Figure 64). 

Interestingly, the response was only 6% reduced compared to control, which also reflects the 

gradual leakage of Ca2+ from the cell and more importantly, suggests that CCh-induced Ca2+ 

signals originate from different stores which were more sensitive to Ca2+ leakage. Notably, 

this thesis only considers the Ca2+ signals initiated by P2Y2 receptors. Since ATP-induced Ca2+ 

signals were not inhibited by AR-C118925XX (Figure 66), it implicates the activation of other 

ATP-sensitive P2Y receptors which also couple with Gq – P2Y1/11 receptors – whose gene 

transcripts were present in comparable quantities (Figure 28) and should be explored in 

future work. Due to this caveat, UTP (50 µM) was used for all subsequent experiments to 

specifically evaluate purinergic Ca2+ signals initiated by P2Y2 receptor activation. 

 

4.3.2 Muscarinic Ca2+ Signals via TPCs vs Purinergic Ca2+ Signals vis IP3Rs 

TPC-antagonists trans Ned-19 (Figure 67A-C) and tetrandrine (Figure 68A-C) were shown to 

be capable of inhibiting CCh-induced Ca2+ signals in both crypts and organoids, but not UTP-

induced Ca2+ signals (Figure 67D-F) and (Figure 68D-F). This strongly suggests that TPCs are 

responsible for CCh-induced Ca2+-signals. While both Ned-19 (500 µM) and tetrandrine (20 

µM) severely inhibited (70-80%) CCh-induced Ca2+ signals, it is highly unlikely that CCh only 

induces the release of Ca2+ stored within endolysosomes. Instead, this thesis proposed CCh 

induces local Ca2+ signals via endolysosomal TPCs on the cell’s apical pole (Figure 58B) which 

couples with IP3Rs and/or RYRs to cause global Ca2+ signals. One point to note is that the 

concentration of Ned-19 (500 µM) found to be capable of inhibiting CCh was a magnitude 

higher compared to other studies; 65 µM (Rosen, et al. 2009) and 10 µM (Ruas, Rietdorf, et 

al. 2010). Likewise, the concentration of tetrandrine (20 µM) used in this thesis was far higher 

than in literature; 55 nM (Sakurai, et al., 2016). This could be due to pharmacokinetic 

differences in models used (sea urchin egg homogenate by Rosen; HeLa cells by Sakurai) or 

treatment conditions (12 hours by Ruas).  
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Next, IP3R-antagonists 2-APB (Figure 69), xestospongin-C (Figure 70) and caffeine (Figure 71) 

were evaluated against CCh and UTP-induced Ca2+ signals. Only 2-APB (50 µM) consistently 

inhibited UTP-induced Ca2+ signals in crypts (Figure 69E) and organoids (Figure 69F), and at 

high concentrations (100 µM) caused a small but noticeable reduction of CCh-induced Ca2+ 

signals (Figure 69B) which was significant in organoids (Figure 69C). These 2-APB 

concentrations were not too different from the EC50 of 36-91 µM seen in literature (Missiaen, 

et al. 2001). Since 2-APB is an antagonist of IP3R1 (Saleem, et al. 2014), it would imply 

endoplasmic reticular IP3R1 to be the intracellular channel origins of UTP-induced Ca2+ 

signals. On the other hand, xestospongin-C (4 µM) affected neither CCh nor UTP-induced Ca2+ 

signals, supporting studies which propose it being a non-specific antagonist of IP3Rs 

(Solovyova, et al. 2002). One suggestion is to use xestospongin-B in future work, due to it 

being touted to be a specific antagonist of IP3Rs (Jaimovich, et al. 2005). Lastly, caffeine (10 

mM) inhibited CCh but not UTP-induced Ca2+ signals (Figure 71). This was rather interesting, 

as a study showed 2-APB and caffeine both inhibited IP3R1 (Saleem, et al. 2014). That said, 

caffeine has also been proposed to inhibit IP3R3 (Kang, et al. 2010). Thus, it is possible that 

UTP initiates local Ca2+ signals via IP3R1 which is inhibited by 2-APB, while CCh initiates local 

Ca2+ signals via TPCs and induces CICR via IP3R3, that latter of which is inhibited by caffeine. 

 

One pharmacological compound which supported this thesis’s hypothesis that CCh-induced 

Ca2+ signals initiate from endolysosomal TPCs was bafilomycin A1. Bafilomycin A1 inhibits 

lysosomal H+-ATPase (Steen, Kirchberger and Guse 2007) including V-ATPases, resulting in 

disrupted acidification in lysosomes (Mauvezin and Neufeld 2015). The resulting lack of 

endolysosomal H+ prevents the uptake of Ca2+ by voltage-gated Ca2+ channels (VGCCs) and 

encourages leakage of Ca2+ via Ca2+-H+ exchangers (CAXs), resulting in a net loss of lysosomal 

[Ca2+]. Likewise, in this thesis, the incubation of organoids with bafilomycin A1 (2.5 μM) 

significantly diminished CCh-induced Ca2+ signals compared control (Figure 72A-B) and did not 

affect UTP-induced Ca2+ signals, which strongly implicate CCh-induced Ca2+ signals to initiate 

from endolysosomal stores. The response elicited by CCh in the presence of bafilomycin (54% 

of control) may imply a small release of local Ca2+ from endolysosomes, resulting in smaller 

global Ca2+ release via IP3Rs. Or, it may imply Ca2+ release independent of endolysosomal 

TPCs, possibly IP3Rs via IP3 through PLC (Figure 17), which should be considered in future 

studies.  

 

Another pharmacological compound used to evaluate CCh and UTP-induced Ca2+ signals was 

the carbenoxolone, which inhibits gap junctions (Manjarrez-Marmolejo and Franco-Pérez 

2016) as well as VGCCs (Vessey, et al. 2004). Experiments in crypts and/or organoids (Figure 

73) showed both CCh and UTP-induced Ca2+ signals being inhibited by carbenoxolone (150-

600 μM). Interestingly, the inhibition patterns for both agonists were similar across increasing 

concentrations of carbenoxolone. One explanation could be that increasing concentrations of 

carbenoxolone has a greater inhibitory effect on gap junctions. As the fluorescence measured 

in these experiments were recorded from drawn ROIs which do not separate one cell from 
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another or differentiate cells on different planes of focus, the resulting reduction in CCh and 

UTP-induced Ca2+-signals may reflect the reduction in Ca2+ crossing to neighbouring cells via 

gap junctions to induce CICR. That said, it is also possible that carbenoxolone is inhibiting 

other intracellular Ca2+-signalling components. One example would be plasma membrane 

VGCCs (Vessey, et al. 2004), resulting in reduced transport of Ca2+ into the cell which would 

reduce the overall [Ca2+] within intracellular stores. Another proposal is that high 

concentrations carbenoxolone may be inhibiting muscarinic and/or purinergic receptors, 

which have been implied in other studies (Boittin, et al. 2013) and (Sui, et al. 2014). Whether 

carbenoxolone is specific for gap junctions or not, will be a matter of interest for future 

studies. It would also be worth investigating gap junctions using other pharmacological 

antagonists, of which there are a huge number described in the literature such as quinine, 

mefloquine, quinidine, anandamide, oleamide, heptanol, octanol, meclofenamic acid, 

niflumic acid, flufenamic acid, glycyrrhetinic acid and retinoic acid (Manjarrez-Marmolejo and 

Franco-Pérez 2016). 

 

The use of three ‘slow channel blocking agents’ – nifedipine (50 μM), verapamil (50 μM) and 

diltiazem (250-500 μM) – were done to evaluate whether they were capable of inhibiting CCh 

and not UTP-induced Ca2+ signals. Nifedipine has been shown to block VGCCs including L-type 

Ca2+ channels (Curtis and Scholfield 2001) and TPCs (Rahman, et al. 2015). However, in this 

thesis nifedipine did not inhibit CCh-induced Ca2+ signals (Figure 74). On the other hand, 

verapamil (Figure 75) and diltiazem (Figure 76) inhibited CCh but not UTP-induced Ca2+ 

signals. In addition to both being L-type Ca2+ channel blockers (Davis and Bauer 2012) and 

(Chen, et al. 2013), they are also blockers of TPCs (He, et al. 2020). Taken together, verapamil 

and diltiazem may be considered non-specific Ca2+ antagonists which, in the colonic 

epithelium, inhibits CCh-induced Ca2+ signals by possibly blocking TPCs. 

 

Other nonspecific Ca2+ antagonists – TMB8 (50-100 μM), procaine (1-10 mM), chloroquine 

(10-50 μM) – were used to explore whether their physiological functions in the human colonic 

epithelium correlated with the findings of other research groups. TMB8 has been shown to 

inhibit IP3Rs in plants (Poutrain, et al. 2009) but has also been proposed to antagonize 

nicotinic receptors in human muscle cells (Bencherif, et al. 1995) and muscarinic receptors in 

human epithelial cell lines (Leipziger, et al. 1996). Hence it was used in this thesis as a non-

selective antagonist (Figure 77). As it inhibited CCh but not UTP-induced Ca2+ signals, it may 

be acting as an antagonist of muscarinic receptors. In addition to also inhibiting nicotinic 

acetylcholine receptors (Drugbank 2005), procaine also inhibits RYRs (Zahradníková and 

Palade 1993). Low concentrations of procaine (1 mM) significantly inhibited CCh-induced Ca2+ 

signals in crypts and organoids (Figure 78A-C) but not UTP-induced Ca2+ signals in crypts and 

organoids (Figure 78D-F), while both CCh and UTP-induced Ca2+ signals were inhibited by high 

concentrations of procaine (10 mM), presumably through RYR inhibition. The last nonspecific 

Ca2+ antagonists, chloroquine, was used due it being a lysosomotropic agent which is able to 

become entrapped in lysosomes, gradually destabilise lysosomes membranes, and eventually 
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causing loss of lysosomal acidification and blockade of lysosomal function (Tian, et al. 2021). 

However, another study proposed it inhibited IP3Rs, TRPs and/or STIM/Orai channels (Wu, et 

al. 2017). In this thesis, both CCh and UTP-induced Ca2+ signals were shown to be inhibited by 

chloroquine (Figure 79A-D), with CCh-induced Ca2+ signals being more sensitive than UTP to 

the same concentrations of chloroquine. This would imply CCh mobilising Ca2+ from acidic 

stores which is reduced when in the presence of chloroquine, however chloroquine might 

also be blocking other receptors which affects the Ca2+ mobilisation induced by UTP. 

 

Lastly, specific agonists of TPCs were used in conjunction with other pharmacological agents 

used thus far to support the hypothesis that CCh-induced Ca2+ signals initiate from TPCs. 

Chlorpromazine and nortriptyline were the two tricyclic anti-depressants (TCAs) used to 

stimulate Ca2+ release from TPCs (Zhang, et al. 2019). At 100 μM, both TCAs were capable of 

inducing a Ca2+ signal of an amplitude that was comparable to CCh (Figure 80A). Notably, the 

time which the TCA-induced Ca2+ signal takes to reach peak amplitude was much slower than 

CCh. This may reflect the difficulty of TCAs crossing the plasma membrane and binding to 

TPCs. It also reflects the significance of G-protein-coupled signal-transduction, whereby 

activation of plasma membrane GPCRs by extracellular ligands leads to downstream signal 

transduction within milliseconds. In this case, CCh activates M3 receptors which is proposed 

to activate CD38 to synthesize NAADP, the ligand of TPCs. To validate that these TCAs were 

TPC agonists, organoids were incubated with TPC-specific antagonist tetrandrine (20 μM), 

non-specific Ca2+ antagonist diltiazem (500 μM) and TMB8 (100 μM), and IP3R antagonists 2-

APB (100 μM) and caffeine (10 mM). The pharmacological patterns for these two TCAs (Figure 

80B-C) were largely similar to that observed in CCh. The only peculiar result was the 50-60% 

inhibition when in the presence of TMB8, which suggest TMB8 may also inhibit TPCs. Taken 

together, these findings strongly imply that TCAs are TPC agonists and that CCh-induced Ca2+ 

signals initiate from TPCs. However, future studies should conduct a thorough 

pharmacological profile of TCAs to match what has been done in CCh. 

 

4.3.3 Muscarinic and Purinergic Signals Couple to Distinct Stores but Converge on RYRs 

Direct and/or indirect pharmacological inhibition of TPCs and IP3Rs show CCh and UTP 

initiating Ca2+ signals via TPCs and IP3Rs, respectively. Furthermore, TCAs were validated to 

be TPC agonists and whose pharmacological profiles were comparable to CCh. Consequently, 

experiments were conducted to validate muscarinic and purinergic receptor activation by CCh 

and UTP preferentially couples to distinct stores (CCh via endolysosomes; UTP via 

endoplasmic reticulum) but converges on RYRs to induce CICR. Lastly, tentative experiments 

showed intracellular Ca2+ signals could be generated by other means. 

 

An elaborate experiment was designed to sequentially empty intracellular stores using CCh 

and/or UTP in crypts (Figure 81). Crypts which were stimulated by CCh/UTP were capable of 

eliciting a secondary response to CCh/UTP after the agonist was removed and the tissue was 
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allowed to rest for 25 minutes (Figure 81A-B), which shows that upon agonist removal, the 

human colonic crypt is capable of refilling their intracellular Ca2+ stores and regain its 

sensitivity to subsequent agonist stimulation. The refilling of intracellular Ca2+ stores was 

shown to depend on influx of extracellular Ca2+, as repeating those experiments in the 

absence of extracellular Ca2+ by the addition of Ca2+-chelator EGTA (1 mM) resulted in the 

ablation of a secondary CCh/UTP response (Figure 81D-E & H). The means by which influx of 

extracellular Ca2+ into the colonic crypt was not explored, however it likely occurs via STIM-

ORAI channels in conjunction with plasma membrane channels/receptors (Figure 17A) and 

would be worth investigating in future studies. Finally, the experiment was repeated but the 

second agonist was different to the first (Figure 81F-G). The small secondary CCh-induced 

Ca2+-signal following UTP stimulation (Figure 81G) showed that after the endoplasmic 

reticulum is emptied with UTP, the remaining Ca2+ release by CCh – likely from endolysosomes 

– is quite small. The noticeably lower Fura-2 ratio amplitude of the secondary UTP/CCh in this 

experiment (Figure 81H) compared to the CCh-CCh/UTP-UTP control experimental group 

(Figure 81A-C) strongly implies that CCh and UTP-induced Ca2+ signals were not independent 

of one another. In other words, a proportion of the Ca2+ signal from CCh and UTP likely 

originate from a common Ca2+ store via a common receptor, which this thesis proposed to be 

endoplasmic reticular RYRs. 

 

To test that proposal, ryanodine was used to block RYRs (Figure 82). Despite some variability, 

neither CCh nor UTP-induced Ca2+ signals were significantly affected by ryanodine. However, 

this may reflect the pharmacology of ryanodine; binding of ryanodine to RYRs has been 

described to ‘reflect the open probability’ of those Ca2+ channels (Sigalas, et al. 2009). Hence 

in crypts and organoids, RYRs may be closed and thus be unaffected. Or, it may indicate RYRs 

playing a non-essential role in releasing endoplasmic reticular Ca2+ which might explain its low 

gene transcription (Figure 24). Undeterred by this, other RYR antagonists such as dantrolene 

and flecainide were turned to. Dantrolene selectively inhibits of RYR1 and RYR3 but not RYR2 

(Zhao, et al. 2001), while flecainide selectively inhibits RYR2 (Hilliard, et al. 2010). As 

dantrolene (50 μM) inhibited both CCh and UTP-induced Ca2+ signals (Figure 83) while 

flecainide (100 μM) did not (Figure 84), it would suggest CCh and UTP-induced Ca2+ signals 

converge on RYR1 and/or RYR3. In addition to these, non-specific RYR antagonists were 

considered. One of these was procaine which at high concentrations (10 mM) inhibited both 

CCh and UTP-induced Ca2+ signals (Figure 78). Another non-specific RYR antagonist used in 

this thesis was tetracaine which inhibits RYR1 (Xu, Jones and Meissner 1993) as well as 

glutamate and sodium channels (Gammaitoni, et al. 2013)Knowing this, tetracaine (1 mM) 

was expected to inhibit CCh and/or UTP-induced Ca2+ signals. Interestingly, rather than 

inhibit, tetracaine was shown to be capable of inducing a slow release intracellular Ca2+ signals 

(Figure 85A-B) and were reduced – albeit not significantly – by procaine and dantrolene 

(Figure 85C). A search in the literature found a study where this phenomenon was also 

observed in rat ventricular myocytes, whereby low concentrations of tetracaine (0.25-1.25 

mM) caused a slow spontaneous Ca2+ release from the sarcoplasmic reticulum while at high 

concentrations (> 1.25 mM) it abolished all forms of spontaneous release (Györke, 



 
 

 
165 

 

Lukyanenko and Györke 1997). This could indicate that the off-target inhibitory effects of 

tetracaine may be causing Ca2+ release and should be explored in future studies. 

 

While the sequential stimulation of crypts using CCh/UTP in the presence of EGTA 

demonstrate they coupled to distinct intracellular stores to induce Ca2+ signals (Figure 81), it 

could be argued that the results of CCh-CCh/UTP-UTP in EGTA may reflect receptor/channel 

desensitisation rather than reliance on endolysosomal/endoplasmic reticular Ca2+. Thus, 

another experiment was designed to validate the theory of two-store preferential coupling. 

Cyclopiazonic acid (CPA, 20 μM) was used to inhibit the sarcoendoplasmic reticulum Ca2+-

ATPase (SERCA) pump, in order to evoke a transient ‘leak’ of sarcoendoplasmic reticular Ca2+ 

(Figure 86). Crypts without EGTA (1 mM) that were stimulated with CPA resulted in higher 

Ca2+ responses than crypts with EGTA (Figure 86A), which indicate that the transient ‘leak’ of 

sarcoendoplasmic reticular Ca2+ by CPA resulted in influx of extracellular Ca2+, likely through 

STIM-ORAI which could be investigated in the future. Hence, subsequent CPA experiments 

were carried out with EGTA. As CPA was expected to empty sarcoendoplasmic reticular Ca2+, 

a subsequent CCh stimulation was expected to induce a small Ca2+ signal via endolysosomal 

TPCs. Indeed, crypts and organoids which were stimulated CCh after a period of CPA exposure 

were capable of inducing a small Ca2+ signal (Figure 86C&E). And more importantly, this small 

Ca2+ signal induced by CCh could be inhibited by TPC-antagonist tetrandrine (Figure 86D) and 

non-specific antagonist diltiazem (Figure F-G). Hence, the small Ca2+ signal induced by CCh 

was highly likely to represent Ca2+ which had been released from endolysosomal stores. 

Lastly, chlorpromazine was used in lieu of CCh to validate chlorpromazine to be a TPC agonist. 

Though only conducted in organoids, chlorpromazine was capable of inducing a small Ca2+ 

signal which was also inhibited by Ned-19 antagonists tetrandrine and diltiazem (Figure 86A-

D). 

 

Mucolipin TRP channels (TRPMLs) as such TRPML1 have recently been highlighted to play an 

important role in cancer (Santoni, Santoni, Maggi, Marinelli, & Morelli, 2020). This was due to 

an earlier article which reviewed the roles of endolysosomal TRPML1-3 and TPC1-2 in vesicle 

trafficking, autophagy, membrane repair, and inducing local or global Ca2+ signals (Faris, 

Shekha, et al. 2019). In this thesis, TRPML1 was activated using ML-SA1 (100 µM) in crypts 

and organoids (Figure 88). Interestingly, crypts and organoids which were stimulated with 

ML-SA1 were unresponsive to a second stimulation of ML-SA1 but were sensitive to CCh 

(Figure 88A-D), implying TRPML1 and TPC released Ca2+ via independent mechanisms. 

Fascinatingly, diltiazem (500 μM) was capable of inhibiting ML-SA1 and CCh-induced Ca2+ 

signals (Figure 88E-F), indicating a broader function for diltiazem. By contrast, TMB8 (100 μM) 

did not inhibit the ML-SA1-induced Ca2+ signal (Future 89G-H), reflecting its function as a 

cholinergic receptor antagonist (Bencherif, et al. 1995) and (Leipziger, et al. 1996). Future 

studies should expand on elucidating the signalling pathway leading to endolysosomal Ca2+ 

signals released by TRPML1. 
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Finally, tentative experiments were carried out exploring other means of inducing Ca2+ signals 

in the colonic epithelium. Mechanosensitive Piezo ion channels were of interest, as sensation 

of mechanical forces is critical for normal GI function such as gastric motility and satiety 

(Alcaino, et al., 2018), and abnormalities in mechanosensation are linked to GI pathologies 

including obesity (Acosta, et al. 2014), constipation (Neshatian, et al. 2015), and colon cancer 

pathogenesis (Fernández-Sánchez, et al. 2015). In this thesis, Yoda1 (100 µM) was used to 

reduce the mechanical threshold for Piezo1 activation, while GsMTx4 (5 µM) was used to 

inhibit Piezo1 (Figure 89). While at first glance it appears as if Yoda1 induced a Ca2+ signal in 

organoids which was reduced by GsMTx4, it is more likely that the Yoda1-induced Ca2+ signal 

was due to the mechanical forces applied during pipetting and aspiration of solutions. Indirect 

evidence for that proposition is that crypts and organoids which were stimulated with blank 

HBS were incapable of inducing a Ca2+ signal (data not shown). Thus, future work should 

expand on elucidating the mechanism of Ca2+ signals induced by Piezo channel activation. One 

compound which should be explored in the future is Dooku1, a modified analogue of Yoda1 

which reversibly antagonizes Yoda1 and thereby prevent the Yoda1 from reducing the 

sensitivity threshold of Piezo1 (Evans, et al. 2018). 

 

4.4 Conclusion 
This chapter’s results elucidated the signalling transduction pathway for muscarinic and 

purinergic Ca2+ signals in cultured human colonic crypts and organoids, using the Ca2+-

sensitive ratiometric fluorescent dye – Fura-2. CCh activates M3 receptors and induces an 

intracellular Ca2+ signals that initiates on apical pole of cells at the base of crypts. 

Endolysosomal TPCs are the origin of M3-activated Ca2+-signals, which is accompanied by CICR 

from endoplasmic reticular IP3Rs and RYRs. In parallel, UTP activates P2Y2 receptors and 

induces Ca2+ signals that initiates randomly. Endoplasmic reticular IP3Rs are the origin of P2Y2 

receptor-activated Ca2+-signals, which is also accompanied by CICR from adjacent RYRs. The 

propagation of CCh and UTP-induced Ca2+ waves from one cell to the next may occur via gap 

junctions. Lastly, mucolipin TRP and mechanosensory channels are also capable of evoking 

intracellular Ca2+-signals from the human colonic epithelium. Having shown that tuft cells of 

the human colonic epithelium express ChAT in the previous chapter, this thesis goes on to 

describe the development and application of a HILIC-MS/MS method to quantify non-

neuronal acetylcholine secreted from human colonic epithelium. 
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5 Chapter 5 – Results Part 3: Quantification of Non-Neuronal 

Acetylcholine in the Colonic Epithelium 

5.1 Introduction 
Colonic epithelial tuft cells are capable of synthesizing and secreting acetylcholine (Pan, 

Zhang, Shao, & Huang, 2020). While the functions of non-neuronal acetylcholine have been 

studied extensively in humans in both health and disease (Wessler, Kirkpatrick and Racké 

1998) and (Beckmann and Lips 2013), none has yet to quantify it. This results chapter will 

outline the method developed and validated for quantifying low nanomolar (1-100 nM) 

concentrations of non-neuronal acetylcholine secreted by the human colonic epithelium. In 

addition, it will determine if the non-neuronal acetylcholine synthesized by crypts are capable 

of inducing a Ca2+ signal. 

 

One of the earliest studies to quantify non-neuronal acetylcholine used gas chromatography 

and mass spectrometry (MS) in bull spermatozoa, reporting approximately 4.3 pmol/106-cells 

(Bishop, Sastry and Stavinoha 1977). Another study used radioimmunoassay on blood plasma 

and reported approximately 456.1 pg/ml (Kawashima, et al. 1987), or approximately 3.1 nM 

of acetylcholine in plasma. A later study developed a liquid chromatography–tandem mass 

spectrometry (LC-MS/MS) method of measuring acetylcholine in plasma which can quantify 

down to 0.005 ng/106-cells, however they failed to detect any acetylcholine in plasma (Zhang, 

et al. 2016). Another study used ultra-performance LC-MS/MS (UPLC-MS/MS) to quantify 

acetylcholine in peripheral blood mononuclear cells, reporting between 0.01-0.14 ng/106-

cells (Han, et al. 2017). Two studies have quantified non-neuronal acetylcholine in animal 

models; one in rat colon (Yajima, et al. 2011) and one in mouse gut and organoid (Takahashi, 

Ohnishi, et al. 2014). Yajima and colleagues combined high-performance liquid 

chromatography with post-column enzyme reactors, reporting 2-12 nmol/g of wet weight 

tissue. Takahashi and colleagues used LC‐MS/MS to quantify acetylcholine in cultured media, 

reporting 2.38 nmol/mg from gut tissue and 0.40 nmol/mg from organoid tissue.  

 

Due to scent amount of literature for quantifying acetylcholine and variability between their 

methodology, a significant component of this thesis was devoted to developing an effective 

standard operating protocol (SOP) for quantifying acetylcholine (henceforth referred to as 

‘analyte of interest’) in media cultured in human colonic tissue (henceforth referred to as 

‘sample’) using chromatography combined with mass spectrometry (Chapter 2.7). This SOP 

was developed using the facilities available at the Bob Champion Research and Education 

centre, located at the Norwich Research Park, under the supervision of Mr Jonathan Tang, a 

Research Fellow at the Norwich Medical School. 

 

  

 



 
 

 
168 

 

5.2 Method Development 
First, a sample preparation and extraction protocol was developed to remove compounds 

which may contaminate the equipment or interfere with the analysis, as well as extract 

analytes of interest for subsequent analysis. Next a hydrophilic interaction liquid 

chromatography protocol was developed using a gradient flow of two mobile phases to 

selectively isolate analytes of interest by molecular size and ionic charge. Finally, the mobile 

phase containing the analytes of interest was put through a tandem mass spectrometer and 

interpreted using Analyst Software 1.6. 

 

5.2.1 Sample Preparation and Extraction 

Human colonic crypts were isolated and cultured overnight using the methodology described 

earlier (Method 2.3.2). Rivastigmine (500 µM) was added to the culture media to inhibit the 

hydrolysis of acetylcholine by acetylcholinesterase (Willams, Nazarians and Gill 2003). Media 

from crypts and organoids were collected, first by scratching away the Matrigel, then 

collected by pipette aspiration. Additional Rivastigmine (final concentration of 1 mM) was 

added to the media. Samples were then centrifuged briefly to separate the culture media 

from the Matrigel and colonic tissue. The culture media was collected, kept chill in ice, and 

transported to the Bob Champion Research and Education (BCRE) building.  

 

Within the BCRE building laboratory, samples were first thawed and filtered using a 10 μm 

cell strainer before being put through the sample preparation and extraction protocol (Figure 

90), which was developed after sampling several weak-cation-exchanger (WCX) plates from 

Thermo Scientific, IST Evolute, Phenomenex, and Waters Corp Oasis. The Oasis WCX 96-well 

Plate (30 mg/ Well) and Strata-WCX microelution 96-well plate (2 mg/well) were found to be 

suitable, with the former being the most reliable and thus used to prepare the sample and 

extract the analytes of interest. WCX-plates serve as a Solid Phase Extraction (SPE) component 

of extracting analytes of interest by their physical and chemical properties. In the case of 

acetylcholine, it is a polar compound with a positively charged ammonium group. 

 

The first step of the protocol (Figure 90.1) involved mixing 100 µL of sample with 100 µL of 

internal standard (D4-ACh, 100 nM, aqueous) in a glass test tube. D4-ACh (Acetylcholine-

1,1,2,2-d4) is a pharmacologically synthesized analogue of acetylcholine which replaced four 

hydrogens with deuterium, thus having a molecular weight of 151 compared to 146. This 

stage also includes preparation of calibration standards and internal quality control standards 

in separate test tubes, following the same method. The second step (Figure 90.2) followed 

the manufacturer’s recommendation of priming the WCX-plate’s sorbent bed using UPLC 

grade methanol followed by water, then removing residual liquids with a short burst of high-

pressure nitrogen gas. The purpose of this step was to remove possible contaminants in the 

wells acquired during the manufacturing process, as well as priming the sorbent bed for 

interacting with analytes of interest. In the case of Oasis WCX 96-well Plates, its sorbent bed 
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consists of weakly charged mixed-mode groups bound to copolymer resins which operate at 

pH 5-10. The third step (Figure 90.3) involves loading the samples, calibration standards and 

quality controls prepared in step one (Figure 90.1) into individual wells. Samples were allowed 

to interact with the sorbent bed for 15 minutes before low-pressure nitrogen gas was applied 

for 15 minutes. In this stage, positively charged analytes of interests such as acetylcholine and 

D4-ACh interact with the weakly negatively charged solvent bed and become chemically 

bound to it. In step four (Figure 90.4), residual contaminants were removed following 

manufacturer guidelines of washing the wells with UPLC grade water followed by methanol, 

then removing residual liquids with a short burst of high-pressure nitrogen gas. In step five 

(Figure 90.5), 105 µL of elution solution (80 µL acetonitrile, 20 µL water, 5 µL formic acid) was 

added to the wells under low-pressure nitrogen gas, and the eluent was collected in a 96-well 

collection plate. During this stage, the presence of formic acid causes the elution solution to 

a pH of lower than 5, which changes the properties of the sorbent bed to become positively 

charged, allowing formic acid to outcompete analytes of interests bound to the sorbent bed. 

