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Abstract

Enteroendocrine L-cells in the intestinal epithelium are central in initiating
communication along the gut-brain axis by the secretion of the anorectic peptide
hormones, Peptide YY (PYY) and Glucagon-like peptide 1 (GLP-1). Clinically, the
action of these hormones has been harnessed and gut peptide hormone analogues
are rising in popularity as anti-obesity therapies. However, there are outstanding
limitations to these pharmacological agents, such as the incidence of associated
gastrointestinal-related side effects and their inconvenient routes of administration.
The G-protein coupled receptor (GPCR) Free fatty acid receptor 2 (FFARZ2) has been
implicated in mediating the release of GLP-1 and PYY in mouse L-cells by binding to
the microbial metabolites, short chain fatty acids (SCFAs). This thesis aimed to
characterise SCFA-activated signalling profiles of FFAR2 in human colonic L-cells,
and the endocrine functions that these pathways underlie. Firstly, novel spatial- and
context-dependent complexities to SCFA-mediated FFAR2 signalling in human L-
cells were uncovered. In addition, the SCFA butyrate exerted prominent transcriptional
and morphological effects of the in human L-cells which were indicative of the
induction of Notch-sensitive enteroendocrine differentiation to a ‘PYY-bias’ phenotype.
By developing a pH-sensitive fluorescent reporter system, this thesis also
demonstrated an upregulatory effect of butyrate on PYY secretion at single-event
resolution. The findings in this thesis also demonstrated a dependence on FFAR2-
mediated activation of Gai signalling in the SCFA-mediated effects on human L-cell
enterohormone profiles and differentiation, and the use of selective receptor agonists
further illuminated the functionalities of the FFAR2-Gai axis in this system. In Notch-
reporter and Lgr5-lineage tracer mouse colonic organoid cultures, butyrate modulated
Notch activity and stem-cell like properties of heterogeneous populations in the
intestinal epithelium. Together, the findings in this thesis uncovered novel effects of
SCFAs and the SCFA-binding GPCR FFAR2 in supporting the nutrient-sensing

functions and differentiation of human colonic L-cells.
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1. Introduction

1.1 Appetite Regulation

1.1.1 Central pathways of appetite regulation

Our feelings of hunger and satiety are orchestrated by complex homeostatic and
hedonistic neuronal circuits that are responsive to organism nutritional and metabolic
status behaviours (Cummings & Overduin, 2007). The vagus nerve, the longest of the
twelve cranial nerves, is a pivotal usher to the extensive neuroendocrine
communicative pathways between the brain and the gastrointestinal (Gl) tract
(Berthoud & Neuhuber, 2000). Vagal sensory neurons densely innervate the mucosal
and submucosal layers of the digestive tract and afferent endings host diverse
repertoires of receptors involved in sensing mechanical and chemical cues associated
with ingestion and digestion (Williams et al., 2016). Such peripheral stimuli are
converted to vagus nerve signals that are primarily received by the nucleus tractus
solitarus (NTS) (Figure 1.1) (Cummings & Overduin, 2007). The NTS ultimately relays
this information to higher forebrain centers where signals are integrated to effect
involuntary and voluntary eating behaviours (Cummings & Overduin, 2007). Briefly,
brain to gut communication is transmitted by efferent fibres of hindbrain neurons, and
links cognitive and emotional centres in the brain to peripheral motor, endocrine and

immune functions in the Gl tract (Carabotti et al., 2015).

The hypothalamus is classically considered the central hub for the CNS-dependent
regulation of energy homeostasis and food intake (EImquist et al., 1999). In numerous
pioneering studies, a variety of aberrant and contrasting bodyweight and feeding
phenotypes were observed by lesions affecting specific hypothalamic nuclei (Elmquist
et al., 1999). Amongst these nuclei, the arcuate nucleus (ARC) in particular, exerts
executive effects on satiety and hunger via the action of two functionally antagonistic
neuronal populations in the central melanocortin pathway (Timper & Brining, 2017)
(Figure 1.1). Activation of the anorexigenic pro-opiomelanocortin (POMC) and
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cocaine-and-amphetamine-regulated transcript (CART) -expressing (POMC/CART)
neurons or orexigenic agouti-related peptide (AgRP)-expressing and neuropeptide Y
(NPY) -expressing neurons, identified as AQRP/NPY neurons, stimulates a decrease

or an increase in food intake (Balthasar et al., 2005; Gropp et al., 2005).

Following nutrient ingestion, POMC/CART neurons are stimulated and the POMC
precursor polypeptide is cleaved to a-melanocyte stimulating hormone (a-MSH). a-
MSH activates melanocortin 3 and 4 (MCR3/4) receptors on second-order neurons,
particularly neurons in the paraventricular nucleus (PVN) but also in the dorsomedial
hypothalamus (DMH), the lateral hypothalamus (LH) and the ventromedial
hypothalamus (VMH) (Figure 1.1) (Millington, 2007). Importantly, several loss-of-
function variants of human MCR4 are associated with higher obesity risk (Wen et al.,
2022; Farooqi et al., 2000). The ARC is proximal to the median eminence (ME), a
circumventricular organ that enables the facilitated diffusion of nutrients and hormonal
signals via fenestrated capillaries and their direct sensing by POMC/CART neurons
(Cone et al., 2001). As such, POMC/CART neurons integrate both peripheral and
central inputs in the post-prandial state to provide an appropriate feedback response.
In contrast, AQRP/NPY neurons are acutely activated by caloric need and promote
food intake by the co-release of NPY and AgRP. NPY stimulates hunger
predominantly by activation of Y1 and Y5 receptors on neurons in the PVN and LH
(Figure 1.1) (Zhang et al., 2011). The neuropeptide AgRP behaves as both an inverse
agonist of MC3/4R, thereby overriding the orexigenic effects of a-MSH, and direct
antagonist of POMC/CART neurons via inhibitory Y-aminobutyric acid (GABA)-ergic
action (Tong et al., 2008; Breit et al., 2006).

There is increasing evidence demonstrating the contribution of dopaminergic reward-
related circuitry to the hedonic control of food intake, particularly in the motivation to
consume ‘hyper-palatable’ foods even after energy requirements have been met (Baik,
2021). Dopaminergic neurons originating in the ventral tegmental area (VTA) project
onto both mesolimbic and mesocortical pathways, innervating brain regions such as
the nucleus accumbens (NAc) and the prefrontal cortex (PFC) (Baik, 2021). Functional
MRI (fMRI) studies have demonstrated a positive correlation in the postprandial
activation of dopaminergic reward-related regions of the brain and the caloric intake
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of food (De Silva et al., 2012). In addition, given that the activity of this reward circuity
is highly responsive to neuroendocrine modulators of food intake, dopaminergic-
mediated hedonic feeding behaviours might have amplifying or inhibiting effects on

hypothalamic-mediated involuntary feeding behaviours (Baik, 2021; De Silva et al.,
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Figure 1.1 Schematic of central and peripheral pathways of appetite regulation.
Schematic representation of the actions of endocrine and neural pathways along the gut-brain
axis in regulating appetite and energy expenditure. Peripheral organs secrete metabolically
active hormones; ghrelin is derived from the stomach, insulin from the pancreas, leptin from
adipose tissue, and glucagon-like peptide 1 (GLP-1), peptide YY (PYY) and cholecystokinin
(CCK) from the intestine. These hormones interact with their cognate receptors on vagal
afferent nerve endings, which transduces these stimuli to the nucleus of the solitary tract (NTS)

in the hindbrain, which relays these signals to higher brain centres. Some peripheral signals
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such as ghrelin, leptin and insulin are able to cross the blood-brain barrier and directly bind to
receptors on hypothalamic neurons. In the hypothalamus, the arcuate nucleus (ARC) contains
two functionally antagonistic neuronal populations that are central to appetite regulation and
energy homeostasis; cocaine-and-amphetamine-regulated transcript (CART)-expressing
(POMC/CART) neurons and agouti-related peptide (AgRP)-expressing and neuropeptide Y
(NPY) -expressing neurons. These neurons project onto hypothalamic nuclei such as
dorosomedial nucleus of the nucleus (DMH), the ventromedial nucleus of the hypothalamus
(VMH) and the paraventricular nucleus (PVN). POMC/CART produce a-melanocyte
stimulating hormone («-MSH), whereas AgGRP/NPY neurons produce agouti-related peptide
(AgRP) and neuropeptide Y (NPY). Hypothalamic centres integrate signals derived from
POMC/CART and AgRP/NPY neuronal populations to regulate food intake and expenditure.

1.1.2 Peripheral regulation of appetite

Acute and chronic changes in energy balance are conveyed to the aforementioned
central homeostatic apparatuses by the action of peripherally derived peptide
hormones (Figure 1.1) (Cummings & Overduin, 2007). Scattered across the
gastrointestinal epithelium are specialised peptide hormone-secreting cells known as
enteroendocrine cells (EECs). EEC-mediated hormone release is orchestrated by
nutrient-sensing receptors and transporters localised to EEC membrane domains that
are highly responsive to luminal and circulating nutrient stimuli (Latorre et al., 2016).
Outside of the Gl tract, the peptide hormones insulin and leptin, produced by
pancreatic B-cells and adipocytes respectively, relay nutrient-related information to
integrative CNS mechanisms (Wachsmuth, Weninger & Duca, 2022).

1.1.2.1 Insulin

Insulin is a peptide hormone produced from pancreatic B-cells in the islets of
Langerhans, that works in conjunction with glucagon to tightly circulating glucose
levels (Petersen & Shulman, 2018). Following food intake, insulin promotes the uptake
and utilisation of blood glucose into peripheral tissues and inhibits hepatic
gluconeogenesis (Petersen & Shulman, 2018). Moreover, multiple lines of evidence
from mice and non-human primates demonstrated that insulin is able to promote

satiety by crossing the blood-brain barrier (BBB) and influencing central feeding
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neurocircuitry (Woods et al., 1979; Scherer et al., 2021). The insulin receptor (IR) is
widely distributed across neuronal and non-neuronal populations in the mammalian
brain, and the specific ablation of IR in the brain of mice has promoted overeating and
the development of obesity in parallel with systemic insulin resistance (Bruning et al.,
2000; Scherer, Sakamoto & Buettner, 2021; Schulingkamp et al., 2000). Insulin
receptor signalling in mice hypothalamic astrocytes has been shown to link glucose
uptake in the CNS with systemic glucose homeostasis in vivo (Garcia-Caceres et al.,
2016). Neuroimaging techniques have related impaired insulin signalling i.e. insulin
resistance in the brain to contribute to the pathophysiology of obesity and type 2
diabetes (T2D) as well as in cognitive disturbances (Kullmann et al., 2016).