This exchange frees positively charged analytes of interest from the sorbent bed and allows 

it to be eluted and collected. In the final sixth step (Figure 90.6), the collected eluent was 

inserted into the plate holder of the HPLC system for liquid chromatography. 

 

Prior to the final version of this sample preparation and extraction protocol, an alternative 

elution procedure was trialled following guidelines issued by WCX-plate manufacturers 

(Figure 91). After step four (Figure 90.4), analytes of interest were eluted using two washes 

of 99% methanol and 1% formic acid, then dried using nitrogen gas at 40oC and reconstituted 

with the same elution used described earlier (Figure 90.5). However, this process proved to 

be time-consuming and liable to decrease subsequent analysis. Hence this method was 

modified to eliminate drying and reconstitution.  
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Figure 90 – Schematic Flow of the Sample Preparation and Extraction Protocol.  

Step (1) involves mixing the sample with the internal standard. Step (2) involves priming the WCX-

plate following manufacturer recommendation. In Step (3), the solutions prepared in step (1) is loaded 

into individual WCX-plate wells and allowed to interact with the sorbent bed. In step (4), residual 

contaminants were removed following manufacturer guidelines. Step (5) involves eluting analytes of 

interests from the WCX-plate, which is then injected into the HPLC system in step (6). Key depicted on 

the right. 

 

 

 

 

 

 

 

 

 

Figure 91 – Schematic Flow of Alternative Elution Procedure. 

Elution was carried out using two washes, bringing the final elute volume to 1 ml. This elute was dried 

and reconstituted before being injected into the HPLC. 
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5.2.2 Hydrophilic Interaction Liquid Chromatography 

A liquid chromatography protocol was developed using the Shimadzu LC-20 HPLC system. 

Specifically, it was used to separate compounds within the elution solution (Figure 90.6) and 

extract analytes of interest using hydrophilic interaction liquid chromatography (HILIC), which 

incorporates both SPE and supported liquid extraction (SLE). SPE consist of the HILIC column 

which separates compounds based on size and charge. SLE consist of extracting compounds 

from the SPE component using a gradient-flow of two mobile phases. 

 

HILIC is a variant of HPLC. It operates by subjecting a hydrophilic stationary phase (a.k.a. 

column) at high pressure to interact with hydrophilic analytes of interest (Figure 92). Like 

other chromatography methods, HILIC relies on two different mobile phases, solvents which 

move through the column to interact and carry compounds through the stationary phase. The 

mobile phases developed in this thesis, henceforth referred to as Mobile Phase A (aqueous; 

100% Water, 10 mM Ammonium Formate, 0.1% Formic Acid) and Mobile Phase B (organic; 

90% Acetonitrile, 10% Water, 10 mM Ammonium Formate, 0.1% Formic Acid) were made 

using UPLC-grade solvents. Their composition was developed following guidelines issued by 

column manufacturers, as well as simulating mobile phases used in literature. Ammonium 

formate and formic acid are modifiers used to improve peak shape and increase sample load 

tolerance (Johnson, Boyes and Orlando 2013). While the composition mentioned above 

reflects the methodology used for quantifying acetylcholine in cultured media, during early 

method development the composition of Mobile Phase A and B were highly variable. For 

example, ammonium acetate was initially used but replaced with ammonium formate. Both 

ammonium formate acetate at 10 mM were liable to precipitate out of Mobile Phase B, a 

common point of concern in chromatography and colloquially referred to as ‘crashing out’. 

To prevent precipitation, ammonium acetate or formate were first dissolved in water, then 

acetonitrile would be added in incremental quantities to reach the final concentration. 

 

During sample injection (Figure 90.6), the HILIC column undergoes a gradient flow cycle 

delivered by pumps which had been programmed into the system. At this stage, the HILIC 

column’s polar stationary phase interacts with compounds carried by the mobile phases. 

Analyte retention within the HILIC column is dependent on the analyte’s physical and 

chemical properties, as well as the chemical properties of the Mobile Phases. Like other 

chromatography methods, large compounds travel slower in HILIC columns compared to 

smaller compounds, and specifically in HILIC columns, polar compounds are retained longer 

compared to non-polar compounds. Next, the aqueous Mobile Phase A interacts well with 

the HILIC column’s polar stationary phase while mainly organic Mobile Phase B does not. Thus, 

polar analytes such as acetylcholine and D4-acetylcholine are retained by HILIC columns when 

in the presence of mainly organic Mobile Phase B. However, when the mobile phase becomes 

aqueous, acetylcholine and D4-acetylcholine are displaced. 
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Figure 92 – HILIC Principle. 

A HILIC column is depicted on the right. A representation of the principles of HILIC is depicted on the 

left. HILIC separation is based on passing a mostly organic mobile phase over a polar stationary phase. 

This forms a water enriched layer next to the stationary phase. The hydrophilic analytes partition into 

this layer and as the mobile phase becomes more hydrophilic, they are eluted in order of increasing 

hydrophilicity. Key depicted to the right. Figure adapted from (Jensen, et al. 2013). 

 

Settings for the Shimadzu LC-20 HPLC system was configured by following the user manual 

and optimized by trial and error. These include Pumps, Autosampler, Oven, Time Program, 

Injection and Valco Valve. Pumps refer to the pumps and lines used to deliver Mobile Phase 

A and B. Settings include selecting binary flow (of Mobile Phase A and B), setting the total 

flow (volume of mobile phase per minute) to 0.4 mL/minute, setting pump B to deliver a linear 

concentration of 90% Mobile Phase B, and establishing the maximum pressure limits of 5999 

PSI. When applied, this produced a system pressure ranging from 800 to 2000 psi, far under 

the maximum pressure limits. Autosampler refer to the compartment in which the collection 

plate was placed to be injected into the Shimadzu LC-20 HPLC system. The autosampler 

compartment temperature was set at 10oC and the injection needle was programmed to rinse 

before and after an injection with 200 µL of needle rinse solution, which consisted of isotone, 

acetonitrile, and water at a 3:3:1 ratio. Oven refers to the desired and maximum temperature 

of another compartment which held the HILIC column, which was set to 27oC and 85 oC, 

respectively. Time Program refers to the time and gradient flow cycle, which was developed 

and optimized (Figure 93). Injection refers to the volume of collected sample to be injected 

into the HPLC system, which was set to 20 µL. Valco Valve refers to the time during which the 

HPLC system injected mobile phase that had gone through the HILIC column following the 

gradient flow cycle (Figure 93) into the mass spectrometer. This time was set to 2.5 and 4.5 

minutes. These configurations varied during the method development stage, however the 

settings listed above were used when measuring acetylcholine in cultured media. 
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Finally, two HILIC columns were trialled during the development of this liquid 

chromatography protocol (Table 10). Of the two, the Triart Diol-HILIC plus column was shown 

to be superior in many aspects. First, the analyte count upon injecting a known quantity of 

acetylcholine and D4-acetylcholine were 60% higher in the Triart Diol-HILIC plus column, 

indicating the column was more sensitive to acetylcholine. Second, the retention time of 2.3-

2.5 min was somewhat more favourable than 1.2-1.6 min; the longer elution time provides 

flexibility should the gradient flow or other configurations require modification, and it had a 

narrower peak duration. Lastly, the signal noise generated from the Triart Diol-HILIC plus 

column was lower and thus preferable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 93 – Mobile Phase Gradient Curve for Each Sample Injection. 

Between 0.0 to 1.6 minutes, the mobile phase steadily decreases from 95:5 (95% Mobile Phase B: 5% 

Mobile Phase A) to 1:99. After this point, the mobile phase returns to 95:5 and maintains there until 

the cycle ends at 7.5 minutes, after which the gradient curve repeats for subsequent sample injections. 
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Table 10 – Comparison Between Two HILIC Columns. 

Column Brand Triart Diol-HILIC plus YMC-Triart Diol-HILIC 

Column Size & Properties 100 mm x 3.00 mm; S-3um, 12 nm 100 mm x 2.1 mm; S-3um, 12 nm 

Acetylcholine 100 ng/mL 

Analyte Peak Area (Counts) 209027 129414 

D4-Acetylcholine 100 nm/mL 

Analyte Peak Area (Counts) 563045 342360 

Analyte Retention Time (min) 2.3 – 2.5 1.2 – 1.6 

Signal Noise (Counts) <100 200-500 
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5.2.3 Tandem Mass Spectrometry 

Having optimized the HILIC methodology, the API 4000 tandem mass spectrometer was 

configured following the user manual and optimized by trial and error. The following mass 

transitions for the analyte of interest (acetylcholine) and its internal standard (D4-

acetylcholine) were determined: 

Acetylcholine:  146.1 < 86.0 

D4-Acetylcholine: 150.2 < 90.9 

Next, the parameters for the Source/Gas and Compound were configured: 

 

 

Tandem mass spectrometry (also known as Multiple-stage Mass Spectrometry) consists of an 

ionizing chamber connected to three quadrupoles (triple-quadrupole) and a detector (Figure 

94). Following the HPLC system settings, the mobile phase that had gone through HILIC 

column following the gradient flow cycle is injected into the first component of the mass 

spectrometer – the ionizing chamber. The ionizing chamber (also known as the source 

chamber) is a vacuum chamber set to 650oC. In combination with the spray needle delivering 

the mobile phase, its purpose is to ionize and vaporize the mobile phase, subsequently 

directing the ionized gas through the curtain plate and the quadrupoles (Figure 95). The 

ionized gas then enters the first quadrupole (Q1), where precursor ions are selectively 

separated by its specific mass transition, which is measured by the mass divided by the ionic 

charge number (m/z). For acetylcholine and D4-acetylcholine, their precursor ion m/z values 

are 146.1 and 150.2, respectively. Precursor ions are then energized and collided with argon 

gas to generate product ions at the second quadrupole (Q2). Product ions are then selectively 

separated by its (m/z) at the third quadrupole (Q3). For acetylcholine and D4-acetylcholine, 

their product ion m/z values are 86.0 and 90.9, respectively. Product ions with those m/z 

values are detected and displayed as a chromatogram on the Analyst Software 1.6. 
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Figure 94 – Schematic Diagram of the Principles of Tandem Mass Spectrometry. 

Tandem mass spectrometry involves ionizing the sample, followed by mass analysis (1st m/z 

separation) of the precursor ion at the first quadrupole (Q1), fragment dissociation at the second 

quadrupole (Q2) and mass analysis (1st m/z separation) of the daughter fragment ions at the third 

quadrupole (Q3), which then reaches the detector. Figure adapted from (National High Magnetic Field 

Laboratory 2015). 

 

 

 

 

 

 

 

 

 

 

 

Figure 95 – Ionizing and Vaporising the Sample at the Source Chamber. 

The source chamber is responsible for ionizing and vaporising the sample delivered by the spray 

needle and directing the ionized gas through the curtain plate and into the orifice. 

Q1 Q2 Q3 
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5.2.4 Data Interpretation 

Data quantitation and interpretation was carried out using the Quantitation Wizard feature 

built into Analyst Software 1.6. This included chromatograms of acetylcholine and D4-

acetylcholine (Figure 96). Quantitation of that chromatogram was done automatically using a 

pre-set method (Table 11), although manual quantification was carried out where necessary. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 96 – HILIC-MS/MS Chromatogram of Acetylcholine and D4-Acetylcholine. 

Chromatogram traces of intensity count per second (CPS) of an aqueous sample spiked with 

acetylcholine and D4-acetylcholine (A), D4-acetylcholine alone (B), double-blank which had neither 

(C), and a zoom-in view illustrating the signal generated by the double blank (D). Blue line represents 

D4-acetylcholine; red line represents acetylcholine. 

 

 

Table 11 – Chromatogram Quantification. 

Sample Type Analyte Peak Area IS Peak Area 

Acetylcholine + D4-acetylcholine 177066 484255 

D4-acetylcholine 3430 489418 

Double Blank 1055 561 
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5.3 Method Validation 
The developed HILIC-MS/MS method of quantifying acetylcholine in cultured media was 

validated using guidelines issued by the FDA (FDA 2018). These include determining the 

method’s specificity and selectivity, its calibration curve linearity and signal-to-noise ratio, its 

accuracy and precision, its lower limits of detection and quantification, and analyte recovery. 

 

5.3.1 Specificity and Selectivity 

Specificity and selectivity were achieved by using multiple reaction monitoring (MRM) to 

determine the specific mass transition for the analytes of interest, which is measured by the 

mass divided by the ionic charge number (m/z). In other words, the specific mass transition 

of parent product ions (acetylcholine and D4-acetylcholine) and specific mass transition of 

their daughter fragment ions were determined to be selective for them and no other 

compound. The first mass transition occurs at the first quadrupole (Q1), where the detected 

146.1 m/z and 150.2 m/z are specific for the parent product ion of acetylcholine and D4-

acetylcholine, respectively. The second mass transition occurs at the third quadrupole (Q3), 

where the detected 86.0 m/z and 90.9 m/z are specific for the daughter fragment ions of 

acetylcholine and D4-acetylcholine, respectively. These values were determined by injecting 

1 mg/ml of acetylcholine or D4-acetylcholine diluted in methanol into the mass spectrometer 

at a constant flow, then using the MRM scan function to identify the peak m/z values for the 

parent product ions at Q1 and daughter fragment ions at Q3. 

 

5.3.2 Calibration Curve Linearity, Signal to Noise Ratio, and Lower Limits of Detection 

A calibration curve had to be developed in order to quantify acetylcholine in culture media. A 

calibration curve to 100 nM was first developed in aqueous solution, which was quantified 

(Table 12) and determined to be linear (R2 > 0.95), (Figure 97). This was then repeated in 

culture media (Figure 98). A batch of calibration curve standards was prepared in culture 

media, with one set extracted alongside each sample. The upper limit of linearity was done 

up to 1 mM (data not shown) but was not used since the working range found to be much 

lower. In order for a chromatogram peak to be accepted, the ratio of the peak signal to 

background noise (signal to noise ratio) must be greater than 10. This was also the lower limit 

of detection, which was less than 1 nM in both aqueous solution and culture media (data not 

shown). 
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Table 12 – Data Quantitation for Acetylcholine (0-100 nM) in Aqueous Solution. 

Analyte Conc. (nM) Analyte Peak Area IS Peak Area Area Ratio Signal to Noise Ratio 

100 818948 58165 14.08 2348.9 

50 529455 68835 7.69 780.3 

25 306816 62204 4.93 1427.1 

12.5 204808 63916 3.2 941 

6.3 160406 65937 2.43 512.1 

3.1 84668 46685 1.81 235.5 

1.6 129343 75512 1.71 167.6 

0 17266 48610 0.36 27.9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 97 – Calibration Curve for Acetylcholine (0-100 nM) in Aqueous Solution. 

Calibration curve of 0-100 nM acetylcholine spiked in UPLC-grade water. X-axis depicts concentration. 
Y-axis depicts area ratio (analyte area / internal standard area). R2 value listed above. 
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Figure 98 – Calibration Curve for Acetylcholine (0-100 nM) in Media. 

Calibration curve of 0-100 nM acetylcholine spiked in blank culture media. X-axis depicts 
concentration. Y-axis depicts area ratio (analyte area / internal standard area). R2 value listed above. 

 

5.3.3 Accuracy, Precision, and Lower Limits of Quantification 

In addition to the calibration curve, internal quality control (iQC) standards were made to 

assess the reliability and stability of the system for each sample analysed. To that end, a batch 

of low (6.3 nM) medium (25 nM) and high (100 nM) acetylcholine iQC standards were made 

in blank culture media. Ten sets of these iQCs were extracted and plotted on the calibration 

curve (Table 13) to determine the mean, standard deviation, coefficient of variation, and 

upper-lower limits. The upper-lower limits are defined to be +/- twice the standard deviations 

of the mean value. A set of iQCs were extracted alongside the calibration curve during each 

day of extraction to ensure the accuracy and precision of the HILIC-MS/MS protocol. Should 

more than one iQC fall outside the upper-lower limits and could not be resolved, the analysis 

was considered inaccurate. 

 

With the calibration curve and iQCs established, the method was ready to quantify 

acetylcholine in media which had been cultured in crypts and organoids. During each day of 

extraction, the linearity (R2 > 0.95) of the calibration curve must be confirmed (Table 14) and 

at least two of the iQCs must fall within the upper-lower limits (Table 15) to ensure intra-

batch accuracy and precision. If necessary, up to three calibration curve standards were 

allowed to be ignored if it improved the linearity (R2 > 0.95). The lower limit of quantification, 

which is defined as having the coefficient of variation of equal to or less than 15%, was 

calculated by plotting the coefficient of variation of the intra-batch calibration curve 

standards against the mean values. This value was determined to be around 11.5 nM. The 

lower limit of detection of the aqueous calibration curve (data not shown) was 3 nM. 



 
 

 
181 

 

Table 13 – Internal Quality Control Standards. 

Set Internal Quality Control Standards 

Low (6.3 nM) Medium (25 nM) High (100 nM) 

1 7.5 23.3 97.0 

2 6.7 27.1 70.2* 

3 6.3 31.1* 95.1 

4 7.1 24.0 95.3 

5 6.9 27.9 97.5 

6 6.2 25.4 94.7 

7 7.0 23.8 105.9 

8 6.6 24.7 99.1 

9 6.9 26.0 95.9 

10 7.4 25.0 70.8* 

Mean (nM) 6.8 25.2 97.6 

Standard Deviation 0.4 1.5 3.7 

Coefficient of Variation (%) 6.0 6.1 3.8 

Upper-Lower Limits 5.5-7.1 22.2-28.2.6 90.2-105.0 

* Values which fell outside the upper-lower limits were excluded from the analysis. 
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Table 14 – Intra-batch Calibration Curve Standards. 

Date (yyyy-mm-dd) Calibration Curve (nM) 

100 nM 50 nM 25 nM 12.5 nM 6.3 nM 3.2 nM 0 nM 

2018-10-10 91.9 * 20.3 10.9 * * <0 

2018-10-16 96.3 43.8 24.6 10.7 * 3.7 <0 

2018-11-1 95.4 42.3 25.8 11.1 * 2.5 <0 

2018-11-20 97.7 47.9 22.6 * 4.6 * <0 

2018-11-28 94.0 43.7 21.5 * * 2.4 <0 

2018-14-04 87.1 * 24.8 * 5.2 2.1 <0 

2019-01-18 * 52.1 23.7 * 6.7 4.4 <0 

2019-02-26 * 41.7 26.2 * 6.4 * <0 

2019-03-05 86.1 58.2 28.4 * * * <0 

2019-03-12 86.0 55.6 23.3 14.4 5.6 * <0 

2019-03-22 91.3 * 31.7 * * 2.3 <0 

2019-05-03 * 44.4 23.1 10.8 6.3 2.2 <0 

Mean (nM) 91.7 47.8 24.7 11.6 5.8 2.8 0 

Standard Deviation 4.5 6.1 3.1 1.6 0.8 0.9 0 

Coefficient of Variation (%) 4.9 12.9 12.5 13.5 14.0 31.6 N/A 

* Value ignored to improve calibration curve linearity. 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
183 

 

Table 15 – Intra-batch Internal Quality Control Standards. 

Date (yyyy-mm-dd) Internal Quality Control Standards 

Low (6.3 nM) Medium (25 nM) High (100 nM) 

2018-06-05 6.0 22.2 141.4* 

2018-06-08 6.1 31.9* 101.9 

2018-06-11 6.5 24.0 99.0 

2018-06-12 6.3 25.7 87.7 

2018-06-22 7.5* 25.2 95.3 

2018-06-25 5.3 23.4 93.3 

2018-06-26 5.3 24.5 91.5 

2018-07-24 5.3 25.9 92.9 

2018-07-31 6.9 22.7 96.6 

2018-08-08 7.3* 27.3 98.0 

2018-08-29 6.7 25.0 94.6 

2018-10-10 8.2* 30.7* 94.7 

Mean (nM) 6.4 25.7 95.0 

Standard Deviation 0.9 3.0 3.1 

Coefficient of Variation (%) 14.5 11.6 4.1 

* Values which fell outside the upper-lower limits. 
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Figure 99 – HILIC-MS/MS Lower Limits of Quantification for Acetylcholine 

Line graph of the mean calibration curve standard concentration (nM) plotted agaisnt the coffecient 

of variation (%), and the zoomed in view of the line graph showcasing the lower limit of detection (CV 

15%). 

 

5.3.4 Analyte Recovery 

Lastly, the effect of Matrigel and the efficiency of the developed HILIC-MS/MS protocol was 

evaluated by calculating the recovery of a known quantity (100 nM) of analyte – acetylcholine 

– which had been spiked into sample media. The recovery of the spiked analyte ranged 

between 76.9-133.5%, averaging 104.7% with a standard error of 3.8%. 
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5.4 Results 
First, choline acetyltransferase (ChAT) was shown to be expressed in the colonic epithelium 

using immunolabelling and its expression was shown to be higher towards the bottom half of 

the crypt. Next, HILIC-MS/MS was used to quantify the amount of non-neuronal acetylcholine 

present in media which had been cultured in crypts. Finally, Fura-2 experiments were carried 

out to show that culture media was capable of inducing Ca2+-signals. 

 

5.4.1 Differential ChAT Expression in the Colonic Epithelium 

In an earlier chapter, ChAT was shown to be expressed within mucosa and crypts, but not in 

organoids (Figure 51). However, this was confined to the base of crypts. Thus, confocal images 

of whole human native colonic tissue (mucosa), cultured human colonic crypts (crypts), and 

cultured human colonic organoids (organoids) that were immunolabelled with ChAT were 

carried out. In mucosa, ChAT labelling was contained within slender cells, which were more 

prominent towards the lower half of crypts (Figure 100A). In crypts, ChAT labelling was 

prominent in the lower half of crypts and rare higher up the crypt (Figure 100B). In organoids, 

ChAT labelling was consistently absent (Figure 100C). 

 

Next, the number of ChAT+ cells were counted in immunolabelled mucosa from six patients 

(N=6), during which at least three mucosal crypts (n=/>3) were counted for each patient. The 

average number of ChAT+ cells within the lower half of mucosal crypts was significantly higher 

(P<0.05) compared to the average number of ChAT+ cells within the upper half of mucosal 

crypts (Figure 101). Data contributed by Mr Luke Tye. 

 

5.4.2 Quantification of Acetylcholine in Media Cultured in Colonic Tissue 

Having confirmed the presence of ChAT in mucosal crypts, we set out to quantify the amount 

of acetylcholine synthesized by crypts which were isolated and cultured from the human 

colonic mucosa. Using the developed (Chapter 5.2) and validated (Chapter 5.3) HILIC-MS/MS 

method, non-neuronal acetylcholine was quantified in media that had been cultured 

overnight in crypts isolated from eight patients (Table 16). Media which had been cultured in 

crypts overnight contained non-neuronal acetylcholine ranging from 22.0 to 124.2 nM, with 

an average of 69.6 nM. 
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Figure 100 – Immunolabelling of ChAT in Mucosa, Crypts, and Organoids. 

Representative confocal images of ChAT immunolabelled in mucosa (A), crypts (B), and organoids (C) 

with E-Cadherin (ECAD) in white and ChAT in green. Nuclei was stained with Sytox Blue (DNA). 

Brightfield depicted on the left. Scale bar = 25 µm. 
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Figure 101 – Average Number of ChAT+ Cells in Mucosal Crypts. 

ChAT+ cells were counted within the lower and upper half of immunolabelled mucosal crypts. 
P>0.05 (*). 

 

 

 

Table 16 – Quantification of Non-neuronal Acetylcholine from Crypt-Cultured Media. 

Patient ID (yyyy-mm-dd) Quantified acetylcholine (nM) 

2018-11-01 97.7 

2018-11-06 124.2 

2018-11-07 100.1 

2018-11-20 68.2 

2018-11-28 32.9 

2018-12-04 110.8 

2019-01-18 31.9 

2019-01-22 22.0 

2019-03-12 8.62* 

2019-03-22 38.6 

Average (nM) 69.6 

Standard Error 11.7 

* Value which fell outside the lower limit of quantification and thus not included. 
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Besides quantifying non-neuronal acetylcholine, this thesis attempted to increase the amount 

of acetylcholine synthesized/secreted by crypts. One means of achieving that was the 

addition of propionate (2 mM) into the culture media, which in Ussing chamber experiments 

was shown to induce release of acetylcholine across the basolateral membrane of rat colonic 

mucosa (Bader, Klein and Diener 2014). To that end, crypts which were isolated from three 

patients (N=3) were cultured overnight with media which did/did not contain propionate (2 

mM). The non-neuronal acetylcholine from these crypt-cultured media was quantified and 

found to not be significantly different (Figure 102). In addition to the quantification provided 

by post-HILIC-MS/MS data analysis, the amount of acetylcholine secreted by each crypt was 

estimated. First, images of the cultured crypts were taken on the Nikon microscope and 

counted (Figure 103). Next, the amount of acetylcholine quantified was divided by the 

number of crypts (Figure 104), which was also shown to not be significantly different. Data 

contributed by Mr Luke Tye. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 102 – Propionate Has No Effect on Acetylcholine Concentration in Crypt-Cultured Media. 

HILIC-MS/MS quantification of non-neuronal acetylcholine from crypt-cultured media in the 

presence/absence of propionate (2 mM). Not significant (N.S). N=3. 
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Figure 103 – Brightfield Images of Isolated Human Colonic Crypts. 

Representative brightfield image of isolated human colonic crypts within a well of a 24-well plate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 104 – Propionate Did Not Increase Acetylcholine Synthesis/Secretion. 

Alterative quantification of non-neuronal acetylcholine from crypt-cultured media in the 

presence/absence of propionate (2 mM). Not significant (N.S). N=3. 
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5.4.3 Crypt-Culture Media Induces Ca2+-Signals. 

In the previous chapter (Chapter 4), CCh (10 µM) was shown to be capable of inducing 

intracellular Ca2+-signals in crypts and organoids loaded with the Ca2+-sensitive ratiometric 

fluorescent dye, Fura-2. Through a series of experiments, CCh was elucidated to activate 

muscarinic receptor type 3 (M3) and causing local Ca2+-signals via endolysosomal TPCs 

followed by global Ca2+-signals via endoplasmic reticular IP3Rs and RYRs. Thus, crypt-culture 

media was proposed to also be capable of inducing intracellular Ca2+-signals in crypts loaded 

Fura-2. Indeed, preliminary experiments showed that crypt-culture media which was 

quantified to contain acetylcholine (90 nM) was capable of inducing intracellular Ca2+-signals 

in crypts (Figure 105) and could be inhibited by atropine, a non-specific antagonist of 

muscarinic receptors (McLendon and Preuss 2021). Data contributed by Mr George Lines. 

 

 

 

 

 

 

 

 

Figure 105 – Crypt-Culture Media Induces Ca2+-Signals. 

Exemplar trace of a crypt which was first stimulated by blank media followed by crypt-cultured media 

(A), and with the presence of atropine (B). N=1. 
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5.5 Discussion 
In humans, non-neuronal acetylcholine has been quantified using UPLC-MS/MS in peripheral 

blood (Zhang, et al. 2016) and (Han, et al. 2017). In the context of the human GI, quantification 

of non-neuronal acetylcholine using mass spectrometry has not been done before. The 

closest to this is a study which used HPLC-MS/MS to quantify non‐neuronal acetylcholine in 

mice (Takahashi, et al., 2014). Thus, this thesis set out to develop a novel method to quantify 

non-neuronal acetylcholine in human colonic crypts and organoids. 

 

5.5.1 Sample Preparation and Extraction 

The first step involved in sample preparation was the addition of rivastigmine (final 

concentration of 1 mM) into the culture media to inhibit the hydrolysis of acetylcholine by 

acetylcholinesterase (Willams, Nazarians and Gill 2003). In addition, rivastigmine is also 

capable of inhibiting butyrylcholinesterase (Kandiah, et al. 2017), which has a lower catalytic 

efficiency of hydrolysing acetylcholine, but contributes to acetylcholine homeostasis (Reale, 

et al. 2018). The next step of centrifugation was to separate culture media from insoluble 

components. Just prior to extracting the sample using WCX, the sample was filtered through 

a 10 μm cell strainer to remove residual (Matrigel and colonic tissue) which may interfere 

with the extraction and analysis. 

 

One of the advantages of tandem mass spectrometry is that it is highly selectivity due to MRM 

using the instrument’s triple quadrupole, which allows the bypass of time-consuming clean-

up steps (Nie and Nie 2019). However, HILIC columns and the mass spectrometer are prone 

to contamination with components within culture media such as proteins, amino acids, and 

peptides. Contamination of the HILIC column results in the shift in analyte retention time and 

poor peak shape. Despite manufacture guidelines and customer service advice, 

contamination of the HILIC column was irreversible and expensive to replace. On the other 

hand, contamination of the mass spectrometer resulted in increased machine and 

background noise which affects the analysis and requires a specialist engineer to service. 

Hence, a sample preparation and extraction protocol was developed to remove as many 

contaminants as possible to preserve the HILIC column’s lifespan and ensure the mass 

spectrometer’s machine and background noise remained low. 

 

The use of an internal standard – D4-acetylcholine – served as an inter-batch and intra-batch 

control. Being an isotopically labelled version of acetylcholine, D4-acetylcholine would be 

expected to have a similar extraction recovery, chromatographic retention time, and 

ionization response in the mass spectrometer’s source. D4-acetylcholine (100 nM) was added 

to each extracted sample, calibration curve standard, and iQC. The internal standard peak 

area (IS Peak Area) showcases the variation of each extraction (Table 12), which can be 

negated by using ratio between the analyte peak area and the IS peak area, thereby serving 

as an inter-batch control. The D4-acetylcholine methanol stock solution (1 mg/ml) is kept at 
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negative 20oC; each day a fresh batch was prepared in UPLC-grade water (100 nM). Large 

variation of the IS peak area from one day to another would indicate human or machine error 

had occurred at some point, thereby serving an intra-batch control. 

 

As described, an early variant of the WCX extraction protocol (Figure 91) included a drying 

and reconstitution stage as recommended by the manufacturer. However, the drying process 

was slow and caused the analysis to be less reliable, hence that step was modified and 

removed. Other variables which were trialled during the method development phase 

included the composition of the elution solution (100% acetonitrile vs 80%), the 

concentration of formic acid in the elution solution (1-10%), the prospect of increasing sample 

load or reducing the elution solution, the necessity of removing HEPES buffer in culture 

media, and the UPLC-grade water used (Sigma-Aldrich vs VWR). 

 

5.5.2 HILIC-MS/MS Method Development and Validation 

The HILIC-MS/MS method was developed by configuring and optimising the HILIC column 

(Figure 92) and (Table 10), the Shimadzu LC-20 HPLC system (Chapter 5.2.2), and the API 4000 

tandem mass spectrometer (Chapter 5.2.3). Next, the method was validated following 

guidelines from the (FDA 2018). After which, the method was applied to quantify non-

neuronal acetylcholine from media cultured in human colonic crypts and organoids. 

Instrument and software training began in October 2016. By February 2019, the method had 

been developed, validated, and applied. 

 

The developed method was validated to be specific and selective for acetylcholine, due to the 

instrument’s triple quadrupole which enables MRM to determine the specific mass transition 

for the analytes of interest. Compared to the calibration curve prepared in aqueous solution 

(Figure 97), the linearity of the calibration curve prepared in media was less robust (Figure 

98) and had to be selective (Table 14). The signal to noise ratio was low in aqueous spiked 

samples (Figure 96) and produced clear chromatogram peaks for acetylcholine and D4-

acetylcholine. But once media standards were used instead, the signal to noise ratio 

worsened, the chromatogram peak shape suffered and the analyte peak area was reduced. 

In addition, the background noise gradually increased over time, indicating the API 4000 

tandem mass spectrometer was gradually being contaminated by sample injections. 

 

Batches of iQC standards were run during each extraction to ensure the accuracy of inter-

batch and intra-batch analysis. When ten sets of iQCs standards were run (Table 13), the 

coefficient of variation for the lowest standard (6.3 nM) was 6%, meaning the method and 

analysis was reliable, consistent, and had an inter-batch lower limit of quantification that’s 

less than 6.3 nM. However, the intra-batch records for iQC standards (Table 15) showed 

higher coefficients of variation at each point. The coefficient of variation for the iQC standards 
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closely resembled the coefficients of variation of the intra-batch records for the calibration 

curve standards (Table 14), from which the intra-batch lower limit of quantification 

determined to be around 11.5 nM. In order words, this method could accurately quantify non-

neuronal acetylcholine in culture media down to 11.5 nM with a 15% coefficient of variation. 

 

One concern about this method is internal bias, as the calibration standards, iQC standards, 

extraction and analysis were all carried out by one person. An ideal solution to that are 

external standards, which would be prepared, extracted, and analysed for each analytical set. 

However, there were no available sources of external standards for acetylcholine in cultured 

media during this thesis. 

 

5.5.3 Differential ChAT Expression, Acetylcholine Quantification, and Ca2+-signals 

In both mucosa and crypts, ChAT labelling was observed higher within the lower half of the 

crypt compared to the upper half (Figure 100A-B). And in organoids, ChAT was non-existent 

(Figure 100C). This data supports the RNA gene transcriptomic data from earlier (Figure 29) 

which showed expression of ChAT RNA in mucosa and crypts, but no ChAT RNA in organoids. 

This reflects a shortcoming of the culture system, whereby it was unable to fully replicate the 

in-vivo environment support ChAT+ cells. Despite that setback, non-neuronal acetylcholine 

was successfully quantified from media which had been cultured overnight in crypts isolated 

from patients’ mucosa samples (Table 16). Media which had been cultured overnight in 

organoids were also put through HILIC-MS/MS, and unsurprisingly they yielded no 

acetylcholine (data not shown). Of the samples quantified, one data point (8.6 nM) was 

considered under the lower limit of quantification. Due to this, its accuracy cannot be assured 

to be within a CV of 15% and hence was omitted. In addition, two data points were 

extrapolated since they were higher than the upper calibration curve standard (100 nM). 

Thus, future batches of calibration curve standards should have a higher upper limit to avoid 

extrapolation. Ideally, the upper iQC should be 20% higher than the maximum expected 

analyte quantification. Thus, future iQC batches should have an upper limit of 150 nM. One 

highlight from this dataset was the variability of quantified acetylcholine (8.6-124.2 nM), 

when even though during the isolation and plating stage, the density distribution of crypts 

within each well was ensured to be largely equal between samples. This may be due to the 

condition of the patient mucosa which the Williams group obtains tissue samples from. For 

example, a patient which has colon cancer may have different numbers of ChAT+ cells 

depending on the cancer stage and location. While these samples were obtained from distal 

sites of the surgery during right-hemicolectomy or anterior resection, it is not possible to 

determine whether these samples are truly ‘normal when compared to a healthy individual. 

In addition to health status, other factors such as age and chemotherapy may influence the 

numbers of ChAT+ cells and would need to be considered in future attempts of quantifying 

non-neuronal acetylcholine.  
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In addition to quantifying non-neuronal acetylcholine, this thesis attempted to increase the 

amount of acetylcholine synthesized/secreted by crypts using propionate (2 mM). As 

described in the introduction, propionate is a short-chain fatty acids (SCFAs) metabolised by 

gut microbes from the catabolism of carbohydrates and starches which the human gut cannot 

digest (Hollister, Gao, & Versalovic, 2015). Propionate and other SCFAs have been shown to 

stimulate mucus secretion (Willemsen L. E., Koetsier, van Deventer, & van Tol, 2003) and 

regulate host immunity (Brown, et al., 2003). While propionate did increase the amount of 

acetylcholine quantified in the culture media (Figure 102) and per crypt (Figure 104), this 

difference was not significant. By contrast, the study (Bader, Klein and Diener 2014) which 

showed propionate stimulating acetylcholine release measured baseline acetylcholine 

release to be 1.8+/-0.4 (nmol/min), while propionate (2 mM) caused an increase in 

acetylcholine release of 15.8+/-4.3 (nmol/min). However, as described in the study’s 

methodology, these experiments were conducted in mucosa samples. As the mucosa also 

contains myofibroblasts, blood vessels, nerves, and immune cells (Chapter 1.2), it is plausible 

that the acetylcholine they measure are secreted from non-epithelial cells. In addition, their 

observation was done using a short experiment where acetylcholine release was measured 

after several minutes of adding propionate. On the other hand, the quantification of 

acetylcholine in this thesis was done on media which had been cultured overnight. 

Furthermore, their HPLC samples were contained within buffered bathing solutions, which 

are far less likely to interfere with the extraction and HILIC-MS/MS method developed here. 

Indeed, the limit of detection of their system was 1 fmol. Finally, crypt-culture media was 

shown to be capable of inducing Ca2+-signals in crypts loaded with Fura-2 and could be 

inhibited by atropine (Figure 105), which supports the hypothesis that cholinergic agonists 

(acetylcholine, carbachol) activate muscarinic receptors. 

 

5.6 Conclusion 
In conclusion, a standard operating protocol (SOP) for extracting, detecting, and quantifying 

non-neuronal acetylcholine from media which had been in culture in human colonic crypts 

was developed, and validated using FDA guidelines. Using this SOP, non-neuronal 

acetylcholine was quantified in crypt-cultured media. The concentration of acetylcholine 

quantified (90 nM) was found to be physiologically relevant, as it was capable of inducing 

Ca2+-signals in crypts loaded with Fura-2. Now, the thesis moves on to investigate the 

consequences of mobilising intracellular Ca2+ stores on colonic epithelial physiology – namely 

mucus and fluid secretion, and proliferation. 
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6 Chapter 6 – Results Part 4: Physiological Consequences of 

Mobilising Intracellular Ca2+ Stores – Excitation-Mucus/Fluid 

Secretion and Proliferation 
 

6.1 Introduction 
As described in the introduction (Chapter 1.2), the monolayer intestinal epithelium is a 

semipermeable barrier separating the luminal contents of the intestines from the internal 

milieu (Figure 7), thereby protecting the host from threats originating or residing in the gut 

lumen. The secretion of mucus by goblet and DCS cells, and fluids by all epithelial cells, is an 

important means by which the intestinal epithelium prevents itself from coming into contact 

pathogens and unwanted substances. Among these, goblet cells are the most numerous; they 

comprise between 9-16% of the intestinal epithelium (Umar, 2011) and (Kim & Ho, 2010). On 

the other hand, Paneth cells (Sato, et al., 2011) and DCS cells (Sasaki, et al., 2016) intermingle 

with stem cells at the bottom of small intestinal and colonic crypts, respectively. Notably, DCS 

cells can be marked by MUC2 (Rothenberg, et al., 2012), implying these cells secrete mucus 

to flush away the luminal contents of the crypt and thereby protect the stem cell zone. 

 

Intestinal epithelial mucous synthesis, processing, and secretion is a complex pathway 

(Chapter 1.2.1). Briefly, is an aqueous viscoelastic secretion whose composition varies 

depending on their underlying secretory epithelium, which affects its physicochemical 

properties such as pore size, viscoelasticity, pH, and ionic strength (Leal, Smyth, & Ghosh, 

2018). The major structural component of mucus are mucin glycoproteins, of which 

seventeen genes have been identified in humans (NCBI, 2020) and twelve of which are 

present in the human GI tract. Mucins can be classified as transmembrane or gel-forming 

(Table 1.3). In both the small intestine and colon, MUC2 is the prominent gel-forming mucin 

secreted by goblet cells. Intestinal mucus secretion can be induced by a host of secretagogues. 

These include propionate, acetate, and butyrate (Willemsen L. E., Koetsier, van Deventer, & 

van Tol, 2003), bacterial infection activation of the NLRP6 inflammasome (Wlodarska, et al., 

2014), reactive oxygen species (Patel, et al., 2013), ATP (Kreda, et al., 2010), and acetylcholine 

(Specian & Neutra, 1980). 

 

Intestinal epithelial fluid secretion is driven by the movement of anions such as chloride ions 

across the lumen, accompanied by water through osmosis. In the colonic epithelium, chloride 

ion uptake is mediated by the Na+-K+-2Cl- (NKCC1) co-transporter located on the basolateral 

membranes (Bachmann, et al. 2003). On the apical membrane of epithelial cells, cystic fibrosis 

transmembrane conductance regulator (CFTR) channels regulate the movement of chloride 

ions into the lumen (Greger 2000). Through the calcium-activated chloride channel regulator 

1 (CLCA1), chloride ions are also involved in the production and processing of mucus by goblet 

cells of the colon (Nyström, Arike, Ehrencrona, Hansson, & Johansson, 2019). Intestinal fluid 

secretion can be induced by a range of secretagogues. These include 5-HT (Diwakarla, 
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Fothergill, Fakhry, Callaghan, & Furness, 2018), serotonin (Alcaino, et al., 2018), and 

acetylcholine (Reynolds, Parris, et al. 2007). 

 

Mucus secretion, fluid secretion and proliferation of the intestinal epithelium are dependent 

on intracellular Ca2+-signals (Chapter 1.4.3). Activation of the muscarinic acetylcholine 

receptor 3 (M3) by acetylcholine induces intracellular Ca2+-signals modulates NKCC1 

trafficking to the membrane, which regulates Cl- uptake and subsequent fluid secretion 

(Reynolds, Parris, et al. 2007). A latter study showed this process is activated via muscarinic 

receptors and mediated Ca2+ release via IP3R (Yang, et al. 2018). CLCA1 plays an essential role 

in the production and processing of mucus within goblet cell. It also contributes to mucus 

homeostasis by converting the firm inner mucus layer to the loose outer mucus layer and is 

dependent on Ca2+, as removing Ca2+ from the proteolysis assay buffer blocked the reaction 

(Nyström, et al., 2018). Mucus exocytosis relies heavily on SNARE proteins to regulate the 

fusion of mucus granules with the plasma membrane. Syntaxin is a SNARE protein which has 

been shown to be Ca2+-dependent and serves as a critical sensor of stimulated mucin 

secretion (Pang, et al., 2006) and (Adler, Tuvim, & Dickey, 2013).  

 

Besides secretion of mucus and fluid, the intestinal epithelium rapidly renews and replenishes 

itself, a process known as tissue homeostasis. This process is driven by intestinal stem cells 

(ISCs) which reside at the bottom of intestinal crypts (Chapter 1.3.1) and are well 

characterized by the marker Lgr5 (Barker, et al., 2007). ISCs are sensitive to physiological and 

pathological injuries, as well as ionizing radiation. However, the intestine is capable of 

regenerating ISCs from quiescent DNA label-retaining cells (Buczacki, et al., 2013) and/or from 

epithelial cell plasticity such as secretory progenitor cells (van Es, et al., 2012). ISCs of the 

small intestines and colon are supported by Paneth cells (Sato, et al., 2011) and DCS cells 

(Sasaki, et al., 2016), respectively. These cells and others maintain the stem cell zone by 

ensuring a high level of Wnt and Notch signalling, while keeping BMP and TGF levels low 

(Gehart and Clevers 2019).  

 

Previous work by the Williams group showed that cholinergic stimulation of M3 mobilises Ca2+ 

stored within endolysosomal via TPCs, causes mucus secretion, and induces proliferation 

(Kam 2015); which can be inhibited by blocking TPCs but not IP3Rs (Pelaez-Llaneza 2019). This 

chapter aims to elaborate on those studies, by investigating whether the physiological 

consequences (mucus secretion, fluid secretion, and proliferation) of the mobilisation of Ca2+ 

stored within endolysosomes are affected by specific and non-specific pharmacological 

antagonists which were explored in the previous chapter. This chapter also attempts to 

visualize mucus secretion and compound exocytosis induced by cholinergic stimulation using 

the cell permeable dyes FM1-43, FM1-43X, and Cell TrackerTM Deep Red. 
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6.2 Results 
Experiments investigating mucus secretion (Chapter 2.8), fluid secretion (Chapter 2.9) and 

proliferation (Chapter 2.10) were carried out in human colonic crypts and organoids. First, 

cholinergic activation of muscarinic receptor signalling was shown to induce mucus secretion, 

which was inhibited using selective pharmacological agents. This was carried out in crypts 

which were immunolabelled with MUC2, in the presence/absence of CCh and/or 

pharmacological agents. Next, fluorescence lipid dyes were used to visualize secretion and 

compound exocytosis of mucus granules upon cholinergic stimulation. This was carried out in 

crypts and organoids using live confocal imaging. In addition, cholinergic activation of 

muscarinic receptor signalling also induced fluid secretion and was also inhibited using 

selective pharmacological agents. This was carried out in organoids cultured over days in the 

presence/absence of CCh and/or pharmacological agents. Finally, cholinergic activation of 

muscarinic receptor signalling was shown to promote proliferation and could also be inhibited 

pharmacologically. This was carried out in crypts labelled with EdU in the presence/absence 

of CCh and/or Ned-19. Some of these data were contributed by Dr Nicolas Pelaez Llaneza, Dr 

Victoria Jones, and current PhD candidate Mr Sean Tattan.  

 

6.2.1 CCh-Induced Mucus Secretion is Dependent on Ca2+ Released by TPCs and RYRs 

Immunolabelling of MUC2 was done in whole human native colonic tissue (mucosa), cultured 

human colonic crypts (crypts), cultured human colonic organoids (organoids), and single cells. 

MUC2+ cells were present throughout the mucosa, crypts, and organoids (Figure 106A-C top), 

including within the stem cell zone at the base (Figure 106A-C bottom). Previous work by the 

Williams group showed that the percentage of MUC2+ cells are approximately 30% in all three 

tissue models and are expressed higher within the base of mucosa and crypts compared to 

the top (Pelaez-Llaneza 2019). In addition to those three, single cells were generated by 

degrading organoids enzymatically and mechanically, then plated as a heterogeneous cell 

population. MUC2 immunolabeling and confocal imaging was carried out on these single cells 

(Figure 106D) using the standard protocol (Chapter 2.5). 

 

Next, mucus depletion assays were carried out following a developed protocol (Patel, et al., 

2013) which had been used by the Williams group. First, the temporal characteristics of mucus 

secretion was determined. Crypts were stimulated with CCh (10 µM) for varying amounts of 

time (1, 5, 10, 15, 20, and 30 minutes) before fixing and immunolabelling them with MUC2 

(Figure 107). Between 1 to 30 minutes (Figure 107A-F), MUC2 fluorescence gradually changed 

from being solely contained within the cells’ cytoplasmic space to being present in the crypt 

lumen. Mucus secretion was observed to occur within 5 minutes, due to depleted MUC2-

labelling on the apical pole of cells (Figure 107B). From 10 minutes onwards, goblet-shaped 

cells were observed to have less MUC2 within their apical region, which indicate mucus 

secretion (Figure 107C). After ten minutes, there were prominent quantities of MUC2-

labelling within the lumen (Figure 107C-F). 
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Figure 106 – Presence and Distribution of MUC2-positive Cells. 

Representative confocal images of whole mucosa (A), crypts (B), organoids (C) and single cells (D) 

immunolabelled with E-Cadherin (ECAD) in white and MUC2 in green. Nuclei was stained with Sytox 

Blue (DNA). Zoom view provided for mucosa, crypts and organoids. Scale bar = 25 µm. 
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Figure 107 – Temporal Characteristics of CCh-Induced Mucus Secretion. 

Representative confocal images of colonic crypts treated with CCh (10 μM) for 1 (A), 5 (B), 10 (C), 15 

(D), 25 (E) and 30 (D) minutes before being fixed and immunolabelled with Muc2 (red) and Ecad 

(green) antibodies, and the nucleus stained with Sytox blue (blue). White dotted lines mark the apical 

membrane. Dotted white boxes contain the zoom-in view for single MUC2+ cells from each timepoint. 

Asterisks indicate presence of secreted luminal mucus. Scale bar 20 μm. 

 

Having established the temporal characteristics of mucus secretion in crypts in response to 

cholinergic stimulation, a series of mucus depletion assays were carried out in conjunction 

with some of the pharmacological antagonists introduced in the previous chapter, with the 

goal of investigating whether CCh-induced mucus secretion was affected by pharmacological 

inhibition of intracellular Ca2+ release channels. Previous work by Dr Nicolas Pelaez Llaneza 

showed that compared to control (t=0 minutes), MUC2 fluorescence intensity was lowest 

after 5 minutes of CCh (10 µM) stimulation compared to longer CCh stimulation (Pelaez-

Llaneza 2019). Hence, crypts were stimulated with CCh for 5 minutes before being fixed and 

immunolabelled with MUC2. Cytoplasmic MUC2 fluorescence intensity was measured 

following the described protocol (Figure 21). 

 

Firstly, TPC-antagonists Ned-19 (250 µM) and tetrandrine (20 µM) were used to investigate 

whether TPC-inhibition affected CCh-induced mucus secretion. Crypts which were stimulated 

with CCh had 20% less MUC2 compared to control and was statistically significant, which was 

inhibited by Ned-19 (Figure 108). The presence of Ned-19 alone caused a 3% increase in MUC2 

intensity and was not significant compared to control, while CCh and Ned-19 crypts had 

identical MUC2 intensity to control and was statistically significant compared to CCh alone. 

Likewise, CCh-induced mucus secretion was inhibited by tetrandrine in crypts (Figure 109). 

The presence of tetrandrine alone caused a 15% increase in MUC2 intensity and was not 

significant compared to control, while CCh and tetrandrine crypts had nearly identical MUC2 

intensity to control and was statistically significant compared to CCh alone.  

 

Next, IP3R-antagonists 2-APB (100 µM) and caffeine (10 mM) were used to investigate 

whether IP3R-inhibition affected CCh-induced mucus secretion. Crypts which were stimulated 

with CCh had 18% less MUC2 compared to control and was statistically significant, which was 

not inhibited by 2-APB (Figure 110). The presence of 2-APB alone caused a 3% decrease in 

MUC2 intensity and was not significant compared to control, but the combination of CCh and 

2-APB had 16% less MUC2 intensity compared to control and was statistically significant. In 

the case of caffeine, organoids which were stimulated with CCh had 15% less MUC2 compared 

to control and was statistically significant, which was inhibited by caffeine (Figure 111). The 

presence of caffeine alone caused a 6% decrease in MUC2 intensity and was not significant 

compared to control, while crypts with CCh and caffeine had 2% more MUC2 intensity 

compared to control and was statistically significant compared to CCh alone. 
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Figure 108 – Ned-19 Inhibits CCh-Induced Mucus Secretion in Crypts. 

Representative confocal images colonic crypt base labelled with Muc2 (green) and Ecad (red), and 

nuclei (DNA) stained with Sytox Blue (A). From left to right: crypt stimulated with culture media 

(Control), crypt stimulated with CCh (10 μM) within culture media (CCh), crypt incubated with Ned-19 

(250 μM) followed by stimulation with culture media (Ned-19), and crypt incubated with Ned-19 

followed by stimulation with CCh within culture media (Ned19+CCh). White arrows indicate crypts full 

of MUC2. Black arrows indicate crypts with depleted MUC2. Asterisks indicate presence of luminal 

MUC2 labelling. Scale bar 20 μm. Bar chart summarising the normalised MUC2 immunofluorescence 

intensity of crypts stimulated with culture media (Con), crypts stimulated with CCh within culture 

media (CCh), crypts incubated with Ned-19 followed by stimulation with culture media (Ned-19), and 

crypts incubated with Ned-19 followed by stimulation with CCh within culture media (Ned19+CCh) (B). 

Data normalised to control and displayed as mean +/- SEM. P>0.05 (*). N=3. For every “N”, n≥5. 
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Figure 109 – Tetrandrine Inhibits CCh-Induced Mucus Secretion in Crypts. 

Representative confocal images colonic crypt base labelled with Muc2 (green) and Ecad (red), and 

nuclei (DNA) stained with Sytox Blue (A). From left to right: crypt stimulated with culture media 

(Control), crypt stimulated with CCh (10 μM) within culture media (CCh), crypt incubated with 

tetrandrine (20 μM) followed by stimulation with culture media (Tetra), and crypt incubated with 

tetrandrine followed by stimulation with CCh within culture media (Tetra+CCh). White arrows indicate 

crypts full of MUC2. Black arrows indicate crypts with depleted MUC2. Asterisks indicate presence of 

luminal MUC2 labelling. Scale bar 20 μm. Bar chart summarising the normalised MUC2 

immunofluorescence intensity of crypts stimulated with culture media (Control), crypts stimulated 

with CCh within culture media (CCh), crypts incubated with tetrandrine followed by stimulation with 

culture media (Tetra), and crypts incubated with tetrandrine followed by stimulation with CCh within 

culture media (Tetra+CCh) (B). Data normalised to control and displayed as mean +/- SEM. P>0.05 (*). 

N=3. For every “N”, n≥5. 
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Figure 110 – 2-APB Does Not Inhibit CCh-Induced Mucus Secretion in Crypts. 

Representative confocal images colonic crypt base labelled with Muc2 (green) and Ecad (red), and 

nuclei (DNA) stained with Sytox Blue (A). From left to right: crypt stimulated with culture media 

(Control), crypt stimulated with CCh (10 μM) within culture media (CCh), crypt incubated with 2-APB 

(100 μM) followed by stimulation with culture media (2-APB), and crypt incubated with 2-APB 

followed by stimulation with CCh within culture media (2-APB+CCh). White arrows indicate crypts full 

of MUC2. Black arrows indicate crypts with depleted MUC2. Asterisks indicate presence of luminal 

MUC2 labelling. Scale bar 20 μm. Bar chart summarising the normalised MUC2 immunofluorescence 

intensity of crypts stimulated with culture media (Con), crypts stimulated with CCh within culture 

media (CCh), crypts incubated with 2-APB followed by stimulation with culture media (2-APB), and 

crypts incubated with 2-APB followed by stimulation with CCh within culture media (2-APB+CCh) (B). 

Data normalised to control and displayed as mean +/- SEM. P>0.05 (*). N=3. For every “N”, n≥5. 
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Figure 111 – Caffeine Inhibits CCh-Induced Mucus Secretion in Crypts. 

Representative confocal images organoid base labelled with Muc2 (red) and Ecad (green), and nuclei 

(DNA) stained with Sytox Blue (A). From left to right: organoid stimulated with culture media (Control), 

organoid stimulated with CCh (10 μM) within culture media (CCh), organoid incubated with caffeine 

(10 mM) followed by stimulation with culture media (Caf), and organoid incubated with caffeine 

followed by stimulation with CCh within culture media (Caf+CCh). White arrows indicate crypts full of 

MUC2. Black arrows indicate crypts with depleted MUC2. Scale bar 20 μm. Bar chart summarising the 

normalised MUC2 immunofluorescence intensity of crypts stimulated with culture media (Control), 

crypts stimulated with CCh within culture media (CCh), crypts incubated with caffeine followed by 

stimulation with culture media (Caf), and crypts incubated with caffeine followed by stimulation with 

CCh within culture media (Caf+CCh) (B). Data normalised to control and displayed as mean +/- SEM. 

P>0.05 (*). N=2. For every “N”, n≥5. 
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Following this, RYR1/3-antagonist dantrolene (30 µM) and non-specific RYR-antagonist 

procaine (1 mM) were used to investigate whether RYR-inhibition affected CCh-induced 

mucus secretion. Crypts which were stimulated with CCh had 31% less MUC2 compared to 

control and was statistically significant, which was inhibited by dantrolene (Figure 112). The 

presence of dantrolene alone caused a 4% increase in MUC2 intensity and was not significant 

compared to control, which was identical to that of CCh and dantrolene crypts and who was 

statistically significant compared to CCh alone. Likewise, CCh-induced mucus secretion was 

inhibited by procaine in crypts (Figure 113). The presence of procaine alone caused a 2% 

decrease in MUC2 intensity and was not significant compared to control, but CCh and 

procaine crypts had 13% increased MUC2 intensity compared to control and was statistically 

significant to both CCh and control. 

 

Lastly, crypts were stimulated with CPA (20 µM) to determine whether an increase in 

cytoplasmic [Ca2+] via emptying endoplasmic reticular stores (Figure 114A-B), and UTP (50 

µM) to determine whether P2Y2-activated intracellular Ca2+-signals (Figure 114C); were 

capable of inducing mucus secretion. While crypts which were stimulated with CCh had 19% 

less MUC2 compared to control and was statistically significant, crypts which were stimulated 

with CPA had 16% more MUC2 compared to control and was not statistically significant 

(Figure 114B). On the other hand, crypts which were stimulated with UTP had 22% less MUC2 

compared to control and was statistically significant (Figure 114C).  
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Figure 112 – Dantrolene Inhibits CCh-Induced Mucus Secretion in Crypts. 

Representative confocal images colonic crypt base labelled with Muc2 (green) and Ecad (red), and 

nuclei (DNA) stained with Sytox Blue (A). From left to right: crypt stimulated with culture media 

(Control), crypt stimulated with CCh (10 μM) within culture media (CCh), crypt incubated with 

dantrolene (30 μM) followed by stimulation with culture media (Dan), and crypt incubated with 

dantrolene followed by stimulation with CCh within culture media (Dan+CCh). White arrows indicate 

crypts full of MUC2. Black arrows indicate crypts with depleted MUC2. Asterisks indicate presence of 

luminal MUC2 labelling. Scale bar 20 μm. Bar chart summarising the normalised MUC2 

immunofluorescence intensity of crypts stimulated with culture media (Control), crypts stimulated 

with CCh within culture media (CCh), crypts incubated with dantrolene followed by stimulation with 

culture media (Dan), and crypts incubated with dantrolene followed by stimulation with CCh within 

culture media (Dan+CCh) (B). Data normalised to control and displayed as mean +/- SEM. P>0.05 (*). 