1.1.2.2 Leptin

Leptin is an adipocyte-derived hormone encoded by a gene named obese (ob), owing
to its relevance to long-term body weight regulation (Zhang et al., 1994). Leptin is
primarily secreted by white adipose tissue and behaves as a peripheral reporter of
body fat status to central melanocortin pathways (Elias et al., 1999). Serum levels of
leptin are positively correlated with adipocyte size and lipid content, constructing an
important negative feedback mechanism between food intake and body mass
(Obradovic et al., 2021). The leptin receptor (LEPR) is expressed POMC hypothalamic
neurons, and its activation by leptin leads to the inhibition of AgRP circuitry, inducing
satiety (Elias et al., 1999). Numerous mutations in both leptin and LEPR have been
associated with hyperphagia and clinical phenotypes of early-onset obesity (Pigeyre
et al., 2016; Clément et al., 1998).

1.1.2.3 Ghrelin

Ghrelin is a peptide hormone secreted by the gastric EEC subtype known as P/D1
cells (equivalent to X/A-like cells in rats) that stimulates hunger and the release of
growth hormone (Muller et al., 2015). P/D1 cells are found largely in the fundus of the
stomach and produce ghrelin under conditions associated with negative energy
balance i.e in the fasting or long-term calorie restriction (Inui et al., 2004). Ghrelin
crosses the BBB and primarily activates hypothalamic AQRP/NPY neurons which
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express its cognate receptor, Growth Hormone Secretagogue Receptor (GHS-R) (Sun
etal., 2004). In humans, intravenous ghrelin administration has previously been shown
to increase hunger by influencing the responsiveness of hypothalamic regions as well
as extra-hypothalamic reward circuitry (Muller et al., 2015). Ghrelin levels are inversely
proportional to BMI and obesity is associated with both reduced ghrelin levels and
impaired AQRP/NPY neuron responses to ghrelin in humans and mice (Cui, Lopez &
Rahmouni, 2017). Interestingly, CNS-mediated ghrelin resistance has also been
observed in eating disorders, as ghrelin-brain activity relationships have been shown
to be dampened in in patients with anorexia nervosa despite high circulating ghrelin
levels (Muller et al., 2015). The preproghrelin gene from which ghrelin is derived,
additionally encodes for the peptide obestatin (Muller et al., 2015). Obestatin has been
implicated as the antagonistic ‘sibling’ of ghrelin, with in vivo rodent studies reporting
suppressive effects of obestatin on appetite and weight gain (Villarreal et al., 2022).
However, much is yet to be understood about the function of obestatin in humans.

1.1.2.4 CCK

Cholecystokinin (CCK) is secreted by the EEC I-cell subtype that line the mucosa of
the duodenum and jejunum, as well as central and peripheral neurons (Liddle, 1997;
Buffa et al., 1976). Circulating CCK levels are rapidly increased within 15 minutes after
a meal and can remain elevated for up to 5 hours, with the primary stimulators of CCK
secretion being the digested products of dietary fat and protein (Chaudhri, Small &
Bloom, 2006). CCK acts acutely to suppress appetite a postprandially by the activation
of POMC/CART hypothalamic circuitry, relying on its paracrine interactions with CCK
receptors on vagal afferent fibres in the small intestine in addition to direct activation
of CCK receptors in the brain (Raybould, 2007). CCK activation of peripheral vagal
afferents has also been coupled to the discharge of vagal efferent fibres and enteric
neurons that regulate digestive processes in the gut (Sternini et al., 1999). In both
humans and rodents, CCK has been shown to regulate digestion by stimulating
contractions of the pyloric sphincter, as well as the production of hepatic bile and

pancreatic hydrolases (Chaudhri, Small & Bloom, 2006).
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1.1.2.5 Proglucagon-derived peptides: GLP-1

GLP-1 is a peptide hormone secreted by the EEC L-cell subtype in the ileum and colon
(Spreckley & Murphy, 2015). GLP-1 is encoded by the preproglucagon (GCG) gene,
and GCG-expressing L-cells density increases distally along the gut and are most
abundant in ileum and the proximal colon (Larsson et al, 1975; Bryant et al, 1983;
Eissele et al, 1992; Gribble & Reimann, 2019; Burclaff et al., 2022). Within intestinal
L-cells, post-translationally processing of the proglucagon peptide by prohormone
convertase 1/3 (PC1/3) liberates GLP-1, oxyntomodulin (OXM), glucagon-like peptide
2 (GLP-2), and glicentin. L-cell mediated secretion of GLP-1 is stimulated in response
to feeding in a biphasic pattern of release: the first peak appears within 10 to 15
minutes after eating, and the latter and larger peak occurs at 90-120 mins (Mdller et
al., 2019).

A predominant role of GLP-1 is as an incretin, augmenting pancreatic secretion of
insulin postprandially via its cognate GLP receptor (GLP-R) on 3-cells (Mojsov et al.,
1987; Holst et al., 1987). GLP-1 also improves postprandial glucose responses by
inhibition of gastric emptying and motility, thereby decelerating the rate at which blood
glucose enters the circulation (Mdller et al., 2019).

GLP1-R is also expressed on vagal afferent neurons (VANs) that terminate in
proximity to L-cells in the lamina propria of the gut mucosa, and knockdown of VAN-
specific GLP-R in vivo has been shown to disrupt the satiating effects of peripherally
administered GLP-1 (Krieger et al., 2016). In addition, extensive in vivo studies
employing pharmacological and genetic manipulations of neuronal populations in the
mouse brain have shown GLP-1 to promote satiety by the activation of both
anorexigenic hypothalamic POMC/CART circuitry and mesolimbic reward centres
(Trapp & Brierley, 2022). GLP-1R expression in the brain spans across multiple
hypothalamic regions including the PVN, the DMH, and the AN and is highly conserved
between rodents and primates (Merchenthaler et al., 1999; Heppner et al., 2015).
GLP-1R activity in the brain has also been implicated in important neuroprotective
pathways in mouse models of Parkinson’s and Alzheimer’s disease, including
enhancing learning and memory by stimulating hippocampal synaptic plasticity,
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promoting neurogenesis and survival, and attenuating neuroinflammation (Diz-Chaves
et al., 2022).

However, L-cell derived GLP-1 is unlikely to exert profound effects on brain GLP-1R
activity independent of vagus activation due to the rapid degradation of GLP-1 in the
circulation by the ubiquitous blood-borne enzyme dipeptidyl-peptidase 4 (DPP V)
(Mentlein, 1999). Over half of the secreted GLP-1 pool is degraded before it reaches
the hepatic portal vein, and less than 20% exits the liver (Mentlein, 1999). As early as
1988, GLP-1 was shown to be synthesised in the CNS itself, deriving from
preproglucagon (PPG) neurons located mainly in the NTS of the brainstem (Jin et al.,
1988; Williams, 2022). Although PPG axons innervate hypothalamic feeding centres,
ablation of NTS-PGG neurons in the mice brain has been shown to significantly affect
the regulation of food intake and blood glucose only during psychogenic stress and
large meals, but not under physiological conditions (Holt et al., 2019). As such, the
activity of brain-derived GLP-1 is suggested to operate secondary to peripheral GLP-
1 in response to food intake but may be important in managing satiety and glycaemic
control in the stressed brain (Holt et al., 2019).

1.1.2.6 Proglucagon-derived peptides: OXM & GLP-2

Apart from GLP-1, the post-translation processing of proglucagon in L-cells by
prohormone convertase (PC 1/3) gives rise to other bioactive products including
oxyntomodulin (OXM) and glucagon-like peptide 2 (GLP-2) (Spreckley & Murphy,
2015).

OXM is secreted in response to nutrient intake and activates both glucagon receptors
(GCGRs) and GLP-1Rs with equal potency (Pocai, 2012). Like GLP-1, OXM has
anorexigenic effects, and administration of OXM has reduced ad libitum caloric intake
of both normal-weight and obese individuals by up to 27% (Cohen et al., 2003; Wynne
et al., 2005). The dual agonism of GCGRs and GLP-1Rs by OXM has stirred
dubiousness in potential GLP-1-like incretin effects, however some studies have
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observed OXM administration to augment insulin secretion in T2D patients (Shankar
et al., 2018).

GLP-2 exerts distinct functions to both GLP-1 and OXM, primarily functioning as an
intestinotrophic factor along crypt-villus axes in the colon (Drucker et al., 1996). GLP-
2 has been shown to support both healthy intestinal barrier function as well as post-
injury repair in vivo by stimulating the proliferation of crypt cells, suppressing
inflammatory cytokine production, enhancing intestinal blood flow, and upregulating
tight-junction proteins (Dong et al., 2014; Guan et al., 2006; Brubaker et al., 1997;
Drucker et al., 1996; Qi et al., 2015). Some lines of in vitro and in vivo evidence
implicate GLP-2 in the regulation of appetite via hypothalamic neurons in mice,
however intravenous GLP-2 has not affected hunger levels in humans (Dalvi &
Belsham, 2012; Dong et al., 2014; Lovshin et al., 2001; Schmidt et al., 2003).

1.1.2.7 PYY

PYY is an anorexigenic hormone secreted largely by enteroendocrine L-cells in the
colonic epithelium, however a fraction of PYY is found in L-cells of the oesophagus,
stomach and small intestine (Karra et al, 2009). PYY secretion is stimulated in
response to food intake, and increases proportionally with caloric load (Adrian et al.,
1985). Circulating PYY levels reaches maximal concentrations post prandially within
60-120 minutes and remains elevated for up to 5 hours (Adrian et al., 1985). PYY, is
part of the structurally related pancreatic polypeptide (PP) family, alongside the
peptides NPY and PP, which exert their biological actions via centrally and peripherally
expressed NPY receptors (Ballantyne, 2006).

PYY circulates in two forms which exert biologically distinct effects on metabolism.
These are PYY (1-36), and a truncated predominant form called PYY (3-36) which is
derived by DPP |V cleavage (Mentlein, 1999). PYY (1-36) targets four NPY receptor
subtypes (Y1, Y2, Y4, Y5), whereas N-terminally truncated PYY(3-36) exhibits high
affinity for the Y2 subtype (Cabrele & Beck-Sickinger, 2000). Peripheral administration
of the PYY(3-36) form to humans has been observed to successfully reduce ad libitum
food and increase satiety in both fasted and postprandial conditions (Batterham et al.,
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2002). fMRI has mapped the satiating effects of PYY(3-36) in humans to neural
activity in homeostatic hypothalamic areas, as well as mescorticolimbic reward centres
(Batterham et al., 2007). Peripheral PYY crosses the BBB, and PYY-mediated
activation of central Y2 receptors (Y2R) in the arcuate nucleus as well as vagal Y2Rs
in the periphery have been linked to observed reductions in feeding (Koda et al., 2005;
Nonaka et al., 2003). Interestingly, the anorexigenic effects of PYY(3-36) in rodents
have been mechanistically associated with the inhibition of hypothalamic AQRP/NPY
neurons, rather than the activation of POMC/CART circuitry (Su et al., 2017; Acuna-
Goycolea & van den Pol, 2005).