N=3. For every “N”, n≥5. 
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Figure 113 – Procaine Inhibits CCh-Induced Mucus Secretion in Crypts. 

Representative confocal images colonic crypt base labelled with Muc2 (green) and Ecad (red), and 

nuclei (DNA) stained with Sytox Blue (A). From left to right: crypt stimulated with culture media 

(Control), crypt stimulated with CCh (10 μM) within culture media (CCh), crypt incubated with 

procaine (1 mM) followed by stimulation with culture media (Procaine), and crypt incubated with 

procaine followed by stimulation with CCh within culture media (Procaine+CCh). White arrows 

indicate crypts full of MUC2. Black arrows indicate crypts with depleted MUC2. Asterisks indicate 

presence of luminal MUC2 labelling. Scale bar 20 μm. Bar chart summarising the normalised MUC2 

immunofluorescence intensity of crypts stimulated with culture media (Control), crypts stimulated 

with CCh within culture media (CCh), crypts incubated with procaine followed by stimulation with 

culture media (Proc), and crypts incubated with procaine followed by stimulation with CCh within 

culture media (Proc+CCh) (B). Data normalised to control and displayed as mean +/- SEM. P>0.05 (*). 

N=3. For every “N”, n≥5. 

 

 

 

 



 
 

 
208 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 114 – CPA Does Not Induce Mucus Secretion in Crypts While UTP Does. 

Representative confocal images colonic crypt base labelled with Muc2 (green) and Ecad (red), and 

nuclei (DNA) stained with Sytox Blue (A). From left to right: crypt stimulated with culture media 

(Control), crypt stimulated with CCh (10 μM) within culture media (CCh), and crypt stimulated with 

CPA (20 μM) within culture media (CPA). White arrows indicate crypts full of MUC2. Black arrows 

indicate crypts with depleted MUC2. Asterisks indicate presence of luminal MUC2 labelling. Scale bar 

20 μm. Bar chart summarising the normalised MUC2 immunofluorescence intensity of crypts 

stimulated with culture media (Control), crypts stimulated with CCh within culture media (CCh), and 

crypts stimulated with CPA within culture media (CPA) (B). Data normalised to control and displayed 

as mean +/- SEM. N=3 for each condition. P>0.05 (*). Bar chart summarising the normalised MUC2 

immunofluorescence intensity of crypts stimulated with culture media (Control) and crypts stimulated 

with UTP (50 μM) within culture media (UTP) (C). Data normalised to control and displayed as mean 

+/- SEM. P>0.05 (*). N=3. For every “N”, n≥5. 
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6.2.2 Live Visualisation of Mucus Granule Secretion and Compound Exocytosis 

Mucus is stored within secretory vesicles/granules, which consist of a lipid bilayer which 

originate from the trans Golgi following mucin maturation (Bansil & Turner, 2018). Due to 

this, lipophilic dyes were used as an alternative means of visualizing mucus secretion. These 

dyes – FM1-43 and Deep Red – were expected to label the secretory granules’ lipid bilayer 

and allow real-time (5-10 second interval) visualisation of mucus granule secretion, and 

compound exocytosis.  

 

Previous work by Dr Nicolas Pelaez Llaneza showed that crypts which were loaded overnight 

with FM1-43 resulted in the plasma membrane being labelled, which was recorded using 

confocal microscopy using the 488 nm excitation laser and visualised in green pseudo-colour. 

Likewise, in this thesis, when crypts loaded with FM1-43 were stimulated with CCh (10 µM), 

‘bubbles’ formed from the apical pole of cells (Figure 115). These ‘bubbles’ were lipid-bound 

membranes due to being labelled with FM1-43, and over the course of 30 minutes were 

visually ejected into the lumen and washed away from the crypt base. In contrast to control 

experiments (N=2) where CCh was absent from the stimulation solution, fewer ‘bubbles’ were 

observed forming from the crypt apical pole (Figure 116). Organoids (N=2) were also loaded 

with FM1-43 and stimulated with CCh (Figure 117), during which few ‘bubbles’ were 

observed. But in control experiments (N=2) where CCh was absent from the stimulation 

solution, no bubbles were observed forming from the apical or basal pole (Figure 118).  

 

In every case, regardless of whether CCh was present in the stimulation solution or not, crypts 

and organoids were observed to ‘swell’. As a result, crypts and organoids were typically on a 

different plane of focus; this was clearly observed between 0 to 30 minutes of (Figure 116). 

In addition, the thickness of the apical-basal membranes of crypts and organoids were 

observed to be reduced following CCh stimulation, which inspired another experiment which 

will be described later. Furthermore, real-time visualisation allowed the tracking of ‘bubbles’ 

formation and secretion (Figure 115) and (Figure 117). In addition, lipid debris within the 

lumen could also be tracked, which was most notable in (Figure 117). The presence of debris 

did not correlate with stimulation conditions, and typically moved away from the 

crypt/organoid base in response when stimulated by CCh/control. 
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Figure 115 – CCh Induces Secretion and Compound Exocytosis in FM1-43 Labelled Crypt. 

Representative confocal images of live microscopy time series of the base of crypts labelled with FM1-

43 (green) upon stimulation with CCh (10 µM) up to 30 minutes. White arrow indicates a ‘bubble’. 

Scale bar 25 μm. N≥1. For every “N”, n≥3. 
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Figure 116 – Lack of Secretion and Compound Exocytosis in Control FM1-43 Labelled Crypt. 

Representative confocal images of live microscopy time series of the base of crypts labelled with FM1-

43 (green) upon stimulation with control up to 30 minutes. Brightfield (BF). Scale bar 25 μm. N≥1. For 

every “N”, n≥3. 
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Figure 117 – CCh Induces Secretion and Compound Exocytosis in FM1-43 Labelled Organoid. 

Representative confocal images of live microscopy time series of the base of organoids labelled with 

FM1-43 (green) upon stimulation with CCh (10 µM) up to 30 minutes. White arrow indicates a ‘bubble’. 

Brightfield (BF). Scale bar 25 μm. N≥1. For every “N”, n≥3. 
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Figure 118 – Lack of Secretion and Compound Exocytosis in Control FM1-43 Labelled Organoid. 

Representative confocal images of live microscopy time series of the base of organoids labelled with 

FM1-43 (green) upon stimulation with control up to 30 minutes. Brightfield (BF). Scale bar 25 μm. N≥1. 

For every “N”, n≥3. 
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Another fluorescent lipid dye used to label the plasma membrane was FM1-43X. Compared 

to FM1-43, FM1-43X is designed to be retained following fixation. This was not possible for 

FM1-43; attempts to do so resulted in the dye being washed away (data not shown). While it 

could also be used for real-time visualization (5-10 second intervals), its purpose was to 

compliment the mucus assays, which were all conducted on crypts that were fixed prior to 

confocal microscopy imaging. 

 

Similar to FM1-43, crypts (N=2) were cultured overnight with FM1-43X. Next, FM1-43X 

labelled crypts were imaged under confocal microscopy using the 488 nm excitation laser and 

visualised in green pseudo-colour. Then, crypts stimulated with CCh (Figure 119) or control 

(Figure 120) for 30 minutes before being fixed with PFA for 2 hours before being re-imaged 

using confocal microscopy using the same acquisition settings. Notably, more ‘bubbles’ were 

observed within crypts before CCh/control stimulation (Figure 119-20; middle column). 

However, crypts which were stimulated with CCh and fixed had more ‘bubbles’ subsequently 

(Figure 119; right-side column) compared to crypts which were stimulated with control and 

fixed (Figure 120; right-side column). This was also repeated in organoids (N=2), during which 

fewer ‘bubbles’ were observed from organoids stimulated with CCh (Figure 121). However, 

there were noticeable continuous fluorescent lines within the organoids’ lumen just outside 

their apical membrane, which were suspected to be ‘bubbles’ which were secreted but 

remain trapped. In contrast, organoids which were stimulated with control had little to no 

‘bubbles’ and continuous fluorescent lines were not observed within their lumen (Figure 122). 

 

The final fluorescent lipid dye used to label the plasma membrane was Cell TrackerTM Deep 

Red. Similar to FM1-43, it could be used for real-time visualization (5-10 second intervals) and 

was non-toxic over long-term incubation. Crypts were cultured up to three days with Deep 

Red, resulting in their plasma membrane and intracellular granules being labelled which was 

recorded using confocal microscopy using the 647 nm excitation laser and visualised in far red 

pseudo-colour. When Deep Red crypts (N=3) were stimulated with CCh, ‘bubbles’ formed 

from the apical pole of cells (Figure 123), which over the course of 30 minutes were visually 

ejected into the lumen. In contrast to control experiments (N=3) where CCh was absent from 

the stimulation solution, no ‘bubbles’ were observed (Figure 124). Organoids (N=2) were also 

loaded with Deep Red and stimulated with CCh (Figure 125). When zoomed right into the 

crypt base to capture several cells, ‘bubbles’ were observed forming from the apical pole of 

cells and were visually ejected into the lumen over the course of 30 minutes. But in control 

experiments (N=2) where CCh was absent from the stimulation solution, no bubbles were 

observed forming from the apical or basal pole (Figure 126). Similar to FM1-43, crypts and 

organoids were observed to ‘swell’ when stimulated with CCh or control, often resulting the 

sample shifting onto a different plane of focus. Likewise, the thickness of the apical-basal 

membranes of crypts and organoids were also observed to be reduced following CCh 

stimulation. 
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Figure 119 – CCh Induces Secretion and Compound Exocytosis in FM1-43X Labelled Crypt. 

Representative confocal images of live microscopy time series of the base of three crypts labelled with 

FM1-43X (green). Left-side column, brightfield images. Middle column, FM1-43X labelling prior to 

stimulation with CCh (10 µM). Right-side column, FM1-43X labelling after 30 minutes CCh stimulation 

followed by PFA fixation. Scale bar 25 μm. N≥1. For every “N”, n≥3. 
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Figure 120 – Lack of Secretion and Compound Exocytosis in Control FM1-43X Labelled Crypt. 

Representative confocal images of live microscopy time series of the base of two crypts labelled with 

FM1-43X (green). Left-side column, brightfield images. Middle column, FM1-43X labelling prior to 

stimulation with control. Right-side column, FM1-43X labelling after 30 minutes control stimulation 

followed by PFA fixation. Scale bar 25 μm. N≥1. For every “N”, n≥3. 
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Figure 121 – CCh Induces Secretion and Compound Exocytosis in FM1-43X Labelled Organoid. 

Representative confocal images of live microscopy time series of the base of three organoids labelled 

with FM1-43X (green). Left-side column, brightfield images. Middle column, FM1-43X labelling prior 

to stimulation with CCh (10 µM). Right-side column, FM1-43X labelling after 30 minutes CCh 

stimulation followed by PFA fixation. Scale bar 25 μm. N≥1. For every “N”, n≥3. 
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Figure 122 – Lack of Secretion & Compound Exocytosis in Control FM1-43X Labelled Organoid. 

Representative confocal images of live microscopy time series of the base of three organoids labelled 

with FM1-43X (green). Left-side column, brightfield images. Middle column, FM1-43X labelling prior 

to stimulation with control. Right-side column, FM1-43X labelling after 30 minutes control stimulation 

followed by PFA fixation. Scale bar 25 μm. N≥1. For every “N”, n≥3. 
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Figure 123 – Deep Red Labelling of CCh-Induced Secretion and Compound Exocytosis in Crypt. 

Representative confocal images of live microscopy time series of the base of crypts labelled with Deep 

Red (Far Red) upon stimulation with CCh (10 µM) up to 35 minutes. White arrow indicates a ‘bubble’. 

Brightfield (BF). Scale bar 25 μm. N≥1. For every “N”, n≥3. 
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Figure 124 – Deep Red Labelling of Control Secretion and Compound Exocytosis in Crypt. 

Representative confocal images of live microscopy time series of the base of crypts labelled with Deep 

Red (Far Red) upon stimulation with control up to 35 minutes. Brightfield (BF). Scale bar 25 μm. N≥1. 

For every “N”, n≥3. 
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Figure 125 – Deep Red Labelling of CCh-Induced Secretion & Compound Exocytosis in Organoid. 

Representative confocal images of live microscopy time series of the base of organoids labelled with 

Deep Red (Far Red) upon stimulation with CCh (10 µM) up to 35 minutes. Brightfield (BF). Scale bar 25 

μm. N≥1. For every “N”, n≥3. 
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Figure 126 – Deep Red Labelling of Control Secretion and Compound Exocytosis in Organoid. 

Representative confocal images of live microscopy time series of the base of organoids labelled with 

Deep Red (Far Red) upon stimulation with control up to 35 minutes. Brightfield (BF). Scale bar 25 μm. 

N≥1. For every “N”, n≥3. 
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6.2.3. CCh-Induced Fluid Secretion is Dependent on Ca2+ Released by TPCs, IP3Rs and RYRs 

The observed swelling of crypts and organoids in the previous results chapter indicate the 

secretion of fluid across the apical membrane and into the lumen, resulting in increased 

pressure within the luminal space and hence causing it to swell. Thus, a series of fluid 

secretion experiments were carried out to characterise the effects of pharmacological 

inhibition of CCh-induced fluid secretion. The goal of these experiments was to determine if 

fluid secretion was dependent on certain intracellular Ca2+ stores/channels. Pharmacological 

agents used in this series of experiments include TPC-antagonist Ned-19 (500 μM) and 

tetrandrine (20 μM), non-specific Ca2+ antagonist diltiazem (300 μM), IP3R1-antagonist 2-APB 

(100 μM), RYR1/3-antagonist dantrolene (50 μM), and non-specific RYR antagonist procaine 

(1 mM). These experiments were carried out in organoids which were stimulated with CCh 

for 2 hours, then imaged using the Nikon time lapse microscope. Fluid secretion was 

measured by comparing the cross-sectional area fold change of organoids at T=2h compared 

to T=0h.  

 

In summary, the results were similar regardless of pharmacological antagonists. CCh induced 

fluid secretion in every experiment, resulting in 14-34% increase in cross-sectional area fold 

change and all of which were statistically significant compared to control (Figure 127-132). 

The presence of Ned-19 (Figure 127), tetrandrine (Figure 128), diltiazem (Figure 129), 2-APB 

(Figure 130), dantrolene (Figure 131), and procaine (Figure 132) alone caused a mild decrease 

(7%) or increase (10%) in cross-sectional area fold change, none of which were statistically 

significant compared to control. However, the presence of pharmacological antagonist and 

CCh resulted in cross-sectional area fold changes there were similar to pharmacological 

antagonists alone and were statistically not significant compared to control but were 

statistically significant compared to CCh in every case. Due to data corruption, high 

magnification time lapse images of organoids with/without 2-APB could not be generated 

(Figure 130). 
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Figure 127 – Ned-19 Inhibits CCh-induced Organoid Swelling. 

Representative high magnification time lapse images of organoids at T=0h and T=2h (A). From left to 

right: organoids stimulated with culture media (Control), organoids stimulated with CCh (10 μM) 

within culture media (CCh), organoids incubated with Ned-19 (500 μM) followed by stimulation with 

culture media (Ned-19), and organoids incubated with Ned-19 followed by stimulation with CCh within 

culture media (Ned-19+CCh). Scale bar 20 μm. Bar chart summarising the normalised cross-sectional 

area fold change (B) of organoids stimulated with culture media (Control), organoids stimulated with 

CCh within culture media (CCh), organoids incubated with Ned-19 followed by stimulation with culture 

media (Ned-19), and organoids incubated with Ned-19 followed by stimulation with CCh within culture 

media (Ned-19+CCh). Data normalised to control and displayed as mean +/- SEM. P>0.05 (*). N=2. For 

every “N”, n≥10. 
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Figure 128 – Tetrandrine Inhibits CCh-induced Organoid Swelling. 

Representative high magnification time lapse images of organoids at T=0h and T=2h (A). From left to 

right: organoids stimulated with culture media (Control), organoids stimulated with CCh (10 μM) 

within culture media (CCh), organoids incubated with tetrandrine (20 μM) followed by stimulation 

with culture media (Tetra), and organoids incubated with tetrandrine followed by stimulation with 

CCh within culture media (Tetra+CCh). Scale bar 20 μm. Bar chart summarising the normalised cross-

sectional area fold change (B) of organoids stimulated with culture media (Control), organoids 

stimulated with CCh within culture media (CCh), organoids incubated with tetrandrine followed by 

stimulation with culture media (Tetra), and organoids incubated with tetrandrine followed by 

stimulation with CCh within culture media (Tetra+CCh). Data normalised to control and displayed as 

mean +/- SEM. P>0.05 (*). N=2. For every “N”, n≥10. 
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Figure 129 – Diltiazem Inhibits CCh-induced Organoid Swelling. 

Representative high magnification time lapse images of organoids at T=0h and T=2h (A). From left to 

right: organoids stimulated with culture media (Control), organoids stimulated with CCh (10 μM) 

within culture media (CCh), organoids incubated with diltiazem (300 μM) followed by stimulation with 

culture media (DZM), and organoids incubated with diltiazem followed by stimulation with CCh within 

culture media (DZM+CCh). Scale bar 20 μm. Bar chart summarising the normalised cross-sectional area 

fold change (B) of organoids stimulated with culture media (Control), organoids stimulated with CCh 

within culture media (CCh), organoids incubated with diltiazem followed by stimulation with culture 

media (DZM), and organoids incubated with diltiazem followed by stimulation with CCh within culture 

media (DZM+CCh). Data normalised to control and displayed as mean +/- SEM. P>0.05 (*). N=2. For 

every “N”, n≥10. 
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Figure 130 – 2-APB Inhibits CCh-induced Organoid Swelling. 

Bar chart summarising the normalised cross-sectional area fold change (A) of organoids stimulated 

with culture media (Control), organoids stimulated with CCh (10 μM) within culture media (CCh), 

organoids incubated with 2-APB (100 μM) followed by stimulation with culture media (2APB), and 

organoids incubated with 2-APB followed by stimulation with CCh within culture media (2APB+CCh). 

Data normalised to control and displayed as mean +/- SEM. P>0.05 (*). N=2. For every “N”, n≥10. 
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Figure 131 – Dantrolene Inhibits CCh-induced Organoid Swelling. 

Representative high magnification time lapse images of organoids at T=0h and T=2h (A). From left to 

right: organoids stimulated with culture media (Control), organoids stimulated with CCh (10 μM) 

within culture media (CCh), organoids incubated with dantrolene (50 μM) followed by stimulation with 

culture media (Dan), and organoids incubated with dantrolene followed by stimulation with CCh 

within culture media (Dan+CCh). Scale bar 20 μm. Bar chart summarising the normalised cross-

sectional area fold change (B) of organoids stimulated with culture media (Control), organoids 

stimulated with CCh within culture media (CCh), organoids incubated with dantrolene followed by 

stimulation with culture media (Dantro), and organoids incubated with dantrolene followed by 

stimulation with CCh within culture media (Dantro+CCh). Data normalised to control and displayed as 

mean +/- SE. P>0.05 (*). N=2. For every “N”, n≥10. 
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Figure 132 – Procaine Inhibits CCh-induced Organoid Swelling. 

Representative high magnification time lapse images of organoids at T=0h and T=2h (A). From left to 

right: organoids stimulated with culture media (Control), organoids stimulated with CCh (10 μM) 

within culture media (CCh), organoids incubated with procaine (1 mM) followed by stimulation with 

culture media (Proc), and organoids incubated with procaine followed by stimulation with CCh within 

culture media (Proc+CCh). Scale bar 20 μm. Bar chart summarising the normalised cross-sectional area 

fold change (B) of organoids stimulated with culture media (Control), organoids stimulated with CCh 

within culture media (CCh), organoids incubated with procaine followed by stimulation with culture 

media (Proc), and organoids incubated with procaine followed by stimulation with CCh within culture 

media (Proc+CCh). Data normalised to control and displayed as mean +/- SEM. P>0.05 (*). N=2. For 

every “N”, n≥10. 
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6.2.4 CCh-Induced Proliferation is Dependent on Ca2+ Released by TPCs. 

Finally, this thesis studied whether TPC-mediated release of Ca2+ is needed for inducing 

proliferation of colonic epithelial cells. To this end, a series of proliferation experiments were 

carried out in crypts using the EdU assay, whereby a fluorescent analogue of thymidine is 

inserted every time a cell replicates its DNA and undergoes mitosis. Crypts were incubated 

with EdU and stimulants for 2 days. During this period crypts were either stimulated with 

control, CCh (10 µM), Ned-19 (125 µM), or Ned-19+CCh (Figure 133). During analysis, crypts 

were separated into four regions: the first twenty nuclei counting from the very bottom of 

the crypt (Base), the next twenty nuclei above it (Supra Base), the subsequent twenty nuclei 

above it (Mid), and the remaining nuclei (Top). In control, the percentage of EdU+ cells across 

those four regions were 39.1%, 24.9%, 5.7%, and 0.5% respectively. By contrast, the 

percentage of EdU+ cells for crypts treated with CCh were increased across all four regions at 

43.6%, 25.3%, 8.9% and 0.8%, respectively. Of these, the base and mid regions of CCh-treated 

crypts were statistically significant than their control counterpart. Next, the percentage of 

EdU+ cells for crypts treated with Ned-19 were greatly decreased across all four regions at 

27.7%, 2.0%, 0.0% and 0.0%, respectively. All of which were statistically significant than their 

control counterpart. Likewise, the percentage of EdU+ cells for crypts treated with Ned-

19+CCh were greatly decreased across all four regions at 22.4%, 0.8%, 0.0% and 0.0%, 

respectively. Again, all of these were statistically significant than their control counterpart. 
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Figure 133 – Ned-19 Inhibits CCh-Induced Cell Proliferation. 

Representative epifluorescence images (A) of whole crypts labelled with thymidine analogue (EdU) in 

pink and nuclei (DNA) stained with Hoechst in blue. Scale bar 25 μm. Bar chart summary of EdU cell 

percentage across the different crypt regions as compared to the total number of nuclei (B). N=2. For 

every “N”, n≥5. 
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6.3 Discussion 
In this results chapter, the physiological consequences of pharmacologically inhibiting Ca2+ 

mobilisation from endolysosomes and endoplasmic reticulum were investigated in the human 

colonic epithelium. This body of work was built upon by previous work carried out by the 

Williams group, whereby stimulation of M3 by cholinergic agonists mobilised endolysosomal 

Ca2+ via TPCs to induce mucus secretion and proliferation (Kam 2015) and (Pelaez-Llaneza 

2019). In a previous results chapter (Chapter 4), CCh was confirmed to activate M3 receptors 

and cause release of localised Ca2+-signals via endolysosomal TPCs, which induced global Ca2+-

signals via endoplasmic reticular IP3Rs and RYRs. Thus, this chapter set out to investigate 

whether pharmacological inhibition of TPCs, IP3Rs and RYRs affected mucus secretion, fluid 

secretion, and proliferation. 

 

6.3.1 CCh-Induced Mucus Secretion is Dependent on Ca2+ Released by TPCs and RYRs 

In the first results chapter (Chapter 3.2), MUC2 labelling was shown to be present within the 

stem cell zone of isolated human colonic crypts (crypts), and cultured human colonic 

organoids (organoids). Specifically, MUC2 labelling was shown to be present within cells 

labelled with intracellular Ca2+-signalling components such as TPC1 (Figure 38) and TPC2 

(Figure 40), CD38 (Figure 42) and M1/3/5 (Figure 46-8). To complement those, MUC2 was 

shown to be expressed throughout whole mucosal crypts, cultured crypts, organoids, and in 

single cells (Figure 106). While one can propose these MUC2-cells to all belong to the goblet 

cell lineage, it would be misleading to claim all MUC2-labelled cells as goblet cells, for three 

reasons. First, the morphology of MUC2 labelled cells were not always goblet cell-shaped, 

especially those at the very bottom of mucosal crypts, cultured crypts, and organoids (Figure 

106). Secondly, the proportion of goblet cells had been shown to range between 9% (Umar, 

2011) to 16% (Kim & Ho, 2010) depending on the location. By contrast, the number of MUC2 

labelled cells were consistently observed to be higher in this thesis. Indeed, previous work 

within the Williams lab quantified the number of MUC2-labelled cells and reported 

approximately 30% MUC2+ cells in mucosal crypts, cultured crypts, and organoids (Pelaez-

Llaneza 2019). Thirdly, MUC2-labelling cells at the bottom of crypts which do not resemble 

goblet cells are likely deep crypt secretory cells, which have been shown to express MUC2 

(Rothenberg, et al., 2012). Regardless of the identity of these slender MUC2-labelled cells, 

these are still mucus-secreting cells whose in-vivo physiological role is to secrete mucus 

constitutively to maintain the mucus barrier, or in response to extracellular signalling such as 

acetylcholine (Birchenough, Johansson, Gustafsson, Bergström, & Hansson, 2015). 

 

Before carrying out pharmacological inhibition of mucus secretion induced by CCh (10 µM), 

the temporal characteristics of mucus secretion was first determined (Figure 107). Mucus 

secretion was observed to occur within 5 minutes, due to the observance of depleted MUC2-

labelling on the apical pole of cells (Figure 107B). That said, even in the absence of stimulation, 

crypts are capable of secreting mucus at a slow rate (Neutra, Grand and Trier 1977). Previous 

work by the Williams lab showed that the change in normalized fluorescence intensity was 
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greatest after 5 minutes of CCh-stimulation (Pelaez-Llaneza 2019), after which normalized 

fluorescence intensity slowly returns closer to control which has been observed in another 

study (Gustafsson, et al. 2012). Thus, during the subsequent mucus depletion assays, crypts 

were stimulated with CCh for 5 minutes before being fixed and immunolabelled with MUC2. 

 

In every mucus depletion assay (Figure 108-113), crypts which were stimulated CCh had 

reduced normalised MUC2 immunofluorescence intensity that was statistically significant 

compared to control. TPC-antagonist Ned-19 (250 µM) and tetrandrine (20 µM) were both 

shown to inhibit CCh-induced mucus secretion (Figure 108-9). IP3R1-antagonist 2-APB (100 

µM) did not inhibit CCh-induced mucus secretion (Figure 110), but IP3R3-antagonist caffeine 

(10 mM) did (Figure 111). When crypts were incubated with Ned-19/tetrandrine/2-

APB/caffeine only, the resulting normalised MUC2 immunofluorescence intensity was 

statistically not significant compared to control, indicating that baseline mucus secretion was 

not dependent on TPCs/IP3Rs. However, the combination of Ned-19/tetrandrine/caffeine 

with CCh was statistically not significant compared to control but was statistically significant 

compared to CCh alone, indicating that pharmacological inhibition of CCh-induced Ca2+-

release from endolysosomal TPCs and endoplasmic reticular IP3R3 blocked mucus secretion. 

On the flipside, the normalised MUC2 immunofluorescence intensity of 2-APB+CCh crypts 

were statistically significant compared to control but statistically not significant compared to 

CCh; indicating that pharmacological inhibition of CCh-induced Ca2+-release from 

endoplasmic reticular IP3R1 was insufficient to block mucus secretion. Moving on to RYR1/3-

antagonist dantrolene (30 µM) and non-specific RYR-antagonist procaine (1 mM), they were 

also found to inhibit CCh-induced mucus secretion (Figure 112-13). The normalised MUC2 

immunofluorescence intensity of crypts which were incubated with dantrolene/procaine 

were statistically not significant compared to control, again indicating that baseline mucus 

secretion was not dependent on RYRs. However, the combination of dantrolene/procaine 

with CCh was statistically not significant compared to control but was statistically significant 

compared to CCh alone, indicating that pharmacological inhibition of CCh-induced Ca2+-

release from endoplasmic reticular RYRs blocked mucus secretion. One thing to note about 

these experiments was that, besides 2-APB, the presence of pharmacological antagonist alone 

resulted in higher MUC2 intensity, which may indicate blockage of baseline MUC2 secretion 

and resulting in MUC2 accumulation within the cytoplasm. 

 

Taken together, these experiments indicate that mucus secretion are driven by intracellular 

Ca2+ second messengers. Specifically, it requires local Ca2+-signals from endolysosomal TPCs 

and global Ca2+-signals from endoplasmic reticular IP3R3 and RYR1/3. Further supporting that 

proposal was previous work by the Williams group (Pelaez-Llaneza 2019), which showed that 

CCh-induced MUC2 secretion was inhibited when intracellular Ca2+ was chelated using 

BAPTA-AM (66 µM). One missing experiment which should be done in the future to confirm 

that CCh-induced Ca2+ signals resulted from muscarinic receptor activation, is whether 4-

DAMP inhibits CCh-induced mucus secretion. 
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Having shown that inhibition of TPCs and RYR1/3s blocked mucus secretion induced by CCh, 

it raises the question whether releasing endoplasmic reticular Ca2+ was capable of inducing 

mucus secretion. To investigate this, mucus depletion assays were carried out using the 

SERCA pump inhibitor, CPA (20 µM). Interestingly, CPA did not induce mucus secretion (Figure 

114A-B). This would indicate that mucus secretion requires the initial release of Ca2+ stored 

within endolysosomes, which is supported by a previous study that showed intracellular Ca2+-

signals generated by M3-receptor activation is necessary for mucus secretion (Lindqvist, et al. 

2002). Alternatively, since the Ca2+-signal induced by CPA takes longer to reach the same 

amplitude as CCh, approximately 200s compared to 100s (Figure 86), it could be that more 

time would be needed to observe mucus secretion induced by CPA, which could be 

investigated in future studies. 

 

Finally, UTP (50 µM) was shown to be capable of inducing mucus secretion (Figure 114C), 

which indicate purinergic signalling via P2Y2 playing a role in mucus secretion. Future studies 

should explore this by carrying out mucus depletion assays using purinergic secretagogues 

UTP/ATP, alongside P2Y2 receptor-antagonist AR-C118925XX and pharmacological 

antagonists used thus far, to elucidate the mechanism of purinergic-induced mucus secretion. 

 

6.3.2 Live Visualisation of Mucus Granule Secretion and Compound Exocytosis 

While mucus depletion assays enable the quantification of MUC2 secretion in response to 

CCh and the effects of pharmacological antagonists, this thesis was also interested in 

visualising the movement of mucus granules and its secretion into the lumen. To that end, 

fluorescent lipid dyes were used as a tool to record mucus exocytosis in real time. 

 

FM1-43 was used to label the plasma membrane and other membrane-bound vesicles. In 

both crypts and organoids, goblet-shaped cells were particularly well-labelled with FM1-43 

within their cytoplasm (Figure 115-8). Live confocal imaging of crypts (Figure 115) and 

organoids (Figure 117) loaded with FM1-43 which were stimulated with CCh resulted in the 

formation of ‘bubbles’ from the apical membranes, expanding into the lumen and eventually 

being exocytosed into the lumen. These ‘bubbles’ were likely the membranes of mucus 

granules that had fused with the plasma membrane which, upon being secreted into the 

lumen, results in its mucin contents expanding and leading to enlargement of the ‘bubbles’. 

However, the presence of ‘bubbles’ was not exclusive to CCh-stimulation, as crypts (Figure 

116) and organoids (Figure 118) treated with control were also observed to form ‘bubbles’, 

albeit less frequently. Interestingly, the formation of ‘bubbles’ usually took more than ten 

minutes to generate, which would imply that the secretion of mucus after 5 minutes of CCh-

stimulation – which was visualized and quantified previously – occurs prior to ‘bubbles’ 

forming. One explanation is that short-term stimulation with CCh induced small amounts of 

mucus secretion, which in the long-term results mucus granule expansion into bubbles. Or, it 
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may that that long term stimulation with CCh results in compound exocytosis. Follow up 

studies should elucidate whether bubbles are indeed a result of compound exocytosis. It 

should also investigate whether mucus secretion is a multivesicular process; whereby upon 

CCh-stimulation, mature granules close to the apical membrane fuses with the plasma 

membrane and releases its contents into the lumen, while underlying mucus granules fuse 

with one another before being exocytosed from the apical membrane as a ‘bubble’. More 

importantly, future studies should validate whether the contents of these ‘bubbles’ are 

mucins. 

 

In addition to FM1-43, its fixable variant FM1-43X was also used to visualize mucus secretion. 

While it can also be used under live confocal imaging, its purpose was to determine if 

‘bubbles’ remained after fixation. Interestingly, crypts which were loaded with FM1-43X and 

imaged live presented higher numbers of ‘bubbles’ prior to stimulation or fixation (Figure 119-

20). Assuming these ‘bubbles’ indeed contain mucus, it would indicate baseline mucus 

secretion which can be visualized by FM1-43X. Noted, this was only achieved by enhancing 

the gain to the point of saturating the rest of the crypt. More importantly, when crypts were 

treated with CCh for 30 minutes and fixed with PFA, the resulting number of luminal ‘bubbles’ 

increased, complimenting the observations seen with FM1-43. When this was repeated in 

organoids (Figure 121-22), the amount of ‘bubbles’ resulting from CCh-stimulation was much 

lower. Instead, the presence of a continuous fluorescent green line within the organoids’ 

lumen just outside their apical membrane was typically observed. These lines were suspected 

to be ‘bubbles’ which were secreted but remain trapped due to some organoids not having 

an opening like crypts to allow them to expand. Lastly, Cell TrackerTM Deep Red was used to 

as an alternative fluorescent lipid dye. Similar to FM1-43, crypts (Figure 123) and organoids 

(Figure 125) which were loaded with Deep Red and stimulated with CCh formed ‘bubbles’ 

from their apical poles which were visually ejected into the lumen over the course of 30 

minutes. And in control crypts (Figure 124) and organoids (Figure 126), fewer/no ‘bubbles’ 

were observed. 

 

Taken together, FM1-43, FM1-43X and Deep Red were shown to be viable tools for studying 

mucus secretion. Being fixable, FM1-43X would be an alternative method of conducting the 

mucus depletion assays. On the other hand, FM1-43 Deep Red would be suitable for live 

recording of mucus secretion. Possible means of quantifying the data generated from these 

fluorescent images would be to measure the normalised fluorescence intensity or the amount 

of ‘bubbles’ formed. Future studies could investigate the effects of other secretagogues on 

crypts and organoids loaded with these fluorescent lipid dyes and determine the 

consequences of when in the presence of pharmacological antagonists. And, since UTP was 

shown to be capable of depleting mucus (Figure 114C), these fluorescent lipid dyes could be 

used to visualise purinergic-induced mucus granule secretion and compound exocytosis. 
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6.3.3 CCh-Induced Fluid Secretion is Dependent on Ca2+ Released by TPCs, IP3Rs and RYRs 

While using fluorescent lipid dyes to visualize mucus secretion, an interesting observation was 

noted. Whether from control or CCh-stimulation, crypts and organoids were typically 

observed to swell and move over time. As a result, the apical and basal membrane of the 

entire crypt/organoid were usually thinner at the end of the experiment, alongside their 

lumen being wider. Due to this, fluid secretion was proposed to occur alongside mucus 

secretion, with the purpose of flushing the lumen of crypts/organoids and maintain mucus 

hydration.  A range of secretagogues are capable of inducing fluid secretion in the human 

colonic epithelium including CCh, histamine, PGE-2 and adenosine (Halm and Halm 2000), 5-

HT (Diwakarla, Fothergill, Fakhry, Callaghan, & Furness, 2018), and forskolin (de Winter-de 

Groot, et al. 2020). However, the observation of swelling in control condition indicated a non-

secretagogues means of fluid secretion, which was postulated to be mechanosensitive Piezo 

channels on enterochromaffin cells (Alcaino, Farrugia, & Beyder, 2017) and (Alcaino, et al., 

2018), which also induces Ca2+-signals as demonstrated earlier (Figure 89). Other groups have 

investigated fluid secretion in gut organoids using cAMP (Fujii, et al. 2016) and PGE-2 

(Schwank, et al. 2013). However, the relevance of intracellular Ca2+-signals were not 

considered in those studies. 

 

Using the same strategy with mucus depletion assays, fluid secretion was investigated in 

organoids in the form of organoid swelling assays. Organoid swelling assays were carried out 

using CCh for 2 hours, in the presence/absence of pharmacological antagonists, to determine 

if cholinergic stimulation enhanced organoid swelling and whether if it was Ca2+-dependent. 

Pharmacological antagonists used in these assays included TPC-antagonists Ned-19 (500 μM) 

and tetrandrine (20 μM), non-specific TPC-antagonist diltiazem (300 μM), IP3R1-antagonist 

2-APB (100 μM), RYR1/3-antagonist dantrolene (50 μM), and non-specific RYR antagonist 

procaine (1 mM). The cross-sectional area of the control increased by approximately 2% 

between T=0hrs to T=2hrs (data not shown), which may indicate baseline fluid secretion. 

Stimulating organoids with CCh (10 µM) induced a 14-34% increase in organoid cross-

sectional area fold change compared to control (Figure 127-132), thereby showcasing CCh as 

fluid secretion secretagogue. The presence of pharmacological antagonists alone did not 

affect the organoid cross-sectional area fold change compared to control, and neither did 

antagonist plus CCh. However, both were statistically significant compared to CCh, which 

indicate that TPCs, IP3Rs and RYRs are required for fluid secretion. These compliment other 

studies which show Ca2+-signalling being important for fluid secretion (Reynolds, Parris, et al. 

2007) and (Yang, et al. 2018).  

 

It was interesting to note that mucus secretion was unaffected by IP3R1 inhibition using 2-

APB (Figure 110) while fluid secretion was not (Figure 130). The later had been explored by a 

study which showed fluid secretion being dependent on muscarinic-activated Ca2+ release 

from endoplasmic reticular IP3Rs (Ambudkar 2000). Future experiments should show that 

CCh-induced fluid secretion was inhibited by M1/3-antagonist 4-DAMP and Ca2+-chelator 
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EGTA, in order to confirm CCh-induced fluid secretion occurs via muscarinic receptor 

activation and requires Ca2+-signals. Besides those, in would be of interest to know if 

purinergic secretagogues ATP/UTP, piezo channel activator Yoda1, and SERCA-pump inhibitor 

CPA could also induce fluid secretion. 

 

6.3.4 CCh-Induced Proliferation is Dependent on Ca2+ Released by TPCs. 

While a recent study found acetylcholine and subsequent muscarinic receptor activation to 

downregulate proliferation (Takahashi, et al., 2014), many studies found neuronal and non-

neuronal acetylcholine to promote colonic epithelial cell proliferation (Cheng, et al., 2008), 

(Hayakawa, et al., 2017) and (Pan, Zhang, Shao, & Huang, 2020). Previous work in the Williams 

lab (Pelaez-Llaneza 2019) showed that organoids incubated for 6 days with cholinergic agonist 

CCh (10-100 μM) or muscarinic agonist oxotremorine (1-10 μM) developed more buds 

compared to control, thus showing muscarinic receptor activation promotes proliferation in 

organoids.  

 

To further these findings, an EdU proliferation assay was carried out to show that CCh induced 

proliferation in crypts and was dependent on release of endolysosomal Ca2+ via TPCs. To that 

end, crypts which were incubated with CCh for 2 days had markedly more EdU+ cells in every 

region (Figure 133), the greatest increase occurring at the base region where it increased by 

4.5% (P<0.05), followed by the mid region (3.2%; P<0.05), the supra base region (0.4%; N.S) 

and the top region (0.3%; N.S). This was sensible, as stem cells within the crypt base were 

expected to be sensitive to acetylcholine stimulation. As the supra base represented cells 

within the transit amplifying zone and mid region represented cells that had passed the transit 

amplifying zone (Figure 8), both regions were expected to have significantly higher 

percentage of EdU+ cells, which was not the case (Figure 133). This could mean that 

acetylcholine promotes symmetrical stem cell division rather than asymmetrical (van der Flier 

and Clevers 2009) and also affects cell division within the transit amplification zone, which 

should be further investigated in future studies. The lack of increased EdU+ cells in the top 

region was not too surprising, as they represent cells that had already passed the transit 

amplification zone by the time crypts were stimulated with CCh and thus were not expected 

to proliferate.  

 

The presence of Ned-19 (125 μM) was shown to inhibit the percentage of EdU+ cells induced 

by CCh in crypts (Figure 133). While the concentration used may seem to contradict the Fura-

2 experiments, whereby Ned-19 (125 μM) was unable to inhibit CCh-induced Ca2+-signals 

while high concentrations (500 μM) did (Figure 67), this was simply because high 

concentrations of Ned-19 (500 μM) was toxic to crypts, which was observed in 

crypts/organoids left in Ned-19 for prolonged periods. Hence, the proliferation assay used a 

lower concentration over a longer period (2 days) to demonstrate TPC-inhibition without 

causing toxicity, whereas for Fura-2 a high concentration over a shorter time (4 hours) was 
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required to block TPCs. Interestingly, Ned-19 and Ned-19+CCh both resulted in significantly 

decreased the percentage of EdU+ cells compared to control. This might indicate that baseline 

colonic epithelial proliferation relies heavily on Ca2+-signals from endolysosomal TPCs, which 

when inhibited results in decreased proliferation and should be investigated in future studies. 

Future studies should consider using antagonists of M1/3 (4-DAMP), IP3Rs (2-APB), RYRs 

(dantrolene), and other non-specific antagonists (atropine, diltiazem, procaine, etc) to 

consider whether colonic epithelial proliferation relies on endoplasmic reticular stored Ca2+ 

too. Besides that, it would also be of interest to investigate whether purinergic secretagogues 

(ATP/UTP) could induce proliferation and determine their pharmacological inhibition profiles. 

 

6.4 Conclusion 
First, cholinergic agonist CCh was shown to induce mucus secretion, which was blocked by 

TPC, IP3R3 and RYR inhibition, but not IP3R1. This was carried out in crypts which were 

immunolabelled with MUC2, in the presence/absence of CCh and/or pharmacological agents. 

Next, fluorescence lipid dyes FM1-43, FM1-43X and Deep Red were shown to be able to 

visualize mucus secretion and compound exocytosis of mucus granules induced by CCh in 

crypts and organoids under live confocal microscopy, by the formation of ‘bubbles’ from their 

apical membranes. Next, CCh was shown to induce fluid secretion in organoids and could be 

blocked by TPC, IP3R and RYR inhibition. This was carried out in organoids in the 

presence/absence of CCh and/or pharmacological agents. Lastly, CCh was shown to induce 

colonic epithelial proliferation that was significantly higher at the crypt base and mid region 

and could be blocked by TPC inhibition. In the next and final chapter, this thesis compares the 

gene and protein expression of Ca2+ signalling toolkit components in human tumour colonic 

tissue, as well as the pharmacological profiles of these Ca2+ signalling toolkit components, 

against normal human colonic tissue (Chapter 3 & 4). 
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7 Chapter 7 – Results Part 5: Comparison of Muscarinic and 

Purinergic Signals in Relation to Colorectal Cancer 
 

7.1 Introduction 
Colorectal cancer (CRC) is a complex disease whose development and progression relies on 

several genetic and molecular alterations. There are many lifestyle risk factors associated with 

CRC, including tobacco, high alcohol consumption, high stress, high saturated fat or red meat, 

low dietary fibre, and low exercise (Lin 2009). Besides those, inflammatory bowel diseases 

such as ulcerative colitis and Crohn’s disease have higher risk for developing CRC. This is a 

result of changes in cellular features of the epithelium due to continuous damage and repair 

leading to mutations, genomic instability, and atypical cellular development at multiple sites 

(Manne, et al. 2012). Finally, somatic mutations and inheritance of specific genes such as APC 

(Barker, et al., 2009), Bmpr1a, Smad4, and PTEN (He, et al., 2004) are associated with 

increased risk of CRC.  

 

Ca2+ signalling has a complex role on the development and progression of colorectal cancer, 

which has been surmised in a recent review (Wang, et al. 2019). For example, increased 

expression of plasma membrane V-ATPase helps create a hypoxic microenvironment with an 

acidic extracellular pH, which correlated with invasiveness and metastatic potential 

(Sennoune, et al., 2004). When V-ATPase was downregulated in colon cancer cells, it inhibited 

tumour cell invasiveness and increases its sensitivity to chemotherapeutic agent 5‐FU 

(Lozupone, et al., 2015). Remodelling of store-operated Ca2+ entry (SOCE) through the partial 

depletion of the endoplasmic reticular Ca2+ stores is characteristic of CRC. Receptors which 

enable depletion of the endoplasmic reticulum Ca2+ store include IP3Rs and RYRs. IP3R3 are  

associated with decreased 5-year survival chances and suggested it confers a survival 

advantage in CRC by inhibiting apoptosis (Shibao, et al., 2010), and a gene transcriptomic 

analysis study found IP3R3 being absent from normal cells but expressed in cancer cells 

(Pérez-Riesgo, et al., 2017). Another Ca2+ store whose depletion has been associated with CRC 

are endolysosomes, which release Ca2+ by several channels including VGCCs, TRPs and TPCs 

(Figure 17B). TPCs have also been studied extensively in the context of CRC (Alharbi & 

Parrington, 2019). NAADP-mediated TPC1 lysosomal Ca2+ release had been shown to trigger 

ERK and the PI3K/AKT signalling pathways to promote proliferation (Faris, et al., 2019), and in 

human breast cancer cell lines the expression of TPC1 transcripts is three to eight times higher 

than TPC2 transcripts (Brailoiu, et al., 2009).  

 

On the GPCR level, changes in certain muscarinic receptors (M1-5) and metabotropic P2Y 

receptors have also been implicated in CRC (von Rosenvinge and Raufman 2011) and 

(Bellefeuille, Molle and Gendron 2019). M3 in particular is associated with CRC, with studies 

showing its activation by various agonists including CCh and bile acids promoting proliferation 

in human colon cancer cells (Frucht, et al. 1999), (Yang and Frucht 2000) and (Cheng, Chen, 



 
 

 
240 

 

et al. 2002). P2Y2 receptors have also been associated with CRC as an oncogene, with studies 

showing its expression being increased in human CRC compared to normal colonic tissue 

(Nylund, Hultman, Nordgren, & Delbro, 2007), which was also observed in mice (Hatanaka, et 

al. 2007) and (Künzli, et al. 2011). 

 

Thus, this results chapter is interested in comparing patient-matched normal versus tumour 

colonic mucosa samples. First, transcriptomic analysis of Ca2+ signalling toolkit expression in 

tumour colonic mucosa samples was compared against normal colonic mucosa samples. Next, 

the protein expression of these Ca2+ signalling toolkit were confirmed in tumoroids using 

immunolabelling. Finally, Fura-2 experiments were carried out to determine the 

pharmacological profiles of tumour crypts and tumoroids in response to CCh and UTP, and 

compared against crypts and organoids. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
241 

 

7.2 Results 
Transcriptomic analysis of Ca2+ signalling toolkit expression was performed on native human 

tumour colonic mucosa (tumour mucosa), isolated tumour crypts (tumour crypts), and 

cultured tumoroids (tumoroids), and compared against the transcriptomic analysis done in 

organoids (Chapter 3.2.1). Next, Ca2+ signalling toolkit components were labelled in tumour 

mucosa, tumour crypts, and tumoroids using immunolabelling and their localisation visualized 

using confocal imaging. Finally, a range of pharmacological agents were used to inhibit Ca2+-

signals induced by CCh/UTP; their normalized pharmacological profiles were compared 

against organoids (Chapter 4.2). 

 

7.2.1 Comparative Transcriptomic Analysis of Ca2+ Signalling Toolkit Expression 

RNA sequencing was used to compare the gene expression of Ca2+ signalling toolkit 

components in tumoroids.  These components can be divided as intracellular Ca2+ release 

channels, muscarinic and purinergic GPCRs, and proteins related to production or packaging 

of endogenous ligands. Intracellular Ca2+ release channels refer to endoplasmic reticular IP3Rs 

and RYRs, and endolysosomal TPCs. In addition to those, CD38 which catalyses the synthesis 

of TPC ligand NAADP, was analysed. Purinergic GPCRs specifically refers to ATP-sensitive P2Y 

receptors. Endogenous ligands specifically refer to acetylcholine and ATP. Proteins related to 

the production acetylcholine are ChAT. Packaging of ATP is mediated by VNUT. In addition, 

proteins related to GLP1 production were also compared. These are proglucagon and 

neuroendocrine convertase 1; the latter processes the former to form GLP1. 

 

Analysis of IP3R gene expression confirmed the presence of all three subtypes in every tumour 

colon tissue sample (Figure 134). The expression of IP3R1 and IP3R2 were higher in tumoroids 

compared to tumour crypts and tumour mucosa. The expression of IP3R3 were similar across 

each tumour colon tissue sample and were much higher compared to IP3R1 and IP3R2. 

Compared to normal colonic tissue samples, the gene expression of IP3R1 and IP3R2 were 

higher in every tumour colon tissue sample, with the greatest differences observed in 

tumoroids. On the flipside, IP3R3 expression in reduced in tumour colon tissue samples 

compared to normal colon tissue samples. 

 

Analysis of RYR gene expression confirmed the presence of all three subtypes in almost every 

tumour colon tissue sample (Figure 135). The expression of RYR2 was most abundant of the 

three RYR subtypes. The expression of RYR1 and RYR2 were higher in tumoroids compared to 

tumour crypts and tumour mucosa. The expression of RYR3 was extremely low or non-

detectable in every tumour colon tissue sample. Compared to normal colon tissue samples, 

the gene expression of RYR2 was higher in every tumour colon tissue sample, with the 

greatest differences observed in tumoroids. RYR1 hardly differed in tumour mucosa and 

tumour crypts but were much higher in tumoroids. While large differences were seen for 

RYR3, its significance is questionable due to low RPKM. 
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Figure 134 – Gene Expression of IP3Rs in Tumour versus Normal Colon Tissue Samples. 

(Top) Bar chart representation of the gene expression for IP3R1 (ITPR1), IP3R2 (ITPR2) and IP3R3 

(ITPR3) in native human tumour colonic mucosa, isolated tumour crypts, and cultured tumoroids. Data 

obtained from five or six human samples (N=5/6). Data is expressed as number of reads per kilo base 

per million mapped reads (RPKM). (Bottom) Table summarising the Log2 ratio of IP3R1-3 gene 

transcript expression in normal versus tumour colon tissue samples. 

 

 

 

 

 

 

 

 

 

 

 

Figure 135 – Gene Expression of RYRs in Tumour versus Normal Colon Tissue Samples. 

(Top) Bar chart representation of the gene expression for RYR1, RYR2 and RYR3 in native human 

tumour colonic mucosa, isolated tumour crypts, and cultured tumoroids. Data obtained from five or 

six human samples (N=5/6). Data is expressed as number of reads per kilo base per million mapped 

reads (RPKM). (Bottom) Table summarising the Log2 ratio of RYR1-3 gene transcript expression in 

normal versus tumour colon tissue samples. 
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Analysis of TPC gene expression confirmed the presence of both subtypes in every tumour 

colon tissue sample (Figure 136). The expression of TPC1 was higher than TPC2 in every 

tumour colon tissue sample. Compared to normal colon tissue samples, the gene expression 

of TPC1 and TPC2 in every tumour colon tissue sample did not increase or decrease by much. 

 

Analysis of CD38 gene expression confirmed its presence in every tumour colon tissue sample 

(Figure 137). The expression of CD38 varied greatly tumoroids compared to tumour mucosa 

and tumour crypts, resulting in higher average number of reads but massive standard errors. 

Compared to organoids, the gene expression of CD38 in tumoroids was much higher. 

Compared to mucosa and crypts, the gene expression of CD38 varied little in tumour mucosa 

and tumour crypts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 136 – Gene Expression of TPCs in Tumour versus Normal Colon Tissue Samples. 

(Top) Bar chart representation of the gene expression for TPC1 (TPCN1) and TPC2 (TPCN2) in native 

human tumour colonic mucosa, isolated tumour crypts, and cultured tumoroids. Data obtained from 

five or six human samples (N=5/6). Data is expressed as number of reads per kilo base per million 

mapped reads (RPKM). (Bottom) Table summarising the Log2 ratio of TPC1-2 gene transcript 

expression in normal versus tumour colon tissue samples. 
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Figure 137 – Gene Expression of CD38 in Tumour versus Normal Colon Tissue Samples. 

(Top) Bar chart representation of the gene expression for CD38 in native human tumour colonic 

mucosa, isolated tumour crypts, and cultured tumoroids. Data obtained from five or six human 

samples (N=5/6). Data is expressed as number of reads per kilo base per million mapped reads (RPKM). 

(Bottom) Table summarising the Log2 ratio of CD38 gene transcript expression in normal versus 

tumour colon tissue samples. 

 

Analysis of mAChR gene expression showed differential expression of M1-4 subtypes in every 

tumour colon tissue sample (Figure 138). Expression of M3, followed by M1, was much higher 

than M2 and M4 in every tumour colon tissue sample. Expression of M1-4 were roughly 

similar between every tumour colon tissue sample. M2 was not detected in tumoroids. Similar 

to normal colon tissue samples, the RNAseq for M5 was not done and thus cannot be analysed 

in this thesis. Compared to normal colon tissue samples, the gene expression of M1 was lower 

in every tumour colon tissue sample. M3 expression was higher in tumour mucosa and 

tumour crypts compared to normal mucosa and normal crypts, and hardly differed in 

tumoroids versus organoids. M2 and M4 expression varied between slight decrease to high 

increase, but their significance is questionable due to low RPKM. 

 

Analysis of ATP-sensitive purinergic P2Y receptor showed gene expression differential 

expression in every tumour colon tissue sample (Figure 139). Expression of P2Y1/1/11 were 

much higher than P2Y13 in every tumour colon tissue sample. Expression of P2Y1/2/11 were 

roughly similar between every tumour colon tissue sample. As for P2Y13, it was expressed in 

tumour mucosa compared to tumour crypts, and absent in tumoroids. Compared to normal 

colon tissue samples, the gene expression of P2Y1 and P2Y2 was lower in every tumour colon 

tissue sample. P2Y11 expression varied, but hardly differed in tumour colon tissue samples 

versus normal colon tissue samples. P2Y13 expression varied between slight decrease to high 

increase, but their significance is questionable due to low RPKM. 
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Analysis of ChAT gene expression showed differential expression across every tumour colon 

tissue sample (Figure 140). Expression of ChAT was lower in tumour mucosa and non-existent 

in tumour crypts and tumoroids. Compared to normal colon tissue samples, the gene 

expression of ChAT in tumour mucosa was decreased compared to normal mucosa. 

 

Analysis of VNUT gene expression confirmed its presence in every tumour colon tissue sample 

(Figure 141). Its expression was roughly similar between every tumour colon tissue sample. 

Compared to normal colon tissue samples, the gene expression of VNUT was increased in 

every tumour colon tissue sample, the highest being in tumour mucosa followed by tumour 

crypt 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 138 – Gene Expression of mAChRs in Tumour versus Normal Colon Tissue Samples. 

(Top) Bar chart representation of the gene expression for M1 (CHRM1), M2 (CHRM2), M3 (CHRM3) 

and M4 (CHRM4) in native human tumour colonic mucosa, isolated tumour crypts, and cultured 

tumoroids. Data obtained from five or six human samples (N=5/6). Data is expressed as number of 

reads per kilo base per million mapped reads (RPKM). (Bottom) Table summarising the Log2 ratio of 

M1-4 gene transcript expression in normal versus tumour colon tissue samples. 
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Figure 139 – Gene Expression of P2YRs in Tumour versus Normal Colon Tissue Samples. 

(Top) Bar chart representation of the gene expression for P2Y1 (P2RY1), P2Y2 (P2RY2), P2Y11 (P2RY11) 

and P2Y13 (P2RY13) in native human tumour colonic mucosa, isolated tumour crypts, and cultured 

tumoroids. Data obtained from five or six human samples (N=5/6). Data is expressed as number of 

reads (RPKM). (Bottom) Table summarising the Log2 ratio of P2Y1/2/11/13 gene transcript expression 

in normal versus tumour colon tissue samples. 
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Figure 140 – Gene Expression of ChAT in Tumour versus Normal Colon Tissue Samples. 

(Top) Bar chart representation of the gene expression for ChAT in native human tumour colonic 

mucosa, isolated tumour crypts, and cultured tumoroids. Data obtained from five or six human 

samples (N=5/6). Data is expressed as number of reads per kilo base per million mapped reads (RPKM). 

(Bottom) Table summarising the Log2 ratio of ChAT gene transcript expression in normal versus 

tumour colon tissue samples. 

 

 

 

 

 

 

 

 

Figure 141 – Gene Expression of VNUT in Tumour versus Normal Colon Tissue Samples. 

(Top) Bar chart representation of the gene expression for VNUT (SLC17A9) in native human tumour 

colonic mucosa, isolated tumour crypts, and cultured tumoroids. Data obtained from five or six human 

samples (N=5/6). Data is expressed as number of reads per kilo base per million mapped reads (RPKM). 

(Bottom) Table summarising the Log2 ratio of VNUT gene transcript expression in normal versus 

tumour colon tissue samples. 
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Lastly, analysis of the gene expression for proglucagon and neuroendocrine convertase 1 

showed differential expression across every tumour colon tissue sample (Figure 142). For 

both, their gene expression was higher in tumour mucosa compared to tumour crypts and 

much lower in tumoroids. Compared to normal colon tissue samples, the gene expression of 

proglucagon was highly decreased in every tumour colon tissue sample. As for 

neuroendocrine convertase 1, its gene expression was increased in tumour mucosa and 

tumour crypts compared to normal mucosa and normal crypts, but decreased in tumoroids 

compared to organoids. 

 

 

 

 

 

 

 

 

 

Figure 142 – Gene Expression of GCG & PCSK1 in Tumour versus Normal Colon Tissue Samples. 

(Top) Bar chart representation of the gene expression for proglucagon (GCG) and neuroendocrine 

convertase 1 (PCSK1) in native human tumour colonic mucosa, isolated tumour crypts, and cultured 

tumoroids. Data obtained from five or six human samples (N=5/6). Data is expressed as number of 

reads per kilo base per million mapped reads (RPKM). (Bottom) Table summarising the Log2 ratio of 

GCG and PCSK1 gene transcript expression in normal versus tumour colon tissue samples. 
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7.2.2 Immunofluorescent Localisation of Ca2+-Signalling Toolkit in Tumoroids 

Transcriptomic analysis using RNA sequencing confirmed the presence of Ca2+ signalling 

toolkit RNA within tumour mucosa, tumour crypts and tumoroids. Thus, the next question 

was whether protein expression of these Ca2+ signalling toolkit were present. 