Evidence of the effects of PYY(1-36) isoform on appetite regulation are sparse.
Intravenous infusions of PYY(1-36) have stimulated some PYY(3-36)-like satiating
effects in rodents, likely due to peripheral DPP IV processing, but no changes from
saline control in humans (Ballantyne, 2006; Sloth et al., 2007). Interestingly, the Y1
receptor has been found expressed on the basolateral surface of crypt stem cells in
the human colon and has been suggested to mediate intestinotrophic effects of PYY
released from neighbouring enteroendocrine cells (Mannon et al., 1999; Wharton et
al., 1993). Notably, PYY(1-36)-mediated activation of the Y1 receptor has been shown
to promote intestinal epithelial proliferation in vitro via coupling to downstream

mitogenic signalling pathways (Mannon & Mele, 2000).

PYY also influences several mechanical and chemical aspects of digestion in the Gl
tract, and this has been linked to its activation of Y-receptors on local enteric neurons
as well as hypothalamic-mediated vagal efferent discharge in vivo (Pironi et al., 1993;
Masuda et al., 1994; Wang et al., 2010). Numerous studies in humans, mice and
canines have demonstrated that PYY inhibits gastrointestinal motility, gastric acid
secretion, and pancreatic enzyme secretion (Ballantyne, 2006; Masuda et al., 1994;
Pironi et al., 1993; Souli et al., 1997; Wang et al., 2010; Wen et al., 1995). As such,
PYY is suggested to contribute to the ‘ileal brake’, a distal-proximal negative feedback
mechanism which acts to delay the transit of a meal through the gut to optimise nutrient
digestion and absorption. (Wen et al., 1995; Pironi et al., 1993).
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1.2 Obesity

1.2.1 The global obesity landscape

Obesity is a complex and multifactorial disease, defined by excessive accumulation of
body fat in adipose tissue that can impair health (WHO, 2021). As obesity has systemic
effects on multiple organ systems, it is unsurprising that an extensive catalogue of
obesity-related co-morbidities poses a major burden to public health and the economy
worldwide (Pi-Sunyer, 1999). Such co-morbidities are leading causes of global
mortality and include T2D, hypertension, dyslipidaemia, chronic kidney disease, and
various types of cancer (Pi-Sunyer, 1999). The last few decades have seen a rapid
escalation in the global prevalence of obese, defined as a body mass index (BMI) of
> 30 kg/m?, and overweight (BMI 25 — 29.9 kg/m?) individuals (WHO, 2000). Trends
across age-standardised mean BMI from 1975 to 2014 worldwide state a ~ 2.5-fold
increase in the prevalence of obese BMIs in the global population, and a BMI
increase/decade of 0.63kg/m? and 0.59 kg/m? for males and females respectively
(NCD-RisC, 2016). As the obesity epidemic continues to grow, it is predicted that over
4 billion people worldwide may be overweight or obese by 2035, and the WHO Global
Noncommunicable Disease (NCD) targets of halting the rise of obesity by 2025 are
unlikely to be met (World Obesity Federation, 2023).

1.2.2 Current and emerging anti-obesity agents

The first-line therapy for obese or overweight individuals is lifestyle modifications, also
known as behavioural weight control, and consists of three main strategies: adherence
to a hypocaloric or normocaloric diet, increased physical activity and cognitive
behavioural therapy (CBT) (Wadden et al., 2012). For individuals who have tried these
lifestyle modifications yet continue to have a BMI 2 30 kg/m? or a BMI 2 27 kg/m?in
the presence of obesity-related condition e.g hypertension, pharmacotherapies are
commonly prescribed. In more severe forms of obesity (BMI = 40 kg/m? or = 35 kg/m?
in the presence of co-morbidity), bariatric surgery remains an effective, although risk-
bearing treatment modality.

32



Currently, a class of medications known as GLP-1 receptor agonists (GLP-1 RAs)
comprise most of the anti-obesity therapeutic landscape (Gores & Rickwood, 2024).
GLP-1 RAs harness the incretin and anorectic effects of endogenous GLP-1 by
similarly binding to and activating GLP-1 receptors situated in metabolically active
tissues in the periphery, as well as in central appetite circuits (Drucker, 2018). After
primarily being approved as T2D medications, the weight loss reduction efficacy of
these agents gained clinical interest soon after (Drucker, 2018). The first GLP-1 RA
to be approved for a weight-loss indication in the UK was liraglutide, sold under the
name Saxenda, followed by semaglutide, sold under the name Wegovy (Davies et al.,
2015; Lexchin & Mintzes, 2023; Wadden et al., 2013). GLP-1 RAs continue to be a
crucial backbone of the pipeline for anti-obesity pharmacotherapies. Assets currently
in development include oral GLP-1 RAs (compared to current agents that require
subcutaneous administration) and combination treatments of GLP-1 RA with
analogues of other entero-pancreatic hormones such as GIP and PYY (Melson et al.,
2024). The PYY analogue NNC0165-1875 has recently entered phase Il trial testing
in combination with semaglutide (ClinicalTrials.gov, 2018). In addition, the PYY
analogue Y-14 has successfully passed phase | testing for use as a weight loss
monotherapy (Tan et al., 2021). The development of dual-action agonists which
simultaneously target multiple pathways e.g. tirzepatide (GLP-1/GIP RA), sold under
the name Mounjaro, have further improved the weight-loss reduction efficacy of
conventional GLP-1 RAs and are gaining popularity (Jastreboff et al., 2022; Melson et
al., 2024). Earlier this year, an additional indication of Wegovy in the reduction of
cardiovascular risk associated with obesity was approved in the U.S (Lincoff et al.,
2023).

Combination therapies of GLP-1 RA agents with non-entero-pancreatic peptide
hormone analogue partners, such as human monoclonal antibody bimagrumab, are
currently in developmental stages (Melson et al., 2024). Bimagrumab binds to type |l
activin receptors on skeletal muscle; in combination with semaglutide, treatment with
bimagrumab has successfully achieved significant fat loss whilst promoting increased
lean muscle mass in overweight and obese patients (Nunn et al., 2024). Beyond
targeting gut peptide hormone axes, data from pre-clinical studies suggests an anti-
obesity effect of activating brown adipose tissue (BAT); BAT specialises in expending
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energy via the uncoupling of respiration and heat production, whereas its counterpart,
white adipose tissue (WAT), functions in storing excess energy (Liu et al., 2023). A
number of small-molecule agents which elevate the thermogenic activity of BAT have
exhibited anti-obesity benefits in mouse models (Lu et al., 2020). By using
CRISPR/Cas9-editing technology, scientists from the Harvard Stem Cell Institute have
engineered human white preadipocytes with thermogenic functionalities of brown fat-
like adipocytes by boosting the expression of uncoupling protein 1 (UCP1);
transplantation of these ‘HUMBLE’ (human brown-like) cells into obese mice have
successfully significantly improved biomarkers of metabolism and blood glucose, and
suppressed weight gain (Wang et al., 2020). The application of this approach in
humans, whereby a small set of a patient’'s white adipocytes are removed, ‘UCP1-
boosted’” and returned to the body, warrants further study; success of this treatment
might pave the way for the development of novel cell therapies in the anti-obesity
landscape.

1.3 The Gut Microbiota & Short Chain Fatty Acids

1.3.1 The gut microbiome

The human Gl tract is inhabited by a diverse repertoire of bacteria, archaea, eukarya
and viruses, collectively defined as the microbiota, which engage in dynamic and
influential symbiotic relationships with the host (Ursell et al., 2012). The number of
microbes colonising the human Gl tract is estimated to exceed 10" and encompasses
over 2000 species that are predominated by four bacterial phyla: Firmicutes,
Bacteroidetes, Proteobacteria and Actinobacteria (Hugon et al., 2015). Advancements
in high-throughput metagenomic sequencing have established a catalogue of over 3
million genes in human gut microbial communities, many of which pertain to the
production of microbiota-derived metabolites (Qin et al., 2010). Equipped with an
arsenal of unique enzymes that are not encoded by the human genome, the gut
microbiota substantially contributes to host metabolism, via the de novo synthesis of
bioactive molecules, as well as the metabolism of dietary-derived macronutrients and
micronutrients (Cryan et al., 2019). Many gut bacterial metabolites activate nutrient-

sensing EECs, which initiates communication to central homeostatic centres via
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neural, endocrine and immune pathways; as such, the concept of a gut-microbiome-

brain axis exists (Martin et al., 2018).

1.3.2 The production of Short Chain Fatty Acids

Bacteria in the flora of the large intestine ferment carbohydrates that are resistant to
digestion in the upper gut, yielding a major class of microbial metabolites known as
short chain fatty acids (SCFAs) (Cummings & Macfarlane, 1997). Such non-digestible
carbohydrates (NDCs) include non-starch polysaccharides abundant in plant-derived
foods, such as cellulose, fructans and B-glucans, and are comprised of 10 or more
monomeric units interlinked in complex ways by glycosidic linkages (Cummings &
Stephen, 2007). Other NDC substrates for microbial fermentation include resistant
starch and shorter non-a glucan oligosaccharides such as raffinose and stachyose
(Cummings & Stephen, 2007). The production profile of SCFAs varies with
physiochemical properties of different NDCs reaching the colon, including chain length
and branching, monosaccharide composition, and glycosidic bond position (Harris,
Edwards & Morrison, 2017).

SCFAs are carboxylic acids comprising of aliphatic chains of 6 or less carbons. The
most abundant SCFAs are acetate, propionate and butyrate which contain 2, 3 or 4
carbons respectively. Humans lack the appropriate glycosidic hydrolases to release
oligosaccharides and monosaccharides from NDCs (Popoola-Akinola, Raji &
Olawoye, 2022). Instead, NDCs enter the caecum and colon where they are
processed by a large repertoire of carbohydrate-degrading enzymes encoded by the
microbiome, to oligosaccharides and then 5- or 6-carbon monosaccharides
(Cummings, 1981). The main precursor for SCFAs, pyruvate, is subsequently
produced from pentoses via the pentose phosphate pathway, and from hexose and
deoxy-hexoses via glycolysis (Cummings, 1981).