Immunolabelling and confocal imaging were used to visualize and characterize the 

localisation of intracellular Ca2+ release channels at the base of tumoroids. Intracellular Ca2+ 

release channels refer specifically to endoplasmic reticular IP3R1-3 and RYR1-3, 

endolysosomal TPC1-2, with the complementary addition of CD38. In addition, the 

localisation of Ca2+ coupled muscarinic and purinergic GPCRs were visualized using 

immunolabelling and confocal imaging. This referred specifically to Gq-coupled M1, M3, M5. 

P2Y2 immunolabelling in tumoroids were not done in time. Finally, immunolabelling and 

confocal imaging were used to visualize and characterize the localisation of ChAT in 

tumoroids. Contributors to this data include Dr Victoria Jones, Dr Nicolas Pelaez Llaneza and 

Ms Jordan Champion.  

 

All three IP3R subtypes were found to be present in tumoroids (Figure 143). IP3R1 expression 

seemed to be ubiquitous except for the nuclear space (Figure 143A), which was vaguely 

similar IP3R1 labelling in organoids (Figure 32C). IP3R2 expression was prominent along the 

basal membrane (Figure 143B), which was similarly observed in organoids (Figure 32B). IP3R3 

expression appears to be present in the entire tumoroid including the nuclear space (Figure 

143C), which somewhat resembled organoids where the labelling was also restricted to the 

apical pole and along the basal membranes (Figure 33C). 

 

All three RYR subtypes were also found to be present in tumoroids (Figure 144). RYR1 

expression was prominent in the apical pole of cells, with strong labelling in the cytoplasm, 

apical membranes, and basolateral membranes (Figure 144A). This resembled RYR1 labelling 

in mucosa and crypts, but not organoids (Figure 34). RYR2 expression was similarly prominent 

in the apical pole of cells, especially along the apical and basolateral membranes (Figure 

144B), which was quite different compared to RYR2 labelling in organoids and crypts (Figure 

35B-C) where its labelling was predominantly basal. RYR3 expression appears to be prominent 

on the basal pole of the cell (Figure 144C), with labelling along the basal membrane and some 

basolateral membranes. This was similar to RYR3 labelling in crypts and organoids (Figure 36). 

 

Endolysosomal TPC1 and TPC2 were both shown to be present in tumoroids (Figure 145A-B). 

TPC1 expression was limited to the nuclear space and apical membranes of some cells (Figure 

145A), which was very similar to TPC1 labelling crypts and organoids (Figure 37B-C). TPC2 

expression was prominent in the cytoplasmic space, apical membranes, and basolateral 

membranes of cells (Figure 145B), which is vaguely similar to TPC1 labelling mucosa (Figure 

39A). In addition, CD38 was shown to be expressed in the nucleus of every tumoroid cell 

(Figure 145C), which was identical to CD38 labelling in crypts and organoids (Figure 41). Gq-
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coupled muscarinic acetylcholine receptors M1-3 were shown to be present in tumoroids 

(Figure 146). For all three receptor subtypes, their expression was limited to the basal 

membranes, which was similar to their labelling in organoids (Figure 43C/44C/45C). Lastly, 

ChAT was shown to be absent in tumoroids (Figure 147), which matched the labelling of ChAT 

in organoids (Figure 51C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 143 – Immunolabelling of IP3R1-3 in Tumoroids. 

Representative confocal images of tumoroids immunolabelled with E-Cadherin (ECAD) in white and 

IP3R1 (A) or IP3R2 (B) or IP3R3 (C) in green. Nuclei was stained with Sytox Blue (DNA). Brightfield 

depicted on the left. Scale bar = 25 µm. 
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Figure 144 – Immunolabelling of RYR1-3 in Tumoroids. 

Representative confocal images of tumoroids immunolabelled with E-Cadherin (ECAD) in white and 

RYR1 (A) or RYR2 (B) or RYR3 (C) in green. Nuclei was stained with Sytox Blue (DNA). Brightfield 

depicted on the left. Scale bar = 25 µm. 
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Figure 145 – Immunolabelling of TPC1-2 and CD38 in Tumoroids. 

Representative confocal images of tumoroids immunolabelled with E-Cadherin (ECAD) in white and 

TPC1 (A) or TPC2 (B) or CD38 (C) in green. Nuclei was stained with Sytox Blue (DNA). Brightfield 

depicted on the left. Scale bar = 25 µm. 
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Figure 146 – Immunolabelling of M1/3/5 in Tumoroids. 

Representative confocal images of tumoroids immunolabelled with E-Cadherin (ECAD) in white and 

M1 (A) or M3 (B) or M5 (C) in green. Nuclei was stained with Sytox Blue (DNA). Brightfield depicted 

on the left. Scale bar = 25 µm. 

 

 

 

 

 

 

Figure 147 – Immunolabelling Expression of ChAT in Tumoroids. 

Representative confocal images of tumoroids immunolabelled with E-Cadherin (ECAD) in white and 

ChAT in green. Nuclei stained with Sytox Blue (DNA). Brightfield depicted on left. Scale bar = 25 µm. 
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7.2.3 Comparative Pharmacological Profiles of Tumour Crypts & Tumoroids 

Fura-2 Ca2+ experiments were carried out in crypts which had been isolated tumour mucosa 

(tumour crypts) and organoids which were generated from tumour crypts (tumoroids). 

Tumour crypts and tumoroids which had been grown for 24-72 hours were loaded with Fura-

2-AM (5 µM) for 2 hours in HBS at room temperature (see Chapter 2.5). Certain antagonists 

which require incubation in culture media at 37oC (Table 9) were done prior to Fura-2 loading. 

“N” denotes the number of patients whose tumoroids were used to generate data. Each 

patient sample would further be tested at least three times (n=/>3). “N.S.” denotes the data 

is not statistically significant (P>0.05). “*” denotes the data is statistically significant (P<0.05). 

 

TPC-antagonists Ned-19 (Figure 148) and tetrandrine (Figure 149) were first used to evaluate 

CCh and UTP-induced Ca2+ signals in tumoroids. High concentrations of Ned-19 (500 µM) 

inhibited CCh-induced Ca2+ signals by 81% in tumour crypts (Figure 148A) and 89% in 

tumoroids (Figure 148B), which were very similar to the pharmacological profile of Ned-19 

(500 µM) in crypts (79%) and organoids (81%) (Figure 148E). In tumour crypts, a lower 

concentration of Ned-19 (250 µM) reduced CCh-induced Ca2+ signals by 46% (Figure 148A). It 

was substantially lower compared to Ned-19 (250 µM) in crypts, which instead increased CCh-

induced Ca2+ signals by 21% (Figure 148E). As for UTP-induced Ca2+ signals in tumour crypts 

(Figure 148C) and tumoroids (Figure 148D), it was not inhibited by Ned-19 (250-500 µM), 

similar to in crypts and organoids (Figure 148F). Tetrandrine (20 µM) inhibited CCh-induced 

Ca2+ signals by 95% in tumoroids (Figure 149A), more compared to organoids which was only 

inhibited by 84% using the same concentration (Figure 149C). As for UTP-induced Ca2+ signals 

in tumoroids (Figure 149B), tetrandrine (20 µM) reduced UTP-induced Ca2+ signals by 43%, 

substantially lower compared to in organoids which instead increased UTP-induced Ca2+ 

signals by 42% (Figure 149D). 

 

Next, IP3R1-antagonist 2-APB was used to evaluate CCh and UTP-induced Ca2+ signals in 

tumoroids (Figure 150). In tumour crypts, 2-APB (100 µM) reduced CCh-induced Ca2+ signals 

by 66% and was nearly statistically significant (Figure 150A), compared to in crypts which was 

only reduced by 21% (Figure 150E). In tumoroids, CCh-induced Ca2+ signals were slightly 

increased (13-30%) in the presence of 2-APB (50-100 µM) (Figure 150B), the reverse of which 

was observed in organoids where it inhibited CCh-induced Ca2+ signals by 3-28% instead 

(Figure 150E). As for UTP-induced Ca2+ signals, in tumour crypts it was inhibited by 2-APB (100 

µM) by 72% (Figure 150C), which was very similar in crypts which inhibited UTP-induced Ca2+ 

signals by 76% using the same 2-APB concentration (Figure 150F). In tumoroids, 2-APB (50 

µM) inhibited UTP-induced Ca2+ signals 67%, while 2-APB (100 µM) reduced it by 39% and was 

not statistically significant. Compared to in organoids, 2-APB (50 µM) performed very similarly 

with a 63% inhibition, while 2-APB (100 µM) performed quite differently with a 65% inhibition. 
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Figure 148 – Ned-19 Inhibits CCh but not UTP-induced Ca2+ Signals in Tumoroids. 

Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ signals 

with various concentrations of Ned-19 in tumour crypts (A) and tumoroids (B) against control, UTP-

induced Ca2+ signals with various concentrations of Ned-19 in tumour crypts (C) and tumoroids (D) 

against control, and the pharmacological profile of Ned-19 in crypts and organoids stimulated with 

CCh (E) and UTP (F). Data normalised to control and displayed as mean +/- SEM. Not significant (N.S). 

P>0.05 (*). N≥1. For every “N”, n≥3. 
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Figure 149 – Tetrandrine Inhibits CCh but not UTP-induced Ca2+ Signals in Tumoroids. 

Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ signals 

with tetrandrine in tumoroids (A) against control, UTP-induced Ca2+ signals with tetrandrine in 

tumoroids (B) against control, and the pharmacological profile of tetrandrine in organoids stimulated 

with CCh (C) and UTP (D). Data normalised to control and displayed as mean +/- SEM. Not significant 

(N.S). P>0.05 (*). N≥1. For every “N”, n≥3. 
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Figure 150 – 2-APB Inhibits UTP but not CCh-induced Ca2+ Signals in Tumoroids. 

Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ signals 

with various concentrations of 2-APB in tumour crypts (A) and tumoroids (B) against control, UTP-

induced Ca2+ signals with various concentrations of 2-APB in tumour crypts (C) and tumoroids (D) 

against control, and the pharmacological profile of 2-APB in crypts and organoids stimulated with CCh 

(E) and UTP (F). Data normalised to control and displayed as mean +/- SEM. Not significant (N.S). 

P>0.05 (*). N≥1. For every “N”, n≥3. 
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Following this, muscarinic and purinergic Ca2+ signals were evaluated using ‘slow channel 

blocking agents’ verapamil and diltiazem, and non-specific Ca2+ antagonists TMB8. Verapamil 

(50 µM) inhibited CCh-induced Ca2+ signals by 99% in tumoroids (Figure 151A), much more 

compared to organoids which was only inhibited by 75% using the same concentration (Figure 

151C). As for UTP-induced Ca2+ signals in tumoroids (Figure 151B), verapamil (50 µM) reduced 

UTP-induced Ca2+ signals by 35%, the reverse of which was observed in organoids where it 

increased UTP-induced Ca2+ signals by 20% instead (Figure 151D). Moving on to diltiazem 

(250-500 µM), it inhibited CCh-induced Ca2+ signals by 79-87% in tumoroids (Figure 152A), 

which was similar in organoids but varied more (65-94%) by comparison (Figure 152C). UTP-

induced Ca2+ signals were not inhibited by diltiazem (250-500 µM) (Figure 152B), which was 

similar to what was observed in organoids (Figure 152D). The pharmacology profile of TMB8 

in tumoroids closely resembled organoids (Figure 153). CCh-induced Ca2+ signals were 

inhibited by TMB8 (50-100 µM) in tumoroids (87-100%) and organoids (95%) (Figure 

153A&C); UTP-induced Ca2+ signals increased by TMB8 (50-100 µM) in tumoroids (5-56%) and 

organoids (2-30%) but no statistical significance (Figure 153B&D). 

 

Finally, muscarinic and purinergic Ca2+ signals were evaluated using non-specific RYR-

antagonist procaine (Figure 154) and RYR1/3-antagonist dantrolene (Figure 155). Procaine (1 

mM) inhibited CCh-induced Ca2+ signals by 87% in tumoroids (Figure 154A), much greater 

compared to the 47% inhibition observed in organoids under the same procaine 

concentration (Figure 154C). As for UTP-induced Ca2+ signals, it was not inhibited by procaine 

(1 mM) in both tumoroids (Figure 154B) and organoids (Figure 154D). Lastly, the 

pharmacology profile of dantrolene (50 µM) in tumoroids closely resembled organoids, albeit 

with greater potency (Figure 155). In tumoroids, dantrolene (50 µM) inhibited CCh-induced 

Ca2+ signals by 100% (Figure 155A) and UTP-induced Ca2+ signals by 78% (Figure 155B), much 

greater than in organoids where it inhibited CCh-induced Ca2+ signals by 78% (Figure 155C) 

and UTP-induced Ca2+ signals by 36% (Figure 155D). 

 

From these experiments, the Ca2+-signal induced by CCh and UTP – measured by the change 

in Fura-2 ratio amplitude – were compared between normal crypts versus tumour crypts and 

in organoids versus tumoroids (Figure 156). The change in of Fura-2 ratio amplitude induced 

by CCh was 0.38 and 0.37 in normal crypts and tumour crypts, respectively, and was not 

statistically significant (Figure 156A). And, the change in of Fura-2 ratio amplitude induced by 

UTP was 0.40 and 0.37 in normal crypts and tumour crypts, respectively, and was also not 

statistically significant. However, the change in of Fura-2 ratio amplitude induced by CCh was 

0.36 and 0.25 in organoids and tumoroids, respectively, and was statistically significant 

(Figure 156B). And likewise, the change in of Fura-2 ratio amplitude induced by UTP was 0.22 

and 0.43 in organoids and tumoroids, respectively, and was also statistically significant. 
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Figure 151 – Verapamil Inhibits CCh but not UTP-induced Ca2+ Signals in Tumoroids. 

Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ signals 

with verapamil in tumoroids (A) against control, UTP-induced Ca2+ signals with verapamil in tumoroids 

(B) against control, and the pharmacological profile of verapamil in organoids stimulated with CCh (C) 

and UTP (D). Data normalised to control and displayed as mean +/- SEM. Not significant (N.S). P>0.05 

(*). N≥1. For every “N”, n≥3. 
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Figure 152 – Diltiazem Inhibits CCh but not UTP-induced Ca2+ Signals in Tumoroids. 

Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ signals 

with various concentrations of diltiazem in tumoroids (A) against control, UTP-induced Ca2+ signals 

with various concentrations of diltiazem in tumoroids (B) against control, and the pharmacological 

profile of various concentrations of diltiazem in organoids stimulated with CCh (C) and UTP (D). Data 

normalised to control and displayed as mean +/- SEM. Not significant (N.S). P>0.05 (*). N≥1. For every 

“N”, n≥3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 153 – TMB8 Inhibits CCh but not UTP-induced Ca2+ Signals in Tumoroids. 

Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ signals 

with various concentrations of TMB8 in tumoroids (A) against control, UTP-induced Ca2+ signals with 

various concentrations of TMB8 in tumoroids (B) against control, and the pharmacological profile of 

various concentrations of TMB8 in organoids stimulated with CCh (C) and UTP (D). Data normalised to 

control and displayed as mean +/- SEM. Not significant (N.S). P>0.05 (*). N≥1. For every “N”, n≥3. 
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Figure 154 – Low Dosage of Procaine Inhibits CCh-induced Ca2+ Signals in Tumoroids. 

Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ signals 

with procaine in tumoroids (A) against control, UTP-induced Ca2+ signals with procaine in tumoroids 

(B) against control, and the pharmacological profile of various concentrations of procaine in organoids 

stimulated with CCh (C) and UTP (D). Data normalised to control and displayed as mean +/- SEM. Not 

significant (N.S). P>0.05 (*). N≥1. For every “N”, n≥3. 
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Figure 155 – Dantrolene Inhibits both CCh and UTP-induced Ca2+ Signals in Tumoroids. 

Bar charts summarising the normalized Fura-2 ratio amplitude comparing CCh-induced Ca2+ signals 

with dantrolene in tumoroids (A) against control, UTP-induced Ca2+ signals with dantrolene in 

tumoroids (B) against control, and the pharmacological profile of various concentrations of dantrolene 

in organoids stimulated with CCh (C) and UTP (D). Data normalised to control and displayed as mean 

+/- SEM. Not significant (N.S). P>0.05 (*). N≥1. For every “N”, n≥3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 156 – Organoids are More Sensitive to CCh, Tumoroids are More Sensitive to UTP. 

Bar charts summarising the Fura-2 ratio amplitude comparing CCh-induced Ca2+ signals and UTP-

induced Ca2+ signals in normal versus tumour crypts (A), and in organoids versus tumoroids (B). N≥3. 

For every “N”, n≥3. 
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7.3 Discussion 
In this final results chapter, the gene transcriptomic analysis and pharmacology profile of 

tumour colon tissue samples were compared against normal colon tissue samples. 

Transcriptomic analysis of tumour colon tissue samples was carried out using RNA sequencing 

to demonstrate the gene expression of intracellular Ca2+ release channels, muscarinic and 

purinergic GPCRs, and proteins related to production or packaging of endogenous 

acetylcholine and ATP. These results were compared against the transcriptomic analysis of 

normal colon tissue samples using the Log2 fold change. Next, the protein expression of Ca2+ 

signalling toolkit components were confirmed in tumoroids using immunolabelling. Finally, 

Fura-2 experiments were conducted to determine the pharmacological profile of inhibiting 

CCh and UTP-induced Ca2+-signals in tumour crypts and tumoroids. These results were directly 

compared against the normal colon tissue samples. 

 

7.3.1 Differential RNA Expression in Tumour vs Normal Colon Tissue Samples 

In both tumour (Figure 134) and normal colon tissue samples (Figure 23), IP3R3 was the most 

prominent IP3R subtype. These data go against another transcriptomic analysis study which 

found IP3R3 to be absent from normal colon cells but expressed in cancer colon cells (Pérez-

Riesgo, et al., 2017). However, that study was conducted using immortalized cell lines 

(NCM460 and HT29), while in this thesis transcriptomic analysis was conducted on native 

normal and tumour mucosa, crypts which were isolated and cultured from mucosa, and 

organoids/tumoroids which developed from crypts after long-term culture. The samples in 

this thesis would be morphologically, genetically, and functionally be more similar to the in 

vivo scenario, meaning the transcriptomic analysis data generated from these models would 

be more relevant and reflective of the in vivo environment compared to cell lines.  

 

While IP3R1 and IP3R2 were higher in tumour compared to normal colon tissue samples, 

IP3R3 was decreased (Figure 134). This would contradict a study which showed that IP3R3 

was associated with decreased 5-year survival chances (Shibao, et al., 2010) and thus would 

be expected to be increased in tumoroids. But again, that study observed that using the Caco-

2 cell line and may not reflect the in vivo environment. That said, the human colonic tissue 

samples used in this thesis were obtained patients who had undergone right-hemicolectomy 

or anterior resection at the Norfolk and Norwich University Hospital. These patients would be 

on medication or had undergone chemo/radiotherapy, meaning the status of their normal 

and tumour colon tissue samples may not be similar compared to a person who did not 

receive medical treatment. In addition, this transcriptomic analysis was conducted on five or 

six patient-matched tumour and normal colon tissue samples. This small population sample 

would not be reflective of all CRC variations, of which there are several dozen common 

genetic variants which affect a range of biological pathways (Zhang, et al. 2014).  
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Of the RYR subtypes, RYR2 was most abundant in tumour colon tissue sample (Figure 135) 

and was much higher compared to normal colon tissue samples. This finding is 

complementary to a study which found several genes including RYR2 were frequently 

mutated in colon carcinoma (Wolff, et al. 2018). In a study using breast cancer cell lines, RYR2 

gene expression was upregulated by over 40 times and propose it was involved in epithelial-

mesenchymal transition via an EGF-induced Ca2+-signalling pathway (Davis, et al. 2013). 

Overall, this implies RYR2 being involved in CRC development, likely via releasing stored 

endoplasmic reticular Ca2+. 

 

In both tumour (Figure 136) and normal colon tissue samples (Figure 25), TPC1 expression 

was higher than TPC2. And between tumour and normal, TPC1 and TPC2 gene expression did 

not differ by much. More interestingly, CD38 was expressed much higher in tumoroids (Figure 

137) versus organoids (Figure 36), while in tumour/normal mucosa and crypts CD38 

expression varied little. This was due to higher average expression of CD38 in tumoroids, 

however it varied greatly between patient resulting in a large standard error. One study tested 

the presence of full-sized and alternative forms of CD38 mRNA in tumour colon tissue samples 

and in cell line (Perenkov, et al. 2012). They found CD38 to be present in some cell lines and 

absent in others and found CD38 to be expressed in tumour tissue in the first stage of CRC, 

which decreased in second, third and fourth stages. Taken together these results indicate 

CD38, which catalyses the production of TPC-agonist NAADP, may be involved in early CRC 

development but is subsequently lost during later disease stages. 

 

In both tumour (Figure 138) and normal colon tissue samples (Figure 27), M3 expression was 

highest among the four subtypes analysed. And, M3 expression was higher in tumour mucosa 

and tumour crypts compared to normal mucosa and normal crypts, and hardly differed in 

tumoroids versus organoids. This finding is complimentary to a host of studies which show 

M3 to be associated with CRC by promoting cancer cell proliferation through a complex signal 

transduction pathway involving EGFR (Frucht, et al. 1999), (Yang and Frucht 2000) and (Cheng, 

Chen, et al. 2002), which when inhibited in murine  models attenuates intestinal neoplasia 

(von Rosenvinge and Raufman 2011) and has been proposed to be a target for CRC therapy 

(Felton, Hu and Raufman 2019). 

 

Moving onto ATP-sensitive purinergic P2Y receptors, P2Y1/2 were higher than P2Y11/13 in 

both tumour (Figure 139) and normal colon tissue samples (Figure 28). P2Y1 and P2Y2 gene 

expression levels were similar across and between normal colon tissue samples. That said, 

when tumour and normal colon tissue samples compared, P2Y1 and P2Y2 expression was 

reduced in tumour colon tissue samples. These conflict with one study which found P2Y1 to 

be highly expressed in human epithelial carcinoma cell lines (Coutinho-Silva, et al., 2005). 

However, that same study found high concentrations of ATP to be pro-apoptotic and caused 

an increase in cytoplasmic [Ca2+], while lower concentrations of ATP stimulated proliferation. 
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By that reasoning, it may be that reduction of P2Y1 in vivo promotes proliferation due to 

fewer P2Y1 receptor-activated signal transduction. Another conflicting study found P2Y2 to 

be overexpressed in human colon cancer cell lines to regulate cell growth (Nylund, Hultman, 

Nordgren, & Delbro, 2007) and in patient breast cancer specimens to regulate metastasis 

(Kim, et al. 2020).  

 

ChAT expression was lower in tumour mucosa (Figure 140) compared to normal mucosa 

(Figure 29) and non-existent in tumour crypts and tumoroids. This was unexpected, as studies 

have proposed colon cancer cells to be capable of autologous acetylcholine secretion to 

stimulate proliferation (Cheng, et al., 2008); or promoted innervation and tuft cell expansion, 

resulting in increased neuronal and non-neuronal acetylcholine secretion which induces 

cholinergic signalling to activate Wnt signals (Hayakawa, et al., 2017).  

 

On the flipside, gene expression for VNUT (SLC17A9) was increased in every tumour colon 

tissue sample (Figure 141) compared to normal (Figure 30). Lastly, gene expression for 

proglucagon (GCG) were drastically lower in every tumour colon tissue sample (Figure 144) 

compared to normal (Figure 31), but conversely had increased neuroendocrine convertase 1 

(PCSK1) gene expression in tumour mucosa/crypts than normal mucosa/crypts, and reduced 

in tumoroids than organoids. Taken together, these data indicate that tumour colon tissue 

secrete more ATP and may or may not be more capable of synthesizing GLP1 compared to 

normal colon tissue sample. 

 

7.3.2 Tumoroids Express the Ca2+-Signalling Toolkit Components 

To compliment the transcriptomic analyses, immunolabelling was done in tumoroids to 

visualize the Ca2+ signalling toolkit components. For the most part, the labelling pattern for 

most Ca2+ signalling toolkit components were similar in tumoroids compared to organoids. 

The biggest exception to that were RYRs, where RYR1 and RYR2 were prominent along the 

apical pole including the cytoplasm and apical membrane (Figure 144), while in organoids 

(Figure 34-5) their labelling was predominantly on the basal pole. This would suggest that the 

expression and localisation of RYR1-2 are altered in tumoroids. 

 

7.3.3 Tumoroids are More Sensitive to TPC and RYR Inhibition 

CCh-induced Ca2+ signals were more sensitive to TPC-inhibition using Ned-19 (250-500 µM) 

and tetrandrine (20 µM) in tumour colon tissues (Figure 148-9). In the presence of Ned-19 

(500 µM), CCh-induced Ca2+ signals were slightly lower in tumour crypts and tumoroids 

compared to crypts and organoids (Figure 148A, B, E). However, CCh-induced Ca2+ signals 

were reduced by half in the presence of Ned-19 (250 µM) in tumour crypts while in crypts it 

increased by a quarter (Figure 148B & E). Likewise, CCh-induced Ca2+ signals were inhibited 

by 95% in the presence of tetrandrine (20 µM) in tumoroids while in organoids that inhibition 
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was 84% (Figure 149A & C). This was interesting, as the RNAseq analysis showed similar M3, 

similar TPC1-2 and higher CD38 in tumoroids compared to organoids (Chapter 7.3.1), which 

would suggest TPC-inhibition being consequentially similar or less effective in tumoroids 

compared to organoids. Explanations for this could be that protein misfolding or 

modifications or turnover may be enhanced in tumoroids compared to organoids (Chen, et 

al. 2017) and (Ly, et al. 2018), leading to increased sensitivity to TPC-inhibition. Whether that 

is the case, would be an interesting study for the future. As for UTP- induced Ca2+ signals, the 

pharmacological profile of Ned-19 (250-500 µM) were almost identical in tumour crypts and 

tumoroids versus crypts and organoids (Figure C, D, F). However, tetrandrine (20 µM) reduced 

UTP-induced Ca2+ signals by nearly half in tumoroids, while in organoids it increased UTP- 

induced Ca2+ signals by nearly half. As this was conducted in only one patient’s tumoroid line 

(N=1), it would be appropriate to repeat this on another patient tumoroid line before drawing 

any conclusions. 

 

The pharmacological profile of IP3R1- antagonist 2-APB (50-100 µM) in human tumour colon 

tissues were mostly similar to normal human colon tissues (Figure 150). The only exception 

was 2-APB (100 µM) reducing CCh-induced Ca2+ signals by three times as much in tumour 

crypts compared to normal crypts (Figure 150A & E). However, given this data was generated 

from only one patient’s tumoroid line (N=1), it would be appropriate to repeat this on another 

patient tumoroid line before drawing any conclusions. Likewise, the pharmacological profiles 

of ‘slow channel blocking agents’ verapamil (50 µM) and diltiazem (250-500 µM), and non-

specific Ca2+ antagonists TMB8 (50-100 µM) in tumoroids were mostly similar to organoids 

(Figure 151-3). That said, tumoroid CCh and UTP-induced Ca2+ signals were more susceptive 

to verapamil compared to organoids (Figure 151), which again could be due to protein 

misfolding or modifications or turnover being enhanced in tumoroids compared to organoids, 

leading to increased sensitivity to pharmacological inhibition. Finally, similar to tetrandrine 

and 2-APB, most of these data were generated from one patient tumoroid line (N=1) and 

should ideally be repeated. 

 

With that said, CCh and UTP-induced Ca2+ signals were more sensitive to RYR inhibition. Non-

specific RYR antagonist procaine (1 mM) inhibited CCh-induced Ca2+ signals in tumoroids by 

87% compared to 37% in organoids (Figure 154A & C). Likewise, RYR1/3- antagonist 

dantrolene (50 µM) inhibited CCh-induced Ca2+ signals in tumoroids by 100% compared to 

78% in organoids, and also inhibited UTP-induced Ca2+ signals in tumoroids by 78% compared 

to 56% in organoids (Figure 155). This is complimented by the enhanced RYR1 and RYR2 gene 

expression (Figure 135) and prominent apical labelling of RYR1 and RYR2 (Figure 144A-B) in 

tumoroids compared to organoids (Figure 34-5), which could suggest tumour colon tissues 

altering the gene and protein expression of RYR1 and RYR2 to promote aberrant Ca2+-

signalling. 
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Lastly, changes in Fura-2 ratio amplitude induced by CCh (10 µM) and UTP (50 µM) were 

compared between normal crypts versus tumour crypts, and in organoids versus tumoroids. 

The Fura-2 ratio amplitude induced by CCh and UTP were similar to crypts and tumour crypts 

(Figure 156A). However, in organoids and tumoroids the Fura-2 ratio amplitude induced by 

CCh and UTP were remarkably different (Figure 156B); tumoroids were 31% less responsive 

to CCh and 95% more responsive to UTP. This data clearly shows tumoroids having an altered 

Ca2+-signalling characteristics compared to organoids, likely due to increasing RYR1 gene 

expression and possibly due to changes in RYR2 expression. This data also indicates that 

tumour crypts, which were isolated from tumour mucosa, may not a reliable model for 

investigating colon cancer. This is because there is no guarantee that every crypt isolated from 

tumour mucosa are tumour crypts; in practice it is likely that a mixture of tumour crypts and 

normal crypts are isolated from tumour mucosa. On the other hand, tumoroids were 

generated by culturing crypts isolated from tumour mucosa in Wnt-free media. As a result, 

only cells that have APC mutations which result in constitutive Wnt activation can survive and 

develop into tumoroids. 

 

7.4 Conclusion 
In this final results chapter, the gene transcriptomic analysis and pharmacology profile of 

tumour colon tissue samples were compared against normal colon tissue samples. The gene 

expression of IP3R1&2, RYR1&2 and M3 were consistently higher in tumour colon tissue 

samples. Pharmacologically, tumour colon tissue samples were more sensitive to TPC and RYR 

inhibition. Lastly, the status of Ca2+-signals in tumoroids is remarkably different compared to 

organoids; tumoroids were more sensitive to UTP-induced purinergic signalling and less 

sensitive to CCh-induced muscarinic signalling. 
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8 Chapter 8 – Overall Discussion and Future Work 
During this thesis, several important discoveries were found which furthered our 

understanding of the mechanisms regulating human colonic epithelial physiology. First, Ca2+ 

signalling toolkit components were identified in three human colonic tissue samples (mucosa, 

crypts, and organoids) at the gene and protein level using RNA transcriptomic analysis and 

immunolabelling (Chapter 3). The involvement of these Ca2+ signalling toolkit components 

were evaluated by stimulating Fura-2-loaded crypts and organoids with muscarinic receptor 

agonist CCh (10 µM) and purinergic receptor agonist UTP (50 µM), in conjunction with a host 

of pharmacological antagonists and agonists (Chapter 4), to elucidate the muscarinic and 

purinergic-induced Ca2+-signalling pathway. A HILIC-MS/MS method was then developed and 

validated to quantify non-neuronal acetylcholine in media which had been cultured in human 

colonic crypts and organoids (Chapter 5). Next, CCh was shown to induce fluid and mucus 

secretion, as well as promote proliferation, and were differentially affected by inhibition of 

certain Ca2+ signalling toolkit components (Chapter 6). Finally, the Ca2+ signalling toolkit 

components and pharmacological profiles of human colonic tumours were compared against 

normal human colonic tissues (Chapter 7).  

 

8.1 Organoids as Model Systems for Studying the Human Colonic Epithelium 
In the past two decades, 3D culture systems have increasingly been used as a model to study 

cells/tissues in the in vivo environment. Compared to 2D culture systems, 3D culture systems 

incorporate extracellular matrixes which exist for nearly all cells, thereby creating an 

environment that is comparable to the in vivo architecture. The growth of cells in these 3D 

culture systems gave rise to tissue-like structures which resemble miniature organs, hence 

their name organoids (Simian and Bissell 2017). Due to this, organoids developed using 3D 

culture systems are more reliable than monolayer cells grown in 2D culture systems in terms 

of studying growth conditions, proliferation, gene and protein expression, and drug discovery 

or pharmacology (Edmondson, et al. 2014). For the human colonic epithelium, the Clevers 

group were the pioneers who developed organoids from colon, adenoma, and 

adenocarcinoma (Sato, Stange, et al. 2011). Since then, numerous research labs including the 

Williams group (Pelaez-Llaneza 2019) have used organoids to study the human colonic 

epithelium. 

 

The intestinal epithelium consists of a monolayer of polarised epithelial columnar cells which 

have rapid renewal time of 3-5 days (Barker 2014). In the large intestine, the epithelial 

monolayer is organized in tube-like glands termed “crypts of Lieberkühn”, or simply crypts 

(Figure 2C). At the base of these intestinal crypts, multipotent intestinal stem cells (ISCs) 

divide asymmetrically and give rise to mature epithelial cell types including goblet cells, 

enterocytes, enteroendocrine cells, and tuft cells (Gehart and Clevers 2019). The organisation 

of crypts – tube-like with stem cells at the base – serves to protect ISCs in a protective niche, 

away from chemical and microbial hazards contained in the lumen. The culture system 

developed by the Williams lab enables the propagation of organoids/tumoroids indefinitely 
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and without losing their phenotypic or pharmacological or physiological signatures. During 

the course of this thesis, five patient-matched organoids/tumoroids lines were generated and 

preserved in cryofreeze. Following a short recovery period, organoids/tumoroids were not 

damaged by the freeze-thaw process and were used for transcriptomic analyses, Fura-2 Ca2+ 

experiments, and physiological functional studies (Chapter 3-7). As a result, within the 

Williams group organoids/tumoroids are readily available and patient-matched 

organoid/tumoroid lines can be studied over long term. 

 

In this thesis, organoids were shown to be suitable models of studying human colonic 

epithelial biology. Organoids were generated from human colonic crypts that were isolated 

from normal colonic mucosa and cultured for long-term (months to years) with periodic 

passaging and reseeding. Over the course of several days after reseeding, organoids grew 

larger and developed crypt-like ‘buds’ with noticeable lumens (Figure 157A). This indicated 

organoids developing into functional crypt-like structures, with buds representing the 

longitudinal crypt axis and lumens representing cellular apical-basal polarity. Transcriptomic 

analysis between mucosa, crypts and organoids showed comparable levels of most Ca2+ 

signalling toolkit components within the three tissue models (Chapter 3.2.1). This supports an 

earlier study which showed organoids being genetically stable over long-term culture (Sato, 

van Es, et al. 2011). Cases where gene expression in mucosa were higher compared to crypts 

and organoids, like IP3R3 (Figure 23), would likely be due to non-epithelial sources of RNA 

such as neurons and immune cells within the lamina propria basement membrane. In cases 

where gene expression was lower in mucosa compared to crypts and organoids, like IP3R3 

(Figure 23) and TPC2 (Figure 25), it would indicate changes in gene expression within crypts 

and organoids that were cultured in Matrigel compared to mucosa.  These changes in gene 

expression are probably caused either due to lack of downregulation mechanisms present in 

mucosa, or upregulation caused by Matrigel – a reconstituted basement membrane 

preparation extracted from mouse sarcoma that is biologically active (Kleinman and Martin 

2005). As a result, one cannot rule out differences in gene regulation in organoids and crypts 

cultured in Matrigel compared to crypts in in vivo. One means to resolve that issue is to 

develop a matrix whose physicochemical properties are identical to in vivo, which is currently 

being developed by other members of the Williams group. 

 

The next step of demonstrating organoids to be ideal models of studying colonic epithelial 

biology was to show they possess similar protein expression and cellular composition, and 

that they were pharmacologically and physiologically comparable to crypts. The first two were 

achieved by comparing the immunolabelling of Ca2+ signalling toolkit components and 

markers of epithelial cells in mucosa, crypts, and organoids (Chapter 3.2.3). In summary, 

organoids which had been cultured for long-term had similar protein localisation and cellular 

identities as freshly isolated crypts and mucosa. Co-labelling of Ca2+ signalling toolkit 

components with markers of epithelial cells also gives clues as to the physiological roles of 

certain Ca2+ signalling components. For example, co-labelling of TPC1 – but not TPC2 – and 
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MUC2 indicate TPC1 playing a role in mucus secretion via Ca2+-signals originating from 

endolysosomes, which had been described but not fully elucidated (Perez-Vilar, Olsen, et al. 

2005), (Ambort, et al., 2012) and (Kam 2015). Pharmacologically, organoids and crypts that 

were loaded with Fura-2 performed almost identically in response to stimulation or inhibition 

(Chapter 5), which shows that the biological activities of organoids are functionally equivalent 

to crypts. Likewise, crypts and organoids which were loaded with fluorescent lipid dyes (FM1-

43, FM1-43X, and Deep Red) showed comparable mucus granule secretion and compound 

exocytosis (Chapter 7), which demonstrates organoids having functionally similar cellular 

fluid-secretion machineries as crypts. In addition, previous work by the Williams group 

showed organoids being a comparable model for studying mucus secretion by comparing the 

expression of epithelial cell markers in mucosal crypts and cultured crypts and organoids 

(Pelaez-Llaneza 2019). 

 

On the other hand, tumoroids were generated from long-term culture of human tumour 

colonic crypts that were isolated from tumour colonic mucosa. While tumoroids also grew 

larger over time, their ability to form ‘buds’ were poor, in fact typically forming spheroids with 

thinner apical-basal membranes and less defined tissue cohesion (Figure 157B). This had been 

observed by other groups (Kashfi, et al. 2018) and is likely due to tumoroids having genetic 

mutations, leading to dysregulation of essential molecular and cellular signalling pathways 

required to maintain normal growth and function (van de Wetering, et al. 2015). This was 

supported by comparisons of the transcriptomic analysis of Ca2+ signalling toolkit components 

between tumour and normal colon tissue samples supports that statement (Chapter 7) – 

tumour colon tissue samples expressed more RNA for IP3R1, IP3R2, RYR2, CD38, and VNUT; 

and less RNA for IP3R3, M1, and P2Y2R. This again may give clues as to as to the physiological 

roles of certain Ca2+ signalling components which are favoured by tumoroids.  
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Figure 157 – Growth of Cultured Colonic Organoids and Single Cells, Versus Tumoroids. 

Colonic single cells (N=1) grow over days (A top) and develop into budding organoids after successive 

passaging and reseeding (A bottom). By comparison, tumoroids (N=4) often fail to form buds and grow 

into spheroids. Arrows indicate buds. Scale bar 150 μm. 
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The ability of the Williams group to culture patient-matched organoids/tumoroids lines which 

can be kept indefinitely in cryofreeze raises the possibility of developing personalized 

medicine (Figure 158). For example, colonic organoids and tumoroids grown from patient-

matched tissue samples could be treated with different chemotherapy drugs to determine 

the most suitable chemotherapy regime for them. Alternatively, once more patient-matched 

lines have been sequenced, tumoroids which have certain mutations can be subjected to 

targeted treatments with the goal of promoting death of tumour cells while ensuring the 

survivability of patient-match organoids. Currently, the Williams group is working to 

genetically manipulate or engineer organoids/tumoroids using CRISPR/Cas and SiRNA. 

Applications of these techniques include selectively target candidate genes in organoids in 

order to study changes in Ca2+-signals and investigate the physiological consequences of 

silencing selected genes. 

 

However, the long-term genetic stability of the lab’s organoids and tumoroids will need to be 

considered. Since these organoids and tumoroids are ex-vivo culture systems that are bathed 

in media to promote growth and are passaged every three or four days, it is highly likely that 

these organoids and tumoroids will acquire genetic mutations over time. One way to monitor 

the genetic stability of organoids and tumoroids cultured in the long-term, would be to put 

them and their native frozen counterparts through RNAseq to compare their RNA gene 

expression. And in the event where the RNA gene expression of organoids and tumoroids 

cultured in the long-term culture is significantly different compared to their frozen 

counterparts, a sensible solution would be to generate fresh organoid and tumoroid lines that 

have been frozen. 

 

In addition to crypts, organoids and tumoroids, another potential model which the Williams 

lab could develop to study human colonic epithelium biology would be using single cells. 

These single cells could be segregated using fluorescence-activated cells sorting (FACS) into 

mature colonic epithelial cells such as stem cells, goblet cells, EECs, Tuft cells, etc. The use of 

single cells was explored briefly in this thesis, whereby single goblet-cells were 

immunolabelled using MUC2 (Figure 106). One strategy of using single populations of colonic 

epithelial cells would be to identify genes that are up/downregulated in those populations, 

which may indicate specific receptors and their associated pathways which these mature 

epithelial cell types rely on. 
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Figure 158 – Current & Future Applications of Patient-Matched Organoid/Tumoroid Culture. 

Patient-matched organoid and tumoroid lines (which can be cultured indefinitely) have been 

developed from human colonic crypts (which can be kept in culture for 2-4 days) and can be used to 

generate a colon tissue biobank (A). Currently, organoids and tumoroids can be used for comparative 

gene expression studies (B1), Ca2+ experiments (B2), non-neuronal acetylcholine secretions (B3), and 

proliferation experiments (B4). Future applications include genetic manipulation (BI) and drug 

screening for the purpose of personalized medicine (BII). 
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8.2 Ca2+ as a Signal Integrator in the Colonic Epithelium 
The colonic epithelium is susceptive to a host of different signals which regulate each 

epithelial cell and overall maintain tissue homeostasis. In order to process these diverse 

signals, epithelial cells use second messengers to coordinate various signal transduction 

pathways to achieve the correct physiological outcome. In this thesis, Ca2+ is proposed to be 

the second messenger used by colonic epithelial cells to coordinate several signal 

transduction pathways which, when altered, subverts physiological processes into driving 

pathological outcomes (Bootman and Bultynck 2020). Ca2+ signals have been studied 

extensively in the context of muscle (Cho, et al. 2017) and neuronal (Brini, Calì, et al. 2014) 

cell biology. By comparison, Ca2+ only became a topic of interest in colonic epithelial biology 

in recent years, such as cell-cell connection (McClintock, et al. 2020), secretion of mucus 

(Ambort, et al., 2012) and fluid (Yang, et al. 2018), regulating ISC proliferation and 

differentiation (Deng, Gerencser and Jasper 2016), and its role in colonic diseases. 

 

During resting conditions, intracellular [Ca2+] is low and is maintained by an assortment of 

buffers, channels, pumps, and transporters (Figure 17). These are the Ca2+ signalling toolkit 

components, whose presence and distribution patterns varies depending on the cell type. 

This thesis focuses on Ca2+ signalling toolkit components of the muscarinic and purinergic 

signalling pathways. These include muscarinic (M1-5) and metabotropic purinergic (P2Y) 

GPCR receptors, endoplasmic reticular IP3Rs and RYRs, endolysosomal TPCs, CD38 which 

catalyses TPC-ligand NAADP, ChAT which catalyses acetylcholine, VNUT which is involved in 

storing and releasing vesicular ATP, and GCG/PCSK1 which are involved in GLP1 synthesis. 

Besides these, previous work in the Williams group analysed the gene expression of cellular 

Ca2+ ATPases such as SERCA, PMCA, and SPCA (Pelaez-Llaneza 2019). The reason why 

muscarinic and metabotropic purinergic receptors were focused on in this thesis were due to 

the role of secretagogues acetylcholine and ATP in modulating colonic epithelial physiology 

by inducing intracellular Ca2+-signals. In the case of acetylcholine, this thesis was interested 

in autocrine cholinergic signalling, whereby epithelial ChAT+ tuft cells synthesizes and 

secretes acetylcholine in an autocrine manner to stimulate locally or adjacent Gq-coupled 

M1/3/5 receptors and thereby affect a host of colonic epithelial physiology (Chapter 1.4.4). 

As for ATP, it has been shown to be an important extracellular signalling molecule which 

affects colonic epithelial biology in health and disease through its activation of Gq-coupled 

P2Y1/2/11/13 (Chapter 1.4.5). Similar to acetylcholine’s autocrine signalling dynamic, 

intestinal L-type enteroendocrine cells have been shown to be capable of secreting ATP 

alongside gut peptide hormones GLP1 and PYY (Lu, et al. 2019), the former triggering P2Y2 

receptors in neighbouring enterocytes and afferent neuronal P2X2/3 receptors to synergize 

with the functions of elevated gut peptide hormones. 

 

Gene and protein expression of these Ca2+ signalling toolkit components in human colonic 

tissue samples were confirmed using RNAseq and immunolabelling (Chapter 4). The first 

notable finding was the ten/hundred-fold higher gene expression of IP3R3 compared to 
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IP3R1/2 in human colonic native mucosa, cultured crypts, and organoids (Figure 23), which 

might indicate IP3R3 playing an important role in colonic epithelial biology. That notion was 

supported by differential IP3R subtype immunolabelling patterns (Figure 32-33); nonspecific 

for IP3R1, prominently basal for IP3R2, and prominently apical for IP3R3. Another interesting 

finding was that while RYR1-3 gene expression was much lower or non-existent (Figure 24), 

immunolabelling confirmed they were present (Figure 34-36). This shows that one cannot rely 

solely on transcriptomic analysis to draw conclusions regarding protein expression as it does 

not account for rate of protein synthesis and turnover. The only component which was 

consistently absent at both gene (Figure 29) and protein (Figure 51) level was ChAT in 

organoids. This was an unfortunate setback which highlight the culture system to be unable 

to support ChAT+ tuft cells in long-culture, which will need to be focused on in future studies; 

in order to properly study the role of autocrine cholinergic signalling in the human colonic 

epithelium. Even so, ChAT labelling was prominent in mucosa crypts; low ChAT labelling in 

goblet cells (Figure 52), strong co-labelling with tuft cells (Figure 53), and some co-labelling 

with enteroendocrine cells (Figure 54). This was exciting, as other studies have only shown 

ChAT to be expressed/secreted by tuft cells (Ualiyeva, et al., 2020), (Hollenhorst, et al., 2020), 

and (Pan, Zhang, Shao, & Huang, 2020). 

 

Having determined the gene and protein expression of these Ca2+ signalling toolkit 

components, Fura-2 experiments were carried out (Chapter 5) to characterise the spatio-

temporal characteristics of CCh-induced muscarinic and UTP-induced purinergic Ca2+ 

signalling, as well as elucidate the muscarinic and purinergic Ca2+-signalling pathways. CCh-

induced Ca2+ signals consistently initiated at the apical pole of cells within the very base of 

crypts, spreads to the basal pole and propagates up the crypt axis (Figure 57) and (Figure 58A). 

This implicates TPC1 and/or IP3R3 to be the origin of CCh-induced Ca2+-signals, as 

immunolabelling experiments showed that they are expressed apically (Figure 38) and (Figure 

33). On the other hand, UTP-induced Ca2+ signals typically initiated higher up the crypt axis 

on either apical or basal poles and propagates to adjacent cells (Figure 62 A-B). This implicates 

IP3Rs and RYRs in general, as immunolabelling experiments showed that they are expressed 

apically and basally (Figure 32-6). Future studies should investigate the means by which the 

global wave of Ca2+ propagation occurs. There are currently two proposals regarding this 

propagating wave of Ca2+ signal following agonist stimulation: Ca2+ is crossing into 

neighbouring cells via gap junctions to induce CICR, or most cells are capable of responding 

to agonist stimulation albeit at different capacities due to differential Ca2+ signalling toolkit 

component expression. The first proposal was investigated in this thesis using carbenoxolone 

(Figure 73), however the data using this drug is not definitive since it is not specific for gap 

junctions. One way of investigating the second proposal would be to observe the effects of 

CCh/UTP stimulation in single cells to determine if specific cells are susceptive to muscarinic 

and/or purinergic receptor activation.  
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Alternatively, using the LSM910 confocal microscopy, live-imaging experiments that was 

conducted by other members of the Williams group showed that slender cells – which are 

likely intestinal stem cells – to be the origin of CCh-induced Ca2+-signals (Figure 159A). In those 

experiments, they showed that stimulating Fluo-4 loaded crypts with CCh (10 µM) resulted in 

Ca2+ signals initiating from the apical pole (Figure 159B left) of slender cells at the base of 

crypts and spreading to the basal pole (Figure 159B right). This should be replicated using 

ATP/UTP to determine the cellular origins of purinergic receptor activation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 159 – Intestinal Stem Cells are the Origin of CCh-Induced Ca2+ Signals 

Representative series of epi-fluorescent live images of a crypt loaded with Fluo-4 (5 μM) being 

stimulated with CCh (10 μM) over time in seconds (s) (A). Line graphs illustrating the polarity (B left) 

and topology (B right) increase in normalized Fluo-4 fluorescence amplitude induced by CCh (10 μM) 

over time (s). ROI – region of interest. 
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The consistent initiation of apical Ca2+-signals induced by CCh initially seemed peculiar, as Gq-

coupled muscarinic receptors (M1/3/5) were consistently shown to be expressed on the basal 

pole (Chapter 3.2.3). That said, apical Ca2+ spikes have been characterised in highly polarised 

epithelial pancreatic acinar cells (Petersen and Tepikin 2008) and are due to sophisticated and 

complex Ca2+ signalling mechanisms between the endoplasmic reticulum and endolysosomes. 

Likewise, it is plausible that colonic epithelial cells express their Ca2+ signalling toolkit 

components in specific locations, given the observation of differential IP3Rs, RYRs and TPC 

immunolabelling patterns. 

 

Using highly specific pharmacological antagonists 4-DAMP (100 nM) and AR-C118925XX (5 

µM), CCh was shown to activate M3 receptors (Figure 60) while UTP was shown to activate 

P2Y2 receptors (Figure 65), respectively. Both muscarinic and purinergic-induced Ca2+ signals 

were shown to originate from organellar Ca2+ stores, as the Ca2+ signal was not significantly 

reduced when extracellular Ca2+ was chelated using EGTA (1 mM) (Figure 59) and (Figure 64). 

That said, there was a 6-20% decrease compared to control, which reflects the gradual 

leakage of intracellular Ca2+. Subsequent experiments using an array of pharmacological 

agonists and specific/non-specific antagonists (Table 9) elucidated the intracellular Ca2+-

signalling pathway induced by muscarinic and purinergic receptor activation. In short, 

muscarinic receptor activation (M3 receptors) initiates local Ca2+-signals via endolysosomal 

TPC1/2 which triggers endoplasmic reticular Ca2+-release via IP3R3, while purinergic receptor 

activation (P2Y2 receptors) initiates Ca2+-signals from endoplasmic reticular IP3R1-3; at this 

point they converge on RYR1/3 to cause global Ca2+-signals which propagates as a wave 

through the cell. A schematic diagram representing the proposed signalling pathway is 

presented (Figure 160).  

 

CD38 was proposed to be the link between basal muscarinic receptor activation and TPC Ca2+-

release, as it synthesizes NAADP which is a known ligand of TPCs (Ruas, Rietdorf, et al. 2010). 

To that end, CD38 was shown to be present at the gene (Figure 26) and protein (Figure 41-2) 

level. However, the exact mechanism by which muscarinic receptor activation leads to NAADP 

catalysis by CD38 remains unclear and should be investigated in future studies. It is also 

unclear whether CD38 catalyses NAADP on the apical pole of cells (Figure 41-2), possibly 

within acidic endosomes which provides CD38 the low pH required for catalyse NAADP (Figure 

22). Recent TPC1-2 immunolabelling that was visualized on the LSM910 confocal microscope 

provided clearer TPC1-2 labelling (Figure 161). Once again, TPC1 labelling was concentrated 

on the apical membrane (Figure 161A-B), while TPC2 labelling was prominent on the basal 

side (Figure 161C-D). In addition, two Rab proteins (Rab 5 & 11) were co-immunolabelled with 

TPC1-2. Rab proteins are members of the Ras superfamily of small G proteins, many of which 

are involved in endocytic trafficking (Wandinger-Ness and Zerial 2014). Rab5 in particular is 

involved in the maturation of early endosomes into late endosomes via the trans-Golgi 

(Nagano, et al. 2019), and Rab11 regulates the exocytosis of recycling vesicles at the plasma 

membrane (Takahashi, et al. 2012) and are localised on early endosomes (Kobayashi and 
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Fukuda 2013). Due to TPC1 co-labelling with Rab11, it indicates TPC1 labelling early 

endosomes and are involved in exocytosis of mucus granules. These will need to be replicated 

in mucosa and crypts in future studies. 

 

Tentative experiments using tricyclic anti-depressants (TCA) chlorpromazine and nortriptyline 

were shown to induce Ca2+-release via TPCs (Figure 80 & 87). Future work should expand on 

the pharmacological profiles of these TCAs compared to CCh. In addition to muscarinic and 

purinergic receptor activation, other means of generating intracellular Ca2+-signals – 

mechanosensitive PIEZO1 channels (Figure 89) and mucolipin TRP channels TRPML1 (Figure 

89) – were explored due to their importance GI function during health and disease (Alcaino, 

et al., 2018) and (Santoni, Santoni, Maggi, Marinelli, & Morelli, 2020). The significance of 

intracellular Ca2+-signals generated by these means would also be of interest in the future. 

Lastly, in this thesis only the intracellular Ca2+-signals induced by P2Y2 receptor activation was 

investigated, as P2Y2 receptors are sensitive to ATP/UTP and is specifically inhibited by AR-

C118925XX (5 μM). The contribution and relevance of other ATP-sensitive, Gq-coupled 

P2Y1/11 receptors should be explored in future studies. 
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Figure 160 – Proposed Ca2+-Signalling Pathways in Colonic Epithelial Cells in the Stem Cell Zone. 

Summary diagram depicting the involvement of most Ca2+-signalling toolkit components in 

muscarinic, purinergic, mechanosensitive, and mucolipin TRP intracellular Ca2+-signals. 

Agonists and antagonists listed above. 
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Figure 161 – Immunolabelling of TPC1/2 with Rab5/11 in Organoids. 

Representative confocal images of TPC1 (A-B) and TPC2 (C-D) immunolabelled in organoids with E-

Cadherin (ECAD) in white, TPC1/2 in green, and co-labelled with Rab5 (A & C) or Rab11 (B & D) in red. 

Nuclei was stained with Sytox Blue (DNA). Scale bar = 25 µm. 
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8.3 Sources of Non-Neuronal Acetylcholine 
Acetylcholine is an important molecule that is involved in many aspects of colonic epithelial 

biology. Numerous studies have shown chemosensory cells – such as tuft cells of the colonic 

epithelium – expressing ChAT and secreting acetylcholine to modulate various physiological 

roles  (Deckmann, et al., 2014), (Pan, Zhang, Shao, & Huang, 2020), (Ualiyeva, et al., 2020).  

 

In this thesis, ChAT immunolabelling was consistently found in mucosa and crypts (Figure 51). 

It strongly co-labels with tuft cells (Figure 53) and CHGA enteroendocrine cells (Figure 54). 

Tuft cells are specialised chemosensory cells (0.5% of the intestinal epithelium) which can 

sample the lumen and trigger a variety of immune responses (Gerbe & Jay, 2016). 

Enteroendocrine cells are secretory cells (1% of the intestinal epithelium) who possesses 

receptors for sweet, savoury, and bitter (Rozengurt & Sternini, 2007), and secretes a range of 

hormones with a diverse range of functions. One study in mouse showed that disruption of 

muscarinic signals promoted tuft cell expansion who adopted an enteroendocrine phenotype 

which contributed to acetylcholine synthesis and induced proliferation (Middelhoff, et al., 

2020). One of the proposed functions for CHAT+ tuft and enteroendocrine cells secreting 

acetylcholine is to stimulate mucus and/or fluid secretion to flush the crypt lumen, thereby 

keeping pathogens and toxins away from the stem cell zone. Another proposal is that 

sustained acetylcholine secretion by CHAT+ epithelial cells may induce intestinal stem cells to 

proliferate, which in normal conditions promote tissue regeneration and restore epithelial 

barrier integrity, while under aberrant conditions promote excessive cell division and 

tumorigenesis. During Fura-2 Ca2+ experiments, CCh (10 µM) was used to activate Gq-coupled 

muscarinic receptors. This is due to CCh being a pharmacological analogue of acetylcholine 

that is resistant to acetylcholinesterase hydrolysis (Streichert and Sargent 1992). At this point, 

the thesis was interested in quantifying the amount of non-neuronal acetylcholine and 

determine if the concentration was biologically active.  

 

Due to scent amount of literature for quantifying acetylcholine and variability between their 

methodology, a large proportion of time and effort was devoted to developing an effective 

HILIC-MS/MS standard operating protocol (SOP) at the BCRE, for the purpose of quantifying 

non-neuronal acetylcholine in media cultured in human colonic tissue. After a year of method 

development (Chapter 5.2) and validation (Chapter 5.3), an operating HILIC-MS/MS SOP was 

ready. Using this SOP (Chapter 5.4), an average of 70 nM of acetylcholine was quantified from 

media that been cultured in colonic crypts isolated from ten patients (N=10) (Table 16). Media 

that had been cultured in organoids yielded no quantifiable amount of acetylcholine, which 

supports the absence of ChAT gene and protein expression in organoids (Chapter 3). This 

concentration of acetylcholine was shown to be biologically relevant, as it was capable of 

capable of inducing Ca2+-signals in crypts loaded with Fura-2 and could be inhibited by 

atropine (Figure 105). This thesis then attempted to induce greater synthesis and secretion of 

acetylcholine using propionate (2 mM), a SCFA. While propionate did increase the amount of 

acetylcholine quantified in the culture media (Figure 102) and per crypt (Figure 104), this 
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difference was not significant. Longer propionate incubation may be the solution, however 

the culture system currently does not favour ChAT cells after long-term culture. Besides 

propionate, crypts were once incubated with quinine – a bitter tastant – due to studies 

showing bitter substances promoting acetylcholine biosynthesis and secretion (Deckmann, et 

al., 2014) and (Saunders, Christensen, Finger, & Tizzano, 2014). No differences were found 

(data not shown). Future studies should first optimise the culture conditions to ensure ChAT 

cells are retained in organoids after long-term. After that, experiments can be designed to 

promote or inhibit ChAT expression in tuft or enteroendocrine cells, after which the 

developed HILIC-MS/MS SOP can be used to compare changes in secreted acetylcholine 

concentrations. Finally, the means by which the colonic epithelium acquires choline or 

secretes acetylcholine is currently unknown, since CHT1 and vAChT are absent in tuft cells 

(Schütz, et al., 2019). Elucidating this would be a matter of interest for future studies (Figure 

162). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 162 – Proposed Sources of Non-Neuronal Acetylcholine. 