Acetate is a ubiquitous end-product of both anaerobic fermentation and the reductive

Wood-Ljungdahl pathway across gut bacterial genera, achieving the highest
concentration amongst the SCFAs in the intestinal lumen (Louis & Flint, 2017). In
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contrast, the production of propionate and butyrate are substrate- and species-
specific. Two pathways are largely responsible for the production of propionate via
anaerobic bacterial fermentation. The succinate pathway is used by Bacteroidetes and
the Negativicutes class of Firmicutes (Reichardt et al., 2014). The propanediol
pathway is utilised by the Lachnospiraceae family of Firmicutes, producing propionate
from the deoxy sugars rhamnose and fucose (Reichardt et al., 2014). Butyrate
production is largely carried out by colonic Firmicutes bacteria and is mediated by two
key enzymes, butyryl CoA:acetate CoA transferase and butyrate kinase (Louis & Flint,
2017). The majority of butyrogenic bacteria use the former pathway, such as members
of the Ruminococcaceae and Lachnospiraceae families, whereas the Clostridiaceae
family use the latter (Louis et al., 2004). Although NDCs are the predominant substrate
for SCFA production, acetate, propionate and butyrate are also formed via the
bacterial fermentation of amino acids by both saccharolytic and asaccharolytic species
(Smith & Macfarlane, 1997).

1.3.3 The functions of SCFAs

Acetate, propionate and butyrate exist in a molar ratio of 60:20:20 respectively and
decrease in abundance along the length of the large intestine (Cummings et al., 1987).
Total SCFA concentration reaches 70-140mM in the proximal colon, and drops to 20-
70 mM in the distal colon, with fluctuations subject to total dietary fibre intake(s) as
well as the types of fibres consumed (Topping & Clifton, 2001).

Following their production, SCFAs can beneficially interact with the local intestinal
environment. SCFAs may be absorbed in the intestine via passive diffusion, however
uptake is greatly enhanced by solute transporters such as the proton-coupled
monocarboxylate transporters (MCT1) and sodium-coupled monocarboxylate
transporter (SMCT1) (Den Besten et al., 2013). Butyrate is extensively used as an
energy source in colonocytes, undergoing -oxidation in the mitochondria to Acetyl-
CoA which subsequently enters the Krebs cycle (Donohoe et al., 2011). In addition,
SCFAs affect immunity, metabolic responses and differentiation in the intestinal milieu
by modulating cellular epigenetic states (Krautkramer et al., 2016). SCFAs act as
mediators of gene expression via two routes, by the inhibition of histone deacetylases
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(HDACs), and by contribution to the production of the histone acetyltransferases
(HATs) substrate acetyl-CoA (Donohoe et al., 2012; Sealy & Chalkley, 1978).
Alternatively, SCFAs can function as signalling molecules via activation of the nutrient-
sensing G-protein coupled receptors (GPCR) free fatty acid receptor 2
(FFAR2/GPRA43) or free fatty acid receptor 3 (FFAR3/GPR41) expressed on intestinal
epithelial and immune cells (Kimura et al., 2020). Butyrate is also an agonist of the
GPCR hydroxycarboxylic acid receptor 2 (HCAR2/GPR109A) on intestinal epithelial
cells (Thangaraju et al., 2009). Recent studies have uncovered the expression of two
other SCFA-binding receptors in the intestinal epithelium: the olfactory GPCRs
OR51E1 and OR51E2 (Dinsart et al., 2023; Fleischer et al., 2015; Han et al., 2018;
Nishida et al., 2021) .The leftover pool of butyrate and propionate that is unutilised by
metabolism in colonocytes are shuttled to the liver via the portal circulation and supply
gluconeogenic and lipogenic pathways (Schonfeld & Wojtczak, 2016). Although
SCFAs further reach the systemic circulation and other tissues in only micromolar
quantities, their systemic functions hold high importance to human health and disease

(Cummings et al., 1987).

1.1 G-protein coupled receptors

1.3.4 An overview of G-protein coupled receptors (GPCRSs)

G-protein coupled receptors (GPCRs) are the largest family of cell surface receptors
encoded by the human genome, constituting over 800 genes (Yang et al., 2021).
GPCRs bind to a broad repertoire of endogenous ligands including hormones,
neurotransmitters, chemokines, odors, nutrients and metabolites and mediate a
preponderance of physiological processes (Foster et al., 2019). By recruiting G
proteins, B-arrestins or other downstream effectors, GPCRs are able to transduce
such extracellular cue, within milliseconds to hours, into diverse intracellular
responses (Wootten et al., 2018). GPCRs have been implicated in a number of
diseases such as obesity, T2D, cancer, and Alzheimer’s disease, and are currently
the targets of approximately 34% of FDA-approved drugs (Majumdar et al., 2024).
However, a considerable proportion of human GPCRs are still considered orphan

receptors because their endogenous ligands remain unknown; the application of
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experimental high-throughput screening tools such as PRESTO-TANGO and
TRUPATH, coupled with increasingly advancing structure-based computational
methods, will undoubtedly continue to advance efforts in uncovering the druggable
human GPCRome (Kroeze et al., 2015; Olsen et al., 2020; Szwabowski, Baker &
Parrill, 2023).

1.3.5 GPCR Classification & Structure

All GPCRs share a common architecture consisting of an extracellular N-terminus, 7
transmembrane (TM) helices (TM1-TM7) linked by 3 intracellular loops (ICL1-ICL3)
and 3 extracellular loops (ECL1-ECL3), and an intracellular C-terminus (Figure 1.2)
(Filipek et al., 2003).
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Figure 1.2 Schematic of the simplified structure of a GPCR. (A) The characteristic 7
transmembrane helices of a GPCR are indicated in blue (TM1-7) in addition to the 3
intracellular loops (ICL1-3) and 3 extracellular loops (ECL1-3) by which they are connected.
The N- (NH2) and C- (COOH) termini are also indicated. (B) The characteristic topology of a

GPCR at the plasma membrane.

Mammalian GPCRs can be grouped into classes based on phylogenetic analysis; A
(rhodopsin), B (secretin and adhesion), C (glutamate), F (frizzled), and T (Taste 2)
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(Hauser et al., 2021). Two other, albeit smaller, classes of GPCRs exist in non-
vertebrates; Class D is comprised of fungal pheromone mating receptors, and Class
E is comprised of cyclic AMP (cAMP) receptors that mediate chemotactic signalling in
slime molds (Prabhu & Eichinger, 2006; Brown et al., 2018). Class A represents the
largest and most widely studied class of GPCRs, and the first crystal structure of a
GPCR was that of the archetypal class A member rhodopsin in the year 2000
(Palczewski et al., 2000). Since then, the structural determination of GPCRs has
massively thrived, particularly accelerated by the advent of cryo-electron microscopy
(cryo-EM), with a total of 243 unique structures having been published on the Protein
Data Bank as of 2023 (Cheng et al., 2023).

1.3.6 G-protein dependent signalling pathways

Heteromeric guanine-binding proteins, known as G-proteins, are the eponymous
coupling partners of GPCRs that mediate intracellular signal transmission (Bokoch et
al., 1983). The G-protein is composed of a, B, and Y subunits, of which 3 and Y form
a stable dimer which can be regarded as one functional unit (GRY) (Syrovatkina et al.,
2016). The human genome encodes 16 Ga subunits which are grouped into four
subfamilies by their downstream signalling properties: Gai, Gaqg/11, Gas, and
Ga12/13 (Downes & Gautam, 1999). The biological activity of G-proteins is
determined by the nucleotide to which the Ga subunit is bound (Figure 1.3). In the
absence of a signal, Ga is bound to guanosine diphosphate (GDP); upon GPCR-ligand
association, the GDP molecule bound to Ga is exchanged for guanosine trisphosphate
(GTP) causing the G-protein to split into two parts, GBY and GTP-bound Ga
(Syrovatkina et al., 2016). Both the GBY dimer and GTP-bound Ga can subsequently
bind with membrane effector proteins such as enzymes and ion channels, initiating
unique signalling cascades (Syrovatkina et al., 2016). Moreover, the majority of
GPCRs can couple to more than one type of Ga subunit, endowing an inherent
pleiotropy in the physiological responses driven by a single GPCR (Masuho et al.,
2023).

Typically, Gas proteins activate the enzyme adenylyl cyclase (AC), increasing the

production of the secondary messenger cyclic adenosine monophosphate (cCAMP)
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from ATP (Figure 1.3) (Wettschureck & Offermanns, 2005). The primary effectors that
cAMP activates are cAMP-dependent protein kinase (PKA), which phosphorylates
numerous cytosolic enzyme and nuclear transcription factors, cyclic-nucleotide-gated
(CNG) ion channels, and cAMP-regulated guanine nucleotide exchange factors
(EPAC/cAMP-GEF) (Sassone-Corsi, 2012). In contrast, members of the Gai family
inhibit AC, resulting in a decrease in intracellular cAMP concentrations (Wettschureck
& Offermanns, 2005). Gaqg/11 proteins activate B-type phospholipase C (PLC- B)
which catalyses the hydrolysis of the plasma membrane phospholipid
Phosphatidylinositol 4,5-bisphosphate (PIP2) to inositol triphosphate (IP3) and
diacylglycerol (DAG) (Figure 1.3) (Wettschureck & Offermanns, 2005). IP3 diffuses
through the cytoplasm to the endoplasmic reticulum, where it binds to and opens IP3-
gated Ca?* channels leading to intracellular calcium flux, and DAG binds to and
activates protein kinase C (PKC) (Wettschureck & Offermanns, 2005). The Ga12/13
family couple GPCRs to the activation of the small monomeric GTPase RhoA by
stimulating the activity of RhoGTPase nucleotide exchange factors (RhoGEFs) (Figure
1.3) (Siehler, 2009). Finally, the GBY dimer, once separated from GTP-bound Ga, also

modulate various cellular signalling effectors; GRY dimers activate proteins at the
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membrane such as Kir3 K* channels, voltage-dependent Ca,2 Ca?* channels, PLCs
and phosphoinositide 3-kinases (PI13Ks), in addition to associating intracellularly with

cytoskeletal elements (Figure 1.3) (Khan et al., 2013; Sierra-Fonseca et al., 2018).
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Figure 1.3 Canonical G-protein-dependent signalling pathways induced by GPCR
activation. Schematic depicting the main intracellular cascades activated by G-proteins
downstream of GPCR activation. Upon ligand binding, GPCRs activate G-protein(s) by
stimulating conversion from a GDP-bound to a GTP-bound state. This nucleotide exchange
causes the Ga subunit to split from the BY subunit, both of which can then activate diverse
signalling pathways. The four major Ga subunit families are Gas, Gai, Gag/11, and Ga12/13.
Gas stimulates the activity of the enzyme adenylyl cyclase (AC) which catalyses the
production of the secondary messenger cyclic adenosine monophosphate (CAMP) from
adenosine triphosphate (ATP). Protein kinase A (PKA) is a downstream effector of CAMP. In
contrast, the Gai subunit inhibits the activity of AC. Ga12/13 subunits are activators of
RhoGTPase nucleotide exchange factors (RhoGEFs) which in turn activate the small
monomeric GTPase RhoA. Gag/11 stimulates the activation of phospholipase C (PLC) which
catalyses the conversion of phospholipid Phosphatidylinositol 4,5-bisphosphate (PIP2) to
inositol triphosphate (IP3) and diacylglycerol (DAG). IP3 binds to and opens IP3-gated calcium
channels on the endoplasmic reticulum, leading to an influx of Ca2+ into the cytoplasm. In
addition, DAG activates protein kinase C (PKC). GBY subunits are able to activate a variety of

downstream efffectors including PLC, phosphoinositide 3-kinases, and ion channels.

1.3.7 GPCR Activation

The orthosteric ligand-binding site is situated within the TM domain of class A GPCRs,
in the extracellular domain of class C GPCRs, and class B and F GPCRs can have
one of the two (Hauser et al., 2021). Upon ligand binding, GPCRs undergo a
conformational transition that funnels through the hydrophobic helical bundle and
promotes a rearrangement of the intracellular C-terminal domain to accommodate
transducer binding (Wingler & Lefkowitz, 2020). Across the GPCR superfamily, this
conformational switch is characterised by a large outward displacement (7-194) and
rotation of the intracellular side of TM6, combined with a smaller movement of TM5
(Hauser et al., 2021). Another integral molecular switch in the activation dynamics of
Class A GPCRs is called the “ionic lock”; this describes a salt bridge formed between
the cytoplasmic domains of TM3 and TM6 that restrains the receptor in its inactive
state, and is broken upon activation (Trzaskowski et al., 2012). Importantly, the

application of spectroscopic and computer simulation techniques have revealed a
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complexity in the conformational landscape of GPCRs that contests a simple binary
transition between inactive and active states (Hilger, 2021; Wingler & Lefkowitz, 2020).

1.3.8 GPCR Desensitisation

Several mechanisms exist to fine-tune the duration of GPCR responses to prevent
overstimulation (Rajagopal & Shenoy, 2018). Upon prolonged exposure to their
activating ligands, GCPRs are absconded from the plasma membrane in a process
known as “desensitisation” (Rajagopal & Shenoy, 2018). Canonically, GPCR
desensitisation has been categorised as homologous or heterologous in its nature;
homologous desensitisation refers to the attenuation of the agonist-specific
responsiveness of a GPCR, whereas heterologous desensitisation refers to the
synergistic loss of responsiveness of the agonist-activated GPCR as well as
heterologous GPCRs subtypes that are activated by unrelated ligands (Bunemann &
Hosey, 1999). Pioneering studies on GPCR desensitisation focused on 2AR and
uncovered a critical role of receptor phosphorylation in both homologous and
heterogeneous mechanisms (Sibley et al., 1984; Stadel et al., 1983; Sibley et al.,
1985; Stadel et al., 1983). Heterologous desensitisation is mediated not at the level of
the GPCR itself, but rather via activation of secondary messenger kinases
downstream of another GPCR, and promotes G-protein uncoupling and/or receptor
internalisation (Rajagopal & Shenoy, 2018). For example, persistent activation of
B2AR has stimulated the desensitisation of members of the muscarinic acetylcholine
receptor family (mAChRs) by activation of protein kinase A, and sphingosine 1-
phosphate S1P1 receptor (S1P1R) activation has induced desensitisation of the a-1B
(ADRA1B) adrenergic receptor via PI3K and PKC activation (Pera & Penn, 2014; Lee
& Fraser, 1993; Castillo-Badillo et al., 2012).

In homologous desensitisation, the agonist-occupied GPCR becomes a substrate for
G protein-coupled receptor kinases (GRKs), which phosphorylate serine and
threonines on ICL3 or the C-terminus of the receptor (Figure 1.4) (Kelly, Bailey &
Henderson, 2008). These phosphorylated residues are docking sites for a family of
proteins called arrestins, which bind to the receptor and precludes further coupling to
G-proteins (Kelly et al., 2008). There are four mammalian members of the arrestin
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family which fall into two categories; two members are visual arrestins (arrestin-1 and
arrestin-4), which exclusively quench the activity of light-transducing opsins, and two
members are B-arrestins (arrestin-2/B-arrestin-1 and arrestin-3/p3-arrestin-2), which act
on a wide range of GPCRs outside the retina (Gurevich et al., 1995). In addition,
arrestins effectively bind key components of endocytic machinery including clathrin
and its adaptor AP-2, thereby promoting rapid receptor internalisation via clathrin-
coated pits (Figure 1.4) (Goodman et al., 1996; Laporte et al., 1999). Clathrin-coated
pits undergo scission from the membrane by the GTPase dynamin, thereby forming
clathrin-coated vesicles that can traffic their receptor cargo to diverse intracellular
locations (Traub, 2009). Beyond this canonical mechanism, there is evidence for a
number of clathrin-independent endocytic routes undertaken by specific GPCRs
including endothelin receptor type A, the M2 mAChR and the 31-adrenergic receptor
(B1AR) (Delaney et al., 2002; Okamoto et al., 2000; Boucrot et al., 2015). Importantly,
the internalisation of GPCRs is not exclusively an agonist-dependent phenomenon,
and some GPCRs are endocytosed in the absence of agonist known as “constitutive”
internalisation (Hendrik Schmidt et al., 2020; Mgller et al., 2024; Mohammad et al.,
2007; Wolfe, Marchese & Trejo, 2007; Stanasila et al., 2008).

1.3.9 Intracellular trafficking of GPCRs

The early endosome (EE) is the prominent platform in mediating the sorting of GPCRs
between lysosomes for degradation, or to the plasma membrane to be recycled
(Figure 1.4) (Hanyaloglu & Von Zastrow, 2008). The trafficking itinerary of GPCRs is
largely dictated by the presence of motifs on intracellular loops or the C-terminal tail
which engage key sorting proteins in endosomes (Hanyaloglu & Von Zastrow, 2008).
Endo-lysosomal sorting necessitates the covalent attachment of ubiquitin to
cytoplasmic lysine residues on target GPCRs via the sequential action of three
enzymes: ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), and
ubiquitin-protein ligase (E3) (Hanyaloglu & Von Zastrow, 2008). Ubiquitinated GPCRs
are recognised and bound to by protein complexes that contain Ubiqutin-interating
motifs (UIMs) such as the Hrs/STAM complex, GGA3 and the TOM1/Tollip complex
(Piper & Luzio, 2007). Subsequently, ubiquitinated cargo are transferred to the
endosomal sorting complexes required for sorting machinery (ESCRT), which drives
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their internalisation into small intraluminal vesicles of maturing multivesicular bodies
(MVBs) (Piper & Luzio, 2007). Mature MVBs ultimately fuse with lysosomes, initiating
the degradation of their sequestered contents by acidic hydrolases (Dores & Trejo,
2019). In contrast, C-terminal cis-acting sorting sequences known as PDZ ligands
typically direct post-endocytic trafficking of GPCRs to the plasma membrane for
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recycling via binding to PDZ proteins such as SNX27 and Na*/H* exchange regulatory
factor 1 (NHERF-1) (Romero, von Zastrow & Friedman, 2011). Importantly, this
sequence-directed pathway is mechanistically distinct from GPCR recycling that
occurs in the absence of sorting signals and by bulk membrane flow, known as
“‘default” recycling (Hanyaloglu & von Zastrow, 2007; Puthenveedu et al., 2010;
Tanowitz & von Zastrow, 2003).

Figure 1.4 Schematic of the canonical life-cycle of a GPCR. GPCRs typically undergo
sequential activation, desensitisation and intracellular trafficking towards lysosomal
degradation or recycling to the plasma membrane. Following ligand binding and activation of
their respective G-protein coupled pathways, GPCR signals are eventually “switched off” by

desensitisation. In homologous desensitisation, GPCRs are phosphorylated at their
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intracellular domain by GPCR kinases (GRK). These newly phosphorylated hubs attract the
binding of B-arrestins (B-ARR) to the receptor. B-ARRs can engage key machinery of clathrin-
mediated endocytosis and facilitate receptor internalisation. The primary sorting platform of
endocytosed GPCRs is the early endosome, from which receptors can be recycled back to
the plasma membrane via recycling endosomes or targeted to multi-vesicular bodies which
eventually fuse with lysosomes and stimulate receptor degradation. Internalised GPCRs may
also activate B-arrestin- or G-protein-dependent responses from intracellular compartments

such as the early endosome.

1.3.10 GPCR signalling at the endomembrane

The canonical plasma membrane-centric views of GPCR activation have long since
been revised, as a variety of subcellular compartments to which GPCRs traffic also
serve as dynamic sites for physiologically unique signalling responses (Thomsen et
al., 2018). Initially, endosomal-based signalling of GPCRs was proposed to engage
discrete molecular machinery, such as mitogen-activated protein kinases (MAPK) and
Src-family kinases, and G-protein activation remained exclusive to the plasma
membrane (von Zastrow & Sorkin, 2007; Sorkin & von Zastrow, 2002). Subsequently,
seminal studies on the parathyroid hormone receptor (PTHR), the thyroid stimulating
hormone receptor (TSHR) and the vasopressin type 2 receptor (V2R) evidenced the
activation of prolonged Gas-mediated cAMP responses protein from endosomes that
outlived transient signalling from the plasma membrane (Calebiro et al., 20009;
Feinstein et al., 2011; Ferrandon et al., 2009; Wehbi et al., 2013; Feinstein et al.,
2013). Concomitantly, this paradigm of endosomal cAMP signalling was extended to
the activation of persistent Gai responses by S1P1R (Mullershausen et al., 2009).
Several GPCRs have also been reported to activate sustained Gag-mediated
responses from endosomes such as the neurokinin 1 receptor (NK1R) and the
calcitonin gene-related peptide (CGRP) receptor and the proteinase-activated (PAR2)
receptor (Yarwood et al., 2017; Jensen et al., 2017; Gorvin et al., 2018).

Alongside instructing the spatial distribution of GPCRs along the endocytic pathway,

B-arrestins are at the crux of endowing temporal pleiotropy in GPCR signalling
(Irannejad et al., 2013; Thomsen et al., 2016; Cahill et al., 2017). Importantly, GPCRs
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can be characterised based on the nature of their interaction with B-arrestins, which
can be transient, termed ‘class A’ GPCRs including B2AR, or of a higher affinity,
termed ‘class B GPCRs which includes PTHR, TSHR and V2R (Oakley et al., 1999).
As such, Class A GPCRs dissociate quickly following their internalisation, and are
recycled back to the plasma membrane, whereas Class B GPCRs complexes with 3-
arrestin reside in endosomes for longer and favour a second wave of G-protein
signalling (Thomsen et al., 2016; Cahill et al., 2017). Contradictory to B-arrestin-
mediated obstruction of receptor G-protein binding sites in the traditional models of
GPCR signalling, Thomsen et al., revealed the formation of complexes composed of
internalised class B receptor, G-protein and B-arrestin, termed “megaplexes”.
Championed by the recently resolved cryo-EM structure, the megaplex architecture
necessitates a unique “tail” conformation in which B-arrestin is primarily bound to
phosphorylated hubs on the C-terminal receptor tail thereby leaving the receptor
internal cavity available for G-protein coupling (Nguyen & Lefkowitz, 2021). Moreover,
the binding pattern of B-arrestin to class B GPCRs elicits unique functional outcomes;
the “tail” conformation mediates sustained G-protein endosomal signalling responses
but not receptor desensitisation, which instead relies on the fully engaged “core”
conformation consisting of a dual interaction between B-arrestin and the receptor C-
terminus, as well as the core (Cahill et al., 2017).

In contrast, endosomal Gas-mediated cAMP responses of class A GPCRs occur
following the dissociation of (B-arrestins, and are distinct from sustained class B by
their rapid onset within minutes of agonist addition and transient nature (Kotowski et
al., 2011; Irannejad et al., 2013). Interestingly, the vasoactive intestinal peptide
receptor 1 (VIPR1) has been recently demonstrated to engage in a third mode of
endosomal GPCR signalling in which both receptor internalisation and endosomal Gas
activation can proceed in a fully B-arrestin-independent manner (Blythe & von Zastrow,
2023).

The use of fluorescent and bioluminescent biosensors has provided immense
spatiotemporal resolution in characterising the real-time activation of GPCRs from
subcellular compartments in live cells (Demby & Zaccolo, 2024). In particular, EEs
have been shown to host an abundance of GPCR signalling responses which
modulate crucial physiological and pathophysiological cellular outcomes. These
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include the sustained activation of Gas (PTHR, GLP-1R), Gai (u- and §-opioid
receptors (MORs and DORs)) and Gaq (V2R, calcium sensing receptor (CaSR), as
well as the acute activation of Gas (B2AR) (Wright et al., 2023; Stoeber et al., 2018;
Ferrandon et al., 2009; Gorvin et al., 2018; Daly et al., 2023; Irannejad et al., 2013).
Notably, pioneering studies by the Hanyaloglu lab have extensively characterised a
endosomal compartment distinct from the EEs known as very early endosomes
(VEESs), which are host to the endosomal Gas responses of the luteinising hormone
receptor (LHR), the follicle-stimulating hormone receptor (FSHR) and B1AR (Sposini
et al., 2020, 2017; Jean-Alphonse et al., 2014). VEEs which is a third of the size
(400nm-500nm) of EEs (1200nm-1400nm), and are devoid of classical EE markers
such as Rab5 and the early endosome autoantigen 1 (EEA1) (Jean-Alphonse et al.,
2014). A subpopulation of VEEs are marked by the presence of Adaptor protein,
Phosphotyrosine interacting with Pleckstrin homology Domain and Leucine Zipper 1
(APPL1), which mediates the rapid recycling of receptor-containing VEEs back to the
plasma membrane, and additionally functions as a negative regulator of endosomal

Gas signalling (Sposini et al., 2017).

Aside from endosomes, a number GPCRs have been found to signal from diverse
subcellular organelles including the endoplasmic reticulum, the Golgi Apparatus, the
mitochondria, and the nucleus (Barrios-Rodiles et al., 2005; O’'Malley et al., 2003;
Valdehita et al., 2010; Hebert-Chatelain et al., 2016; Purgert et al., 2014; Wright et al.,
2023; Godbole et al., 2017; Irannejad et al., 2017; Nash et al., 2019). Signalling by
GPCREs localised to nuclear membranes include Gas-mediated cAMP production by
VIPRs, and the opening of nuclear IP3-gated Ca?* channels via activation of Gaq by
metabotropic glutamate (mGlu5) receptors (O’'Malley et al., 2003; Valdehita et al.,
2010).Gas is also recruited and activated at the Golgi Apparatus by internalised
receptors that have been retrogradely shuttled from endosomes (Godbole et al., 2017,
Wright et al., 2023). Nevertheless, pre-existing Golgi-resident 31AR populations which
are activated by endogenous catecholamines that gain access to Golgi by passive
diffusion or specialised transporters, are able to activate Gas/cAMP signalling
(Irannejad et al., 2017; Nash et al., 2019).
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1.3.11 Functional diversification by GPCR endosomal signalling

The term “biased agonist” in the field of GPCR biology has widely been used to
describe ligands which upon engaging their cognate receptor, preferentially activate
either G-protein or B-arrestin-mediated downstream signalling (Liu et al., 2015). In the
case of “promiscuous” GPCRs that engage more than one G-protein subtypes, ligand
bias can also distinguish between activation of G-protein families as is the case for
synthetic agonists of FFAR2, V2R, the angiotension Il type | (AT1R) and prostaglandin
F2a (FP) receptor (Bolognini et al., 2016; Heydenreich et al., 2022; Priyadarshini et
al., 2015; Sedki et al., 2022). However, an additional layer of complexity to the
functional selectivity of GPCR ligands is the capability to activate signalling from
specific subcellular compartments (Klauer, Willette & Tsvetanova, 2024). Importantly,
the spatial compartmentalisation of GPCR signalling encodes significant specificity
and diversity in downstream cellular responses (Caengprasath & Hanyaloglu, 2019;
Sposini & Hanyaloglu, 2017; West & Hanyaloglu, 2015; Klauer, Willette & Tsvetanova,
2024; Thomsen et al., 2018).

Two structurally-related endogenous ligands of the PTHR, PTH and Parathyroid-
hormone related peptide (PTHRP) exemplify spatial bias; PTH is able to activate
PTHR/Gas signalling from the plasma membrane as well as a second wave of
prolonged endosomal signalling, whereas PTHRP-mediated PTHR/Gas signalling is
restricted to the plasma membrane (Ferrandon et al., 2009). Effective regulation of
blood Ca?* levels and vitamin D production by the PTHR requires sustained
endosomal cAMP production and explains ligand-specific differences in clinical
outcomes from earlier human studies (Horwitz et al., 2005; Ferrandon et al., 2009;
White et al., 2021). Notably, the development of an optogenetic strategy, utilising the
transgenic expression of a bacteria-derived photoactivatable-adenylyl cyclase (pPAC)
fused to organelle-specific targeting motifs, illustrates the importance of the subcellular
location of Gas signalling in dictating an extensive breadth of downstream cAMP-
mediated effects on the cellular transcriptome and phosphoproteome (Tsvetanova &
von Zastrow, 2014; Tsvetanova et al., 2021).
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In addition, endosomal signalling by a number GPCRs has been linked to the control
pathophysiological processes and may be leveraged for the development of more
precise and effective drugs (Thomsen et al., 2018; Klauer et al., 2024; Sposini &
Hanyaloglu, 2017). In particular, the sustained endosomal signalling responses of
PAR2 and NK1R have been implicated in the persistent hyperexcitability of
nociceptors that underlies chronic pain (Latorre et al., 2022; Jimenez-Vargas et al.,
2018; Jensen et al., 2017). Specific blockade of these receptors in endosomes,
achieved by antagonist conjugation to membrane lipid anchors or encapsulation into
pH-responsive nanoparticles, has provided effective pain relief in vivo (Jensen et al.,
2017; Jimenez-Vargas et al., 2018; Hegron et al., 2023; Jiménez-Vargas et al., 2022;
Jimenez-Vargas et al., 2020; Latorre et al., 2022). In contrast, endosomally targeted
agonists of the anti-noicieptive d-opioid receptor promotes sustained analgesia in
mouse models of colitis (Jimenez-Vargas et al., 2020).

1.4 Free Fatty Acid Receptor 2 & 3

1.4.1 The Free Fatty Acid Receptor family

The free fatty acid receptor (FFAR) family of GPCRs consists of members that have
been deorphanised as being activated by endogenous free fatty acids, and includes
FFAR1-FFARA4.(Briscoe et al., 2003; Brown et al., 2003; Hirasawa et al., 2005; Le
Poul et al., 2003). In humans, FFAR2 and FFAR3 are clustered with free fatty acid
receptor 1 (FFAR1 / GPR40) at chromosomal locus 19q13.1 and share between 30-
40% sequency identity amongst them. In contrast free fatty acid receptor 4 (FFAR4 /
GPR120) resides separately on chromosome 10 and exhibits very low sequence
similarity to other FFAR family members (Le Poul et al., 2003; Watson et al., 2012).
Moreover, primates possess a tandem segmented duplication of the open reading
frame (ORF) of FFAR3, known as GPR42 in humans (Sawzdargo et al., 1997). The
original classification of GPR42 as a pseudogene has since been questioned,
following evidence of human GPR42 functionality in heterologous expression systems
(Puhl et al., 2015).
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FFAR1 and FFAR4 are activated by both medium chain fatty acids (MCFAs) and long
chain fatty acids (LCFAs), which contain 7-12 carbons and =13 carbon chains
respectively (Briscoe et al., 2003; Hirasawa et al., 2005). FFAR1 and FFAR4
recognise a broad spectrum of both saturated and unsaturated fatty acids, derived
from either dietary fats or de novo synthesis in the liver. FFAR2 and FFARS3 are
endogenously activated by SCFAs produced by the gut microbiota (Le Poul et al.,
2003; Brown et al., 2003). Apart from SCFAs, the nutrient-sensing repertoire of
FFAR2/3 has more recently been reported to include a class of hepatic metabolites
known as ketone bodies (Kimura et al., 2011; Miyamoto et al., 2019; Martensson et
al., 2023). Ketogenesis is upregulated in response to low blood glucose levels, such
as during low-carbohydrate diets, starvation or untreated type | diabetes, to provide
an alternative energy source for tissues (Veech et al., 2001). Under such conditions,
fatty acids are mobilised from adipose tissue and serve as the primary substrates for
ketogenesis in the mitochondria of hepatocytes (Veech et al., 2001). Two primary
ketone bodies, acetoacetate and B-OHB, have been shown to modulate the activity of
FFARZ2 and FFARS respectively in both in vitro and in vivo studies (Kimura et al., 2011;
Miyamoto et al., 2019; Martensson et al., 2023; Gruter et al., 2023).

FFAR1-4 exhibit functionalities that are therapeutically relevant to diverse facets of
metabolism and inflammation, which are reflected in their tissue-specific expression

patterns.

1.4.2 FFAR1

The expression of FFAR1 was first characterised to be abundant in pancreatic islets,
and subsequent studies have demonstrated an enhancement of glucose-stimulated
insulin secretion from pancreatic -cells by LCFAs via activation of FFAR1 (ltoh et al.,
2003; Briscoe et al., 2003). FFAR1 is also expressed on neurons across the CNS and
contributes to monoaminergic neurotransmission systems underlying antinociceptive
and emotional behaviours (Aizawa et al., 2016; Nakamoto et al., 2017). Other sites of
FFAR1 expression include the gastrointestinal tract, where FFAR1 is present on
various enteroendocrine cell types (Edfalk, Steneberg & Edlund, 2008).
Chemosensation of luminal LCFAs by FFAR1 on L, K and | cells has been implicated
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in driving the secretion of GLP-1, GIP and CCK respectively (Edfalk, Steneberg &
Edlund, 2008; Liou et al., 2011). FFAR1 is expressed in the liver, and FFAR1 agonists
have demonstrated hepatoprotective benefits by reducing lipogenesis and fibrosis in
vivo (Pon'kina et al., 2023; Gagnon et al., 2018; Ookawara et al., 2020). FFAR1
expression has been reported in the heart, bone and muscle, though FFAR1
functionality in these tissues warrants further study (Briscoe et al., 2003; Milligan et
al., 2017).

1.4.3 FFAR4

In its initial deorphanisation, FFAR4 was shown to be abundantly expressed in both
human and mice in the large intestine and lungs (Hirasawa et al., 2005). Regarding
the latter, recent in vivo evidence from FFAR4"-mice has illuminated the role of FFAR4
in regulating innate immune cell infiltration, pulmonary barrier integrity and epithelial
dysplasia following immune injury (Sveiven et al., 2023). FFAR4 is expressed on IECs
and all major EEC cell types in both rodent and human gastrointestinal tracts and has
been implicated in mediating lipid-induced GLP-1, CCK and GIP secretion in vivo
(Ghislain & Poitout, 2021). In contrast, small molecule agonists of FFAR4 have
exhibited inhibitory effects on the secretion of ghrelin and SST from gastric EECs in
vitro (Lu, Gribble & Reimann, 2018). Interestingly, transcript levels of FFAR4 have
been observed to positively correlate with obesity-related markers in humans and mice
(Milligan et al., 2017). Moreover, a functionally compromising genetic polymorphism
in FFAR4 has been linked to obesity in a European population (Ichimura et al., 2012)

FFARA4 is also expressed across cells of the innate and adaptive immune system and
has been shown to mediate several anti-inflammatory benefits of poly-unsaturated
omega 3 fatty acids (w-3 PUFAs) (Duah et al., 2023). w-3 PUFA-mediated stimulation
of FFAR4 has ameliorated inflammation in mouse models of high fat diet (HFD)-
induced obesity by reducing adipose tissue macrophage (ATM) infiltration and
inflammatory gene expression (Oh et al, 2014). Supplementation with
docosahexaenoic acid (DHA) has reduced Ilymphocytic infiltration and pro-
inflammatory cytokine production in the colonic mucosa of mice with experimental

colitis, which has been linked to FFAR4-dependent regulation of Nuclear factor kappa-
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light-chain-enhancer of activated B cells (NF-kB) activity (Zhao et al., 2017). Moreover,
inhibition of NF-kB signalling downstream of FFAR4 activation has been shown to
prevent inflammation-driven bone destruction in vivo by suppressing osteoclastic

resorption (Tsuchiya et al., 2020).

1.4.4 FFAR2 & FFAR3

1.4.4.1 Expression & Function

FFAR2 and FFARS3 influence a plethora of unique functions in immunity and

metabolism.

Gl tract

Numerous studies have detected the expression of FFAR2 and FFAR3 has been
detected in GLP-1 and PYY-positive enteroendocrine L-cell populations derived from
rat, mouse and human intestines (Karaki et al., 2006; Karaki et al., 2008; Samuel et
al., 2008; Tazoe et al., 2009; Tolhurst et al., 2012). Both FFAR2 and FFARS3 have
been shown to drive the secretion of GLP-1 and PYY downstream of SCFA
supplementation in vivo (Samuel et al., 2008; Tolhurst et al., 2012; Psichas et al.,
2015). The secretion of both these hormones, along with their associated metabolic
benefits such as protection against HFD-induced obesity and blood glucose control,
are compromised in FFAR2”-and FFAR3" mice (Tolhurst et al., 2012; Bellahcene et
al., 2013; Shimizu et al., 2019). The selective orthosteric FFAR2 agonist Compound 1
(Cpd1) has demonstrated promising metabolic benefit in HFD-induced obese mice,
reducing bodyweight, food intake and Gl motility (Forbes et al, 2015). Interestingly,
Forbes et al (2015) also demonstrated that Cpd1-driven activation of anorexigenic
circuitry in the mouse colonic mucosa was predominantly a PYY-mediated rather than
a GLP-1- or dual hormone-mediated response. By employing the selective FFAR3
agonist AR420625, a further study by this group have identified a PYY-independent

mechanism of FFARS3 agonism in human and mouse colonic mucosae which relies on
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submucosal enteric neuronal activity; their findings discriminate between FFAR2 and
FFARS signalling in being primarily neuronal- and L-cell derived respectively (Tough
et al, 2018).

FFAR2 and FFARS are also expressed on intestinal epithelial cells, and are involved
in mediating critical anti-bacterial immune responses in the colonic mucosa (Kim et
al., 2013) Interestingly, FFAR2 has been associated with the anti-inflammatory effects
of SCFAs in the intestinal epithelium of animal models of inflammatory bowel disease
(IBD), and is also found to be expressed at lower levels in ileal biopsies of patients
with Crohn’s disease (CD), when compared to healthy controls (Maslowski et al., 2009;
Macia et al., 2015; Agus et al., 2016). FFAR2-knockout mice, as well as germ-free
mice which produce little or no SCFAs, display increased inflammation, decreased
colon length and greater morbidity in DSS-induced colitis (Maslowski et al., 2009).
Interestingly, administration of a synthetic allosteric agonist of FFAR2 has decreased
susceptibility to DSS-induced colitis as well as severity of inflammation (Agus et al.,
2016). Previous studies have demonstrated a protective role of FFAR2 in the
suppression of intestinal carcinogenesis in vivo (Tang et al., 2011; Sivaprakasam et
al., 2016). Propionate and butyrate have been reported to exert anti-tumour potential
by inhibiting cell cycle progression and survival via activation of FFAR2 in human
colorectal epithelial cells in vitro (Tang et al., 2011). Moreover, expression of FFAR2
has been found to be significantly downregulated in human colorectal cancer tissue
compared to healthy colonic tissue (Tang et al., 2011).

Aside from the colon, the expression of both FFAR2 and FFAR3 has been detected in
the gastric mucosa; acetate and propionate have been found to inhibit the secretion

of ghrelin from primary gastric EECs ex vivo in and FFAR2- and FFAR3-dependent
manner (Engelstoft et al., 2013).

Nervous system

53



FFARZ2 and FFARS are also expressed across various peripheral afferents that directly
relay gut-derived information to the CNS (Calabro et al., 2023). FFAR2 and FFAR3
expression has been detected in parasympathetic neurons of the nodose ganglion of
mice, and FFAR3 on vagal sensory nerve terminals has been implicated in
establishing a direct link between enteric SCFAs and central control of feeding
behaviours (Cook et al., 2021; Barki et al., 2022). Genetic ablation of vagal FFARS in
mice has disrupted the positive effects of propionate supplementation on suppressing
food intake and weight gain in response to an obesogenic diet (Cook et al., 2021). In
addition, propionate and the ketone body 3-OHB have been shown to directly regulate
activity of the sympathetic nervous system via FFAR3 expressed in super cervical
ganglia (SCG) (Kimura et al., 2011). Interestingly, sympathetic outflow was increased
by propionate-mediated activation of FFAR3, whereas sympathetic depression was
induced by B-OHB antagonism of FFARS3 thereby regulating a protective decrease in
energy expenditure during ketogenesis in starvation and diabetes (Kimura et al.,
2011). Moreover, FFAR3 expression has also been detected within the CNS in the
cerebral endothelium, and there is interest in elucidating the contribution of FFAR3 to
the anti-inflammatory effects of propionate in supporting integrity of the blood-brain
barrier (BBB) (Hoyles et al., 2018).

In the somatic nervous system of mice, FFAR3 has been found to be functionally
expressed on sensory dorsal root neurons and has been suggested to bestow neurons
with anti-oxidative defences that might offer much therapeutic promise in treating
peripheral inflammatory neuropathies (Nghr et al., 2015; Barki et al., 2022; Griter et
al., 2023). Both propionate and B-OHB have exerted neuroprotective effects against
oxidative stress in root ganglia in a FFAR3-dependent manner ex vivo (Gruter et al.,
2023). In addition, transgenic mouse models have established the expression of
FFAR3 on neurons in the submucosal and myenteric plexuses of the enteric nervous
system (Tazoe et al., 2009; Nghr et al., 2013; Barki et al., 2022). Butyrate has been
observed to regulate populations of mouse cholinergic myenteric neurons and
cholinergic-mediated contractile activity of colonic muscle ex vivo, however whether

these effects are FFAR3-dependent warrants further study (Soret et al., 2010).

Pancreatic islets
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Expression of both FFAR2 and FFAR3 has been detected in mouse and human
pancreatic islet B-cells (Tang et al., 2015). Aside from the indirect effects of FFAR2
and FFARS on insulin secretion via the incretin effects of GLP-1, both receptors have
been shown to directly affect insulin release of glucose-stimulated insulin secretion
(GSIS) in mouse and human islets (Oteng & Liu, 2023). SCFA-mediated activation of
FFAR3 has been proposed to mediate an inhibition of insulin secretion, with the
knockdown of FFAR3 in mice potentiating GSIS from mouse islets in vitro
(Priyadarshini & Layden, 2015; Tang et al., 2015). In agreement, improvements in
glucose tolerance in HFD-fed transgenic mice selectively depleted of pancreatic
FFAR3 have been observed (Tang et al., 2015).

SCFA-mediated activation of FFAR2 has been implicating in stimulating GSIS in
mouse and human islets in vitro and ex vivo (McNelis et al., 2015; Pingitore et al.,
2019). In contrast, the synthetic FFAR2 agonists 4-CMTB and TUG-1375 have been
reported to inhibitory GSIS in human pseuodoislet systems (Lorza-Gil et al., 2020).
Forbes et al (2015) have also demonstrated an inhibitory effect of the agonist Cpd1

on glucose tolerance and insulin secretion in lean and HF-DIO mice.

Adipose tissue

Numerous studies demonstrated that FFARZ2 is expressed in both human and mouse
adipose tissue (; Le Poul et al., 2003; Hong et al., 2005; Ge et al., 2008; Zaibi et al.,
2010; Dewulf et al., 2013). Acetate and propionate have exhibited anti-lipolytic activity
on murine adipocytes in vitro which is sensitive to small interfering RNA (siRNA)-
mediated suppression of FFAR2 expression (Hong et al., 2005). Propionate-mediated
activation of FFAR2 has also been shown to suppress adipogenic differentiation of
human mesenchymal stem cells in vitro, however the involvement of FFARZ2 in human
and mice adipogenesis is disputed amongst the conclusions of all studies thus far
(lvan et al., 2017; Al Mahri et al., 2022). Given that the adipose tissue is a critical
regulator of systemic glucose and energy metabolism, it is unsurprising that the
functional significance of adipose FFARZ2 has garnered therapeutic interest in
potentially treating diabetes and obesity (Al Mahri et al., 2022). Interestingly,
contrasting metabolic phenotypes have been observed between FFAR2’ mice and
transgenic mice overexpressing adipose-specific FFAR2 (aP2-Gpr43TG) (Kimura et
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al., 2013a). FFAR2" mice exhibited increased body weights, and enlargement of
adipocytes in WAT under HFD conditions, all of which appeared to be attenuated in
aP2-Gpr43TG littermates (Kimura et al., 2013a). Moreover, activation of FFAR2 by
acetate was shown to functionally supress insulin signalling and thereby energy
uptake in mouse white adipose tissue, ultimately enhancing systemic insulin sensitivity
and energy utilisation by other tissues (Kimura et al., 2013a). Unlike with FFARZ2, it is
debated whether FFARS3 is expressed at significant levels in adipose tissue, although
depletion of FFARS in mice has been observed to compromise SCFA-mediated leptin
production in vitro and in vivo (Brown et al., 2003; Samuel et al., 2008; Zaibi et al.,
2010; Frost et al., 2014; Inoue, Tsujimoto & Kimura, 2014; Al Mahri et al., 2022).

Immune system

The expression of both receptors was first characterised in white blood cells in
humans, and FFAR2 concurrently was shown to encourage neutrophil chemotaxis
following activation acetate or propionate in vitro (Le Poul et al., 2003). FFAR2 has
since been reported to significantly enhance the protective pro-inflammatory
responses of a variety of innate immune cells, and FFAR2-knockout mice have
demonstrated unresolving inflammation in models of asthma, arthritis, and colitis (Z.
Ang et al., 2016; Fachi et al., 2020; Maslowski et al., 2009; Sina et al., 2009).
Moreover, a distinct function of FFARZ2 on anti-inflammatory M2 macrophages in white
adipose tissue has been observed in vivo; FFAR2 activation by acetate stimulating the
induction of M2 tumour necrosis factor-a (TNF-a) signalling, a crucial agency in
supressing fat accumulation and regulating adipose insulin sensitivity (Nakajima, et
al., 2017). In addition, the expression and functionality of FFAR2 and FFAR3 on
various arms of adaptive immune system have been established across
heterogeneous immune niches in transgenic mice (Kimura et al., 2020). Propionate-
mediated activation of FFARZ2 on regulatory T cells (Tregs) populations in the colonic
mucosa, has been shown to enhance the local abundance as well of the anti-
inflammatory functionalities of these protective cells (Smith et al., 2013). Independent
of T cells, activation of FFAR2 by acetate on mouse intestinal dendritic cells has also
been shown to promotes IgA class switching of B cells cultures and IgA production in
vitro (Wu et al., 2017). FFARS3 is abundantly expressed on medullary epithelial cells

(ECs) in the thymus and has been shown to mechanistically link butyrate production
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by maternal microbiomes and the induction of thymic Treg differentiation in offspring

in vivo (Nakajima, et al., 2017).

1.4.4.2 Pharmacology

SCFAs exhibit different potencies on FFAR2 and FFAR3 based on the length of their
carbon chain (Brown et al., 2003; Le Poul et al., 2003; Nilsson et al., 2003). Both
receptors are activated by SCFAs of 1 to 6 carbons in length, most notably acetate
(C2), propionate (C3) and butyrate (C4), in the high micromolar to millimolar range
(Brown et al.,, 2003; Le Poul et al., 2003). Using recombinant cell systems,
deorphanisation studies of FFARZ2 established acetate and propionate to be
equipotent at the human ortholog (hFFAR2), followed by valerate (C5) and formate
(C1) (C2=C3>C4>C5=C1) (Brown et al., 2003; Le Poul et al., 2003; Nilsson et al.,
2003; Milligan, Stoddart & Smith, 2009). In contrast, FFAR3 shows a stronger
response to longer SCFAs, exhibiting a rank order of C3 = C4 = C5 > C2 > C1 was
observed for FFAR3 (Brown et al., 2003; Le Poul et al., 2003; Milligan, Stoddart &
Smith, 2009). That acetate has demonstrated approximately 10 times more potency
at hFFAR2 has prompted its use as an FFAR2-selective SCFA (Milligan et al., 2017).
In addition, the 6-carbon SCFA caproate has been found to exclusively but weakly
activate hFFARS, and not hFFAR2 (Nilsson et al., 2003; Stoddart et al., 2008).

In probing the structure-activity relationships (SARs) of SCFAs at hFFAR2 and
hFFAR3, Stoddart et al., (2008) uncovered four conserved polar residues within their
TM regions that facilitate stabilising charge interactions with SCFA carboxylate
moieties: two arginine residues, one in in TMD V (5.39), and one in TMD VII (7.35),
and two histidine residues, one in TM |V (4.56) and one in VI (6.55) (Figure 1.5).
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Figure 1.5 Snake plot of FFAR2 and FFAR3 highlighting key residues in facilitating
SCFA binding. FFAR2 and FFARS snake plots modified from the GPCR database (GPCRdb)
showing structural features of the 7TM configuration. Conserved arginine and histidine

residues involved in charge-stabilising interactions between receptor and SCFA carboxylate
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moieties are highlighted in pink (Arginine 5.39, Arginine 7.35) and purple (Histidine 4.56,
Histidine 6.55) respectively.

Although these four residues are conserved in both FFAR2 and FFAR3 across human
and mice, SCFAs display distinct selectivity at mouse FFAR2 (mFFARZ2) and FFAR3
(mFFARS3) to their human counterparts (Hudson et al., 2012). In contrast to acetate’s
strong preference for FFAR2 between human orthologs, acetate does not discriminate
between mFFAR2 and mFFARS3 (Hudson, et al., 2012). In addition, propionate is
approximately 12 times more potent at mFFARS3 than mFFAR2, and butyrate is non-
selective between both mouse orthologs (Hudson et al., 2012). The increased potency
of SCFAs at hFFAR2 and mFFAR3 has been attributed to a higher level of constitutive
receptor activity compared with mFFAR2 and hFFARS3 (Hudson et al., 2012).
Mutagenesis studies identified a glutamate residue and (Glu-159) an asparagine
residue (Asp-158) in the extracellular loop Il of mMFFAR2 and hFFAR3 respectively,
that by forming ionic interactions with conserved arginines in the SCFA binding
pockets can ‘lock’ mFFAR2 or hFFARS in an inactive conformational state with limited
ligand-independent activity (Hudson et al., 2012).

1.4.4.3 Signalling Pathways

Despite the overlap of their endogenous SCFA agonists, FFAR2 and FFAR3 display
unique G-protein coupling specificities (Nilsson et al., 2003; Le Poul et al., 2003;
Brown et al., 2003). Using the well-established pheromone reporter assay in yeast,
Brown et al. revealed FFAR2 to couple to multiple yeast/mammalian Ga chimeras from
Gaio and Gag11 families (King et al., 1990). FFAR2 coupling to both Gain and Gog11
pathways was also demonstrated by functional assays measuring intracellular cAMP
accumulation or Ca?* mobilisation respectively (Le Poul et al., 2003). In contrast,
FFARS3 prefers coupling to Gai (Le Poul et al., 2003; Brown et al., 2003) However, like
many Gai-coupled receptors, FFAR3 can elicit Ca?* release by co-expression with the
promiscuous G protein Ga16 (Milligan, Stoddart & Smith, 2009).

Besides G-protein coupling, BRET-based studies have established the interaction of
FFAR2 with B-arrestin 2 in response to agonist stimulation (Hudson et al., 2012;
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Hudson et al., 2013). Moreover, a B-arrestin dependent signalling pathway has been
implicated in the suppression of nuclear translocation of the NF-kB activity by FFAR2
synthetic agonists in vitro (Lee et al., 2013). Although studies on FFAR3-arrestin
interactions are scarcer, SCFA-induced signalling via FFAR3 has not been
compromised by siRNA knockdown of B-arrestin 2 in vitro (Kimura et al., 2011). In
addition, FFAR2 and FFAR3 have been shown to form heteromers, in both primary
human phagocytes and heterologous expression systems, with unique
pharmacological properties to parent monomers. Interestingly, FFAR2-FFAR3
heteromers display enhanced Ca?* signalling and B-arrestin 2 recruitment, but the
inability to inhibit cCAMP accumulation via Gain (Ang et al., 2018). Both FFAR2 and
FFARS3 have also been linked to the activation of various mitogen-activated protein
kinase (MAPK) cascades (Seljeset & Siehler, 2012) Notably, regulation of ERK1/2 and
p38-MAPK activity by FFAR2 and/or FFARS is closely associated with various facets
of immune and metabolic homeostasis (Caengprasath et al., 2020; Mishra et al.,
2020).

1.5 The cellular repertoire of the intestinal epithelium

1.5.1 Intestinal Stem Cell Niche

The innermost lining of the intestine, known as the epithelium, is a highly dynamic
cellular landscape that contributes to immunity, digestion and symbiotic functions of
the gut microbiome (van der Flier & Clevers, 2009). The cellular architecture of the
human intestinal epithelium replenishes itself every 4-5 days and is
compartmentalised into crypts, invaginations into the mesenchyme where proliferating
intestinal stem cells (ISCs) reside, and villi, finger-like protrusions into the lumen
composed of differentiated cell types (Clevers, 2013). Comparatively, the epithelial
lining of the colon is folded into crypts which are wider and flat, and does not form villi
(de Santa Barbara, van den Brink & Roberts, 2003). In addition to facilitating the self-
renewing capacity of the intestinal epithelium, ISCs are the origin of all differentiated
intestinal epithelial cell types owing to their multipotency (Sato et al., 2009; Cheng &
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Leblond, 1974). Mature intestinal epithelial cells are categorised as absorptive, known
as enterocytes, or secretory which fall into three cell types: antimicrobial peptide-
secreting Paneth cells, mucus-secreting goblet cells, and hormone-secreting
enteroendocrine cells (Beumer & Clevers, 2021). The dynamics of ISC proliferation
and differentiation are instructed by their microenvironment, known as the ISC niche
(Gehart & Clevers, 2019). The ISC niche comprises an epithelial and mesenchymal
cellular network that provides local niche factors that regulate ISC behaviours such as
Whnt, Notch, EGF, BMP and Hippo signals (Figure 1.6) (Gehart & Clevers, 2019).

ISCs, which are also called crypt base columnar cells (CBCs), are marked by the
presence of the leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5)
(Barker et al., 2007). In the small intestine, CBCs are interspersed at the crypt base
between post-mitotic specialised Paneth cells that supply essential niche signals
(Sato, van Es, et al., 2011). Paneth cells are absent in the colon and the colonic crypt
niche is instead supported by Reg4* deep crypt secretory cells (DCS) (Sasaki et al.,
2016). Lgr5* ISCs divide once every 24 hours to produce a vigorously proliferating but
short-lived subset