Scanning electron micrographs of mouse colonic epithelium illustrating colonic crypts (A), adapted 

from (McCartney, Gleeson, & Brayden, 2016). Typical organisation of epithelial cells within a colonic 

crypt (B), adapted from (Barker, 2013). Proposed biosynthesis and secretion of non-neuronal 

acetylcholine by tuft and enteroendocrine cells (C), including unknown (?) mechanisms of acquiring 

choline and secreting acetylcholine. 

(?) (?) 
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8.4 Physiological Consequences of Mobilising Intracellular Ca2+ 
Having characterised the Ca2+-signalling toolkit components in the human colonic epithelium 

(Chapter 3), elucidated the muscarinic and purinergic Ca2+-signalling pathways (Chapter 4), 

and determined the relevance of non-neuronal acetylcholine as a muscarinic receptor agonist 

(Chapter 5), this thesis then investigated the physiological consequences of mobilizing 

intracellular Ca2+ in the context of mucus and fluid secretion, followed by proliferation. 

 

8.4.1 Mucus Secretion 

The colonic epithelial barrier physically and chemically inhibits the infiltration of pathogens 

and toxins (Chelakkot, Ghim, & Ryu, 2018). Two means by which it performs that function is 

secreting mucus and fluid into basal luminal space. The colon has two mucus layers, a 

stratified adherent inner mucus layer and a loosely adhesive outer mucus layer (Figure 5). 

Under homeostatic conditions, the colonic epithelium secretes mucus and fluid at a baseline 

level to maintain the mucus layers’ composition and physicochemical properties such as: pore 

size, viscoelasticity, pH, and ionic strength (Leal, Smyth, & Ghosh, 2018). This not only serves 

to maintain sterility of the epithelial layer, it also protects the stem cell niche from harmful 

pathogens or toxins. However, mucus secretion can also occur via compound exocytosis in 

response to mucus barrier compromise (Pickett & Edwardson, 2006), whereby mucus 

granules undergo vesicle-to-vesicle fusion before fusing with the plasma membrane and 

releasing their contents en masse. Two colonic epithelial cell types which this thesis propose 

are responsible for mucus secretion are goblet cells and deep crypt secretory (DCS) cells. Both 

goblet cells and DCS cells are known to express MUC2 (Rothenberg, et al., 2012). One physical 

difference between goblet cells and DCS cells was their morphology (Figure 52B); goblet cells 

are goblet-shaped, while DCS cells are slender-shaped. Interestingly, these slender MUC2-

labelled DCS cells co-labelled with TPC1 (Figure 38B), which raises the possibility that they 

respond to cholinergic muscarinic receptor activation by secreting mucus. The mucus 

depletion assays (Chapter 6.2.1) confirmed that mucus secretion induced by cholinergic 

muscarinic receptor activation (CCh 10 µM) was driven by intracellular Ca2+ signalling. 

Specifically, release of localised Ca2+-signals from endolysosomal TPCs – followed by global 

Ca2+-signals from endoplasmic reticular IP3R3 and RYRs – were required for mucus secretion 

(Figure 108-14). However, mucus secretion induced by cholinergic muscarinic receptor 

activation requires the initial localised Ca2+-signals from endolysosomal stores, as raising the 

cytoplasmic [Ca2+] by emptying the endoplasmic reticular stores using CPA (20 µM) was 

unable to evoke mucus secretion (Figure 114A-B). Purinergic receptor activation using UTP 

(50 µM) was also demonstrated to induce mucus secretion (Figure 114C) and should be 

expanded upon in future studies. Future studies should also explore whether generating 

intracellular Ca2+-signals by other means (Piezo, TCAs) also induces mucus secretion, and 

whether mucus secretion was affected by other antagonist used in this thesis (Table 8). 

 

Future studies should aim to characterise DCS cells to better understand their roles in 

maintaining the stem cell zone. One marker which this thesis propose labels DCS cells is 
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WFDC2, a bioactive molecule that has been described to maintain sterility of the inner mucus 

layer by inhibiting serine and cysteine proteases (Chhikara, et al., 2012) and (Parikh, et al., 

2019), thereby preventing premature conversion of the inner mucus layer to the outer layer. 

WFDC2 has also been shown to be a selective bactericide (O'Sullivan, Gilmer, & Medina, 

2015). In this thesis, WFDC2 consistently co-labels with slender MUC2+ cells at the base of 

crypts (Figure 52A) and are also expressed in organoids (data not shown). This supports the 

thesis’s theory of the existence of two colonic epithelial cell types (goblet cells and DCS cells) 

whose overlapping roles are to secrete mucus. Based on the labelling patterns, goblet cells 

(goblet-shaped, MUC2+) are expressed throughout the crypt, while DCS cells (slender-shaped, 

MUC2+, WFDC2+) are expressed within the stem cell zone in close proximity to ISCs. Both 

these cells secrete mucus to maintain epithelial barrier integrity; DCS cells in particular 

protects the stem cell zone. Whether they are directly activated by cholinergic/purinergic 

stimulation or rely on second messengers from neighbouring cells via gap junctions, remains 

unknown and should be investigated in future studies. The use of single cells (Figure 106) 

demonstrated the potential of using single goblet/DCS cells to investigate whether excitation-

induced mucus secretion relies on neighbouring epithelial cells (possibly via gap junctions) or 

not. Future work could also investigate the regulatory mechanisms of WFDC2, and the 

consequences of impaired synthesis/secretion of this bioactive molecule.  

 

While pharmacological inhibition of TPCs/IP3Rs/RYRs provided insights as to the Ca2+-

signalling pathway required for mucus secretion, the mechanisms between intracellular Ca2+ 

signals and mucus secretion were not explored in this thesis. Even so, conjectures can be 

made using other studies. Both baseline and compound mucus secretions are regulated by 

SNARE proteins, which form SNARE complexes to regulate fusion and exocytosis (Südhof & 

Rothman, 2009). Syt2 has been shown to be Ca2+-dependent and serves as a critical sensor of 

stimulated mucin secretion (Adler, Tuvim, & Dickey, 2013). Another protein, KChiP3, is a RYR-

dependent Ca2+-binder that is expressed on mucus granules and prevents mucus exocytosis 

during low intracellular Ca2+ oscillations (Cantero-Recasens, et al. 2018). During increased Ca2+ 

oscillations or KChiP3 depletion, mucin hypersecretion was observed. Conversely, 

overexpressing KChiP3 resulted in reduced Ca2+-sensing and inhibited baseline secretion. 

Future studies should investigate whether the proposed mechanism indeed occurs in colonic 

tissues (Figure 163). The use of lipophilic fluorescent dyes (FM1-43, FM1-43X and Deep Red) 

allowed the visualisation of compound exocytosis in the form of ‘bubbles’ which formed from 

the apical membranes of crypts and organoids following CCh-stimulation (Chapter 6.2.2). 

FM1-43 and Deep Red allowed live visualisation of ‘bubbles’ being secreted into the lumen 

and expanding before being flushed away. The synthesis, packaging, and release of mucins is 

pH and Ca2+-dependent (Ambort, et al., 2012); low pH and high [Ca2+] are needed for mucins 

to be packed within secretory granules. Upon release, mucin unfolds and expands up to 

1,000-fold in volume (Round, et al., 2012). The observation of these ‘bubbles’ raises the 

possibility that they contain tightly packed mucus which, upon secretion into the lumen, is 

exposed to conditions which results in unfolding and expansion. Whether this is the case of 

not, would be a matter of great interest in future studies. 
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Figure 163 – Proposed Mechanism of Cholinergic-Induced Mucus Secretion. 

Neuronal (cholinergic neurons) and non-neuronal (enteroendocrine and tuft cells) acetylcholine binds 

with muscarinic receptors and activates a signalling pathway that results in NAADP production 

mediated by CD38 (1). NAADP activates TPCs and induces the release of endolysosomal Ca2+ (2). This 

local Ca2+ signal induces CICR from endoplasmic reticular IP3Rs and RYRs (3). Elevated levels of 

intracellular Ca2+ are sensed by KChiP3 (4), which allows mucus membrane SNARE proteins (Syt and 

Vamp) to form SNARE complexes on the plasma membrane which results in membrane fusion and the 

release of mucus into the lumen (5) where it unfolds and expands. Figure adapted from (Pelaez-

Llaneza 2019) 



 
 

 
287 

 

8.4.2 Fluid Secretion 

Besides mucus secretion, fluid secretion was also investigated following the mobilization of 

intracellular Ca2+. During experiments involving crypts and organoids loaded with FM1-43 or 

Deep Red, CCh-stimulation consistently caused luminal swelling and shrinkage of apical-basal 

membrane thickness, which indicated fluid secretion accompanying mucus secretion. The 

secretion of fluids by the intestinal epithelium serves to flush the lumen of pathogens/toxins, 

and hydrates mucus to allow proper unfolding and expansion. Epithelial fluid secretion is 

regulated by the secretions of anions (e.g. Cl-, HCO3
-) into the lumen, which establishes a 

negative electrical driving force for trans-epithelial Na+ secretion via paracellular pathways 

and generating the osmotic driving force for water flow (Frizzell & Hanrahan, 2012). In the 

colonic epithelium, uptake of Na+, K+ and Cl- is mediated by NKCC1 co-transporter located on 

the basolateral membranes (Bachmann, et al. 2003). On the apical membrane, CFTR channels 

regulate the movement of Cl- and HCO3
- into the lumen (Greger 2000), which drives the 

movement of water by osmosis. Previous work by the Williams group have shown NKCC1 to 

be regulated by intracellular Ca2+ (Reynolds, Parris, et al. 2007), confirmed the presence of 

NKCC1 and CFTR in colonic goblet cells and conducted preliminary studies showing that 

muscarinic-coupled Ca2+ signals are capable of inducing secretion of fluid into the lumen 

(Pelaez-Llaneza 2019). This thesis expanded on those works by considering which Ca2+-

signalling toolkit components were essential to fluid secretion (Chapter 6.2.3). 

 

Using colonic organoids, CCh-induced muscarinic receptor activation was shown to increase 

in organoid cross-sectional area fold change compared to control (Figure 127-32), which was 

proposed to be fluid secretion in combination with mucus secretion/expansion. Inhibiting 

TPCs using Ned-19 (500 μM) and tetrandrine (20 μM), IP3R1 using 2-APB (100 μM), RYR1/3 

using dantrolene (50 μM), and non-specific RYR antagonist procaine (1 mM); abolished the 

increase in organoid cross-sectional area fold change. This could indicate fluid secretion via 

NKCC1 and CFTR being dependent on overall increase in cytoplasmic [Ca2+], rather than a 

specific pathway. Whether this is true or not should be explored in future studies. Another 

question would be whether the entire colonic epithelium or only specific cell-types are 

capable of fluid secretion; this could be investigated using single cells. Future studies should 

also explore whether generating intracellular Ca2+-signals by other means (Piezo, TCAs, CPA) 

also induces fluid secretion. Mechanosensory-induced Ca2+-signals would be of particular 

interest, as organoids which were treated with control also swelled – albeit much less (2%) 

compared to CCh-induced (14-34%). It would be of interest to know whether this was due to 

mechanosensory stimulation or merely baseline secretion. Finally, fluid secretion can also be 

explored when exposed to other antagonists used in this thesis (Table 8). 
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8.4.3. Cell Proliferation 

The third physiological consequences of mobilizing intracellular Ca2+ that was explored in this 

thesis, was cell proliferation. In 2016, Deng and colleagues identified Ca2+ signals as a central 

regulator of ISC activity in Drosophila (Deng, Gerencser and Jasper 2016), whereby activation 

of certain GPCRs by dietary L-Glu recruited Gaq and resulted in changes in ISC cytosolic Ca2+ 

oscillations which promoted ISC proliferation. When they knocked down STIM/SERCA/PMCA 

or over-expressed STIM-Orai/IP3R, they observed sustained elevation of cytosolic [Ca2+] and 

increased ISC proliferation rates. They then showed that calcineurin (CaN) promoted the 

nuclear translocation of CREB regulated transcription co-activator (CRTC) to induce ISC 

proliferation; silencing a regulatory subunit of CaN significantly abrogated ISC proliferation, 

while constitutive activation of CRTC was sufficient to induce ISC proliferation independently 

of GPCR-activation or G-protein recruitment or intracellular Ca2 signals. They also explored 

ISC Ca2+ oscillations under other mitogenic conditions such as bacterial infection, Notch signal 

knockdown, and DNA damage. In every case, changes in ISC Ca2+ oscillations were observed 

which led to increased ISC proliferation, and when proliferation subsided these Ca2+ 

oscillations returned to basal states. 

 

The findings of that paper were applied to the human colonic epithelium in this thesis. In the 

case of humans, many studies have shown activation of muscarinic receptors  (Lundgren, 

Jodal, Jansson, Ryberg, & Svensson, 2011), (Muise, Gandotra, Tackett, Bamdad, & Cowles, 

2017) and (Greig, Armenia, & Cowles, 2020). One of the ligands of muscarinic receptors is 

acetylcholine, which activates Wnt signals and promote epithelial stem cell proliferation 

(Hayakawa, et al., 2017). In this thesis, CCh was shown to induce proliferation of colonic 

epithelial cells within the stem cell zone, was attenuated when TPCs were inhibited using Ned-

19 (125 µM) (Figure 133). Subsequent gene regulation as a result of CCh-induced Ca2+-signals 

were not explored in this thesis, but has been explored by other members of the Williams 

group (Pelaez-Llaneza 2019), whereby they identified two transcription factors – YAP1 and 

NFATc3 – to translocated to the nucleus following elevated cytoplasmic Ca2+-levels induced 

by muscarinic receptor activation. Both YAP1 and NFATc3 are known to activate cell 

proliferation in the GI tract (Deng, Gerencser and Jasper 2016). The exact mechanisms by 

which YAP1 and NFATc3 activates cell proliferation will need to be investigated in future 

studies. That said, they are likely mediated by CaN and/or calmodulin, two highly sensitive 

Ca2+-sensing proteins (Figure 164). Calmodulin is known to mediates a variety of cellular 

signalling processes including gene expression (Zhang, et al., 2013). CaN is a serine/threonine 

phosphatase which is activated by increased intracellular [Ca2+] to phosphorylate a range of 

substrates, one of which is NFAT (Park, Yoo, Kim, & Kim, 2020) and is associated with 

metastatic capacity in colon cancer (Tripathi, et al., 2015). Besides that, future studies should 

also investigate whether purinergic receptor activation promotes colonic epithelial 

proliferation, due to studies which indicated ATP-sensitive P2Y receptors (P2Y1/2/4) being 

overexpressed in carcinoma (Coutinho-Silva, et al., 2005), (Nylund, Hultman, Nordgren, & 

Delbro, 2007), and (Kim, et al. 2020).  
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Figure 164 – Proposed Mechanism of Cholinergic-Induced Intestinal Stem Cell Proliferation. 

Acetylcholine activates muscarinic receptors (M3) on the basal membrane, which initiates an 

intracellular signalling pathway resulting in the activation of CD38 and the generation NAADP. NAADP 

induces Ca2+-release from endolysosomes via TPCs, which causes CICR via endoplasmic reticular IP3Rs 

and RYRs. The resulting increase in cytosolic [Ca2+] activates Ca2+-sensors (calmodulin and/or 

calcineurin), which interacts with transcription factors (NFATc3 and YAP1) possibly by 

dephosphorylation. As a result, these transcription factors translocates to the nucleus and promote 

expression of proliferation genes (Lgr5, OLFM4, etc.) 
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8.4.4 Secretion of Gut Hormones and ATP  

One other colonic epithelial physiological function that was briefly touched upon in this thesis 

but not explored in detail, was the secretion of gut hormones – such as GLP1 – by 

enteroendocrine cells. Enteroendocrine cells account for approximately 1% of the intestinal 

epithelium and whose main role is secreting hormones (Worthington, Reimann, & Gribble, 

2017). The effects of these secreted hormones are diverse: appetite control, stimulate or 

inhibit gastric acid release, induction of nutrient transporters and digestive enzymes, 

stimulate or inhibit intestinal motility, triggering emesis and nausea, and release of other 

hormones (insulin, growth hormones). Among the numerous types of enteroendocrine cells, 

enterochromaffin cells and L-cells are more prominent in the lower GI tract (Gunawardene, 

Corfe, & Staton, 2011).  

 

In thesis, the gene expression of proglucagon and neuroendocrine convertase 1 – which are 

related to GLP1 production – was confirmed in human colonic tissue samples, and 

enteroendocrine cells were visualised using CHGA and GLP1 (Chapter 3). CHGA is a marker of 

enterochromaffin cells (Modlin, Kidd, Pfragner, Eick, & Champaneria, 2006) while GLP1 marks 

L-cells and is a gut hormone with a broad range effects (Gribble and Reimann 2019) including 

insulin secretion (Jones, et al. 2018). The actions of GLP1 has been proposed to be mediated 

through activation of GLP1R, a GPCR located on vagal afferent nerve terminals (Dockray 2013) 

which associates with Gαs to generate cAMP (Girada, et al. 2017). A recent paper identified 

ATP to be co-secreted with gut hormones GLP1 and PYY (Lu, et al. 2019), which activated P2Y2 

receptors on afferent neurons and neighbouring enterocytes. They also determined ATP was 

loaded into secretory vesicles via vesicular nucleotide transporter (VNUT) and proposed its 

role was to synergise with the actions of secreted gut hormones. Likewise, gene expression 

of VNUT was confirmed in human colonic tissue samples (Figure 30). Studies have shown that 

the exocytosis of secretory vesicles containing ATP is Ca2+-dependent (Ho, et al. 2015) and 

(Xiong, et al. 2018), although the mechanisms by which Ca2+-signals promotes ATP vesicle 

exocytosis remains uncertain. One study highlighted intracellular Ca2+ to be necessary 

(Murana, et al. 2017). Another paper which studied ATP release via connexin channels 

showed that ATP activated P2Y receptors, generated IP3 and induced endoplasmic reticular 

Ca2+ release via IP3R, which promoted further ATP release and induced paracrine signalling in 

neighbouring epithelial cells (Ceriani, Pozzan and Mammano 2016).  

 

Considering these papers, it is possible that the intracellular Ca2+ signalling toolkit 

components explored in this thesis could also regulate the secretion of ATP and/or gut 

hormone by enteroendocrine cells and should be explored in the future. If ATP and/or gut 

hormone is indeed regulated by intracellular Ca2+ signals, it adds another cellular process 

which Ca2+ can regulate to mediate different physiological functions. 
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8.5 Implications for Colorectal Cancer 
Colorectal cancer (CRC) is a major burden on global health. It is the fourth most-common 

cancer and the third most-common cause of cancer-related mortality in the world (Figure 3) 

(Rawla, Sunkara, & Barsouk, 2019) and (Cancer Research UK, 2020). CRC is a complex disease 

whose development and progression relies on several genetic and molecular alterations 

(Chapter 7.1) (Kuipers, et al. 2016). CRC initiates from colonic epithelial cells progressively 

accumulating genetic and epigenetic alterations that activate oncogenes and inactivate 

tumour suppressor genes, leading to the loss of genomic and/or epigenomic stability and the 

development of early neoplastic lesions (Grady and Carethers 2008) and (Colussi, et al. 2013). 

This further accelerates the accumulations of mutations and epigenetic alterations in tumour 

suppressor genes and oncogenes, which drives the transformation of colon cells into highly 

proliferative cells that are aggressively malignant. Ca2+ signalling has a complex role on the 

development and progression of CRC (Wang, et al. 2019). In this thesis, the gene expression 

of muscarinic and purinergic Ca2+-signalling toolkit components in tumour versus normal 

colonic tissue was compared in order to identify whether these pathways are altered in 

tumour human tissue to favour tumorigenesis. Protein expression was also compared and 

found to be expressed similar between tumour and normal colonic tissue 

 

8.5.1 Altered Ca2+ Signalling Toolkit Gene Expression and Pharmacology in CRC 

On the GPCR level, changes in certain muscarinic receptors (M1-5) and metabotropic P2Y 

receptors have been implicated in CRC (von Rosenvinge and Raufman 2011) and (Bellefeuille, 

Molle and Gendron 2019). M3 in particular is associated with CRC, with studies showing its 

activation by various agonists including CCh and bile acids promoting proliferation in human 

colon cancer cells (Frucht, et al. 1999), (Yang and Frucht 2000) and (Cheng, Chen, et al. 2002). 

In this thesis, M3 gene expression was higher in tumour mucosa and tumour crypts compared 

to normal mucosa and normal crypts (Figure 138), which compliments those studies. P2Y1 

and P2Y2 receptors have also been associated with CRC as an oncogene, with studies showing 

their expression being increased in human CRC compared to normal colonic tissue (Coutinho-

Silva, et al., 2005) and (Nylund, Hultman, Nordgren, & Delbro, 2007). The opposite was 

observed in this thesis; P2Y1 and P2Y2 expression was reduced in tumour colon tissue samples 

compared to normal colon tissue samples (Figure 139). This implicates the involvement of M3 

in the development and progression of CRC. 

 

Acetylcholine is a ligand for muscarinic receptors. Studies have shown aberrant acetylcholine 

secretion by neuronal and non-neuronal sources altering intracellular Ca2+ signalling and 

promoting CRC (Cheng, et al., 2008), (Beckmann and Lips 2013) and (Hayakawa, et al., 2017). 

In the colonic epithelium, Tuft cells are known to synthesize and secrete acetylcholine (Pan, 

Zhang, Shao, & Huang, 2020) which this thesis has confirmed by the visualisation of ChAT co-

labelling with Tuft cell markers (Figure 53). Due to this, this thesis hypothesized that aberrant 

acetylcholine release would lead to dysregulated Ca2+-signalling which leads to enhanced 

expression of proliferative genes. Unfortunately, ChAT expression was lower in tumour 
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mucosa compared to normal mucosa and non-existent in tumour crypts and tumoroids 

(Figure 140). This may be due to patients undergoing chemo/radiotherapy prior to surgery, 

or due to culture conditions not favouring Tuft cell differentiation. On the flipside, gene 

expression for VNUT – which is involved in the loading of ATP into secretory vesicles – was 

consistently increased in tumour colon tissue sample compared to normal (Figure 141). A 

recent study showed that endogenous release of ATP promoted growth and invasion of breast 

cancer via purinergic receptor activation (Kim, et al. 2020). They also showed highly 

metastatic cells releasing more ATP and exhibiting greater P2Y2 receptor activity compared 

to lowly metastatic cells. ATP has also been shown to induce acetylcholine secretion in 

olfactory epithelial cells (Fu, Ogura, Luo, & Lin, 2018). Thus, tumour colon tissue may secrete 

ATP – as well as acetylcholine – to promote tumorigenesis via dysregulated Ca2+-signalling 

and possibly by inducing acetylcholine secretion from Tuft cells. 

 

Remodelling of store-operated Ca2+ entry (SOCE) through the partial depletion of the 

endoplasmic reticular Ca2+ stores is another characteristic of CRC. Receptors which enable 

depletion of the endoplasmic reticulum Ca2+ store include IP3Rs and RYRs. IP3R3 in particular 

are associated with decreased 5-year survival chances, possibly by conferring a survival 

advantage in CRC by inhibiting apoptosis (Shibao, et al., 2010). A gene transcriptomic analysis 

study also found IP3R3 to be absent from normal cells but expressed in cancer cells (Pérez-

Riesgo, et al., 2017). In this thesis, IP3R3 was shown to be present in both tumour (Figure 134) 

and normal colon tissue samples (Figure 23). Rather than increased, its expression was 

decreased in tumour compared to normal colon tissue samples, while the opposite – 

increased gene expression – was shown for IP3R1 and IP3R2. As for RYRs, a study showed that 

mutations in the RYR2 gene was common in colon carcinoma (Wolff, et al. 2018) and another 

study found RYR2 gene expression to be upregulated by over 40 times (Davis, et al. 2013). In 

this thesis, RYR2 was consistently higher in every tumour colon tissue sample compared to 

normal. Taken together, IP3R1, IP3R2 and RYR2 may be involved in the development and 

progression CRC. 

 

Another Ca2+ store whose depletion has been associated with CRC are endolysosomes, which 

release Ca2+ by several channels including TPCS (Figure 17B). TPCs have also been studied 

extensively in the context of CRC (Alharbi & Parrington, 2019). NAADP-mediated TPC1 

lysosomal Ca2+ release had been shown to trigger ERK and the PI3K/AKT signalling pathways 

to promote proliferation (Faris, et al., 2019), and in human breast cancer cell lines the 

expression of TPC1 transcripts is three to eight times higher than TPC2 transcripts (Brailoiu, 

et al., 2009). In this thesis, the gene expression of TPC1 and TPC2 did not differ by much 

between tumour and normal colon tissue samples (Figure 136). This would imply TPCs not 

being involved in the development and progression CRC. 
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8.5.2 Altered Ca2+ Signalling Pharmacology in CRC 

Having characterised the differences in Ca2+ signalling toolkit gene expression between 

tumour and normal colonic tissues, Fura-2 Ca2+ experiments were carried out to determine 

whether the pharmacology of tumour colonic tissues was different compared to normal 

colonic tissues. Tumour colon tissues that were stimulated with CCh were more sensitive to 

TPC-inhibition using Ned-19 (250-500 µM) and tetrandrine (20 µM) (Figure 148-9) and RYR 

inhibition using procaine (1 mM) and dantrolene (50 µM) (Figure 154-55). The increased 

sensitivity of tumour colonic tissues to TPC-inhibition (despite similar TPC gene expression) 

was an interesting finding and should be investigated in future studies. One explanation could 

be TPC protein misfolding or modifications or turnover being enhanced in tumoroids 

compared to organoids, making them more sensitive to pharmacological inhibition (Chen, et 

al. 2017) and (Ly, et al. 2018). The increased sensitivity of tumour colonic tissues to RYR-

inhibition (in conjunction with increased gene expression of RYR2) would suggest RYRs being 

essential for generating intracellular Ca2+ signals within cancer cells. 

 

In addition to changes in pharmacology sensitivity, changes in Fura-2 ratio amplitude induced 

by CCh (10 µM) and UTP (50 µM) between tumour and normal colonic tissues gave insights 

into their Ca2+-signalling status. While CCh and UTP-induced Fura-2 ratio amplitude increase 

were similar between normal crypts and tumour crypts (Figure 156A), they were significantly 

different between organoids and tumoroids (Figure 156B). Compared to organoids, 

tumoroids were consistently more sensitive to UTP (50 µM) and less sensitive to CCh (10 µM). 

The physiological relevance of these changes in sensitivity against muscarinic/purinergic 

receptor stimulation will need to be investigated in future studies in the form of mucus/fluid 

secretion (Figure 163). Since chronic inflammation such as IBD is a major risk for CRC (Axelrad, 

Lichtiger and Yajnik 2016), one would expect baseline and agonist-induced mucus and fluid 

secretion to be reduced in tumour colonic tissues. 

 

One paradigm is that the cellular origin of most CRCs are ISCs or ISC-like cells which reside 

within the stem cell zone at the base of crypts (Barker, et al., 2009) and (Zeki, Graham and 

Wright 2011). In that paradigm, these cells acquire mutations in oncogenes and tumour 

suppressor genes which leads to the formation of cancer stem cells that initiates and 

maintains tumorigenesis. With that in mind, future studies should investigate whether 

mobilising intracellular Ca2+ from tumour colonic stem cells increases proliferation at a higher 

rate compared to normal colonic stem cells (Figure 164). 
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8.6 Concluding Remarks 
This thesis first identified the gene and protein expression of muscarinic and purinergic 

calcium signalling components in human colonic mucosa, crypts, and organoids. Next, it 

focused on investigating the spatial-temporal status of muscarinic and purinergic Ca2+ signals 

in them human colonic epithelium. A novel HILIC-MS/MS SOP of quantifying low-nanomolar 

concentrations (11.5 nM) of acetylcholine within cultured media was then developed during 

this thesis, which in the future may prove useful in comparing the difference in secreted non-

neuronal acetylcholine by normal versus tumour colonic tissues. This thesis then explored the 

physiological role of Ca2+ signalling induced by muscarinic receptor activation in maintaining 

gut tissue homeostasis in the form of mucus/fluid secretion and proliferation. Finally, this 

thesis investigated the status of Ca2+ signalling in CRC, by comparing the Ca2+-signalling toolkit 

gene expression and pharmacological profiles of tumour versus normal human colonic 

epithelial tissues. 
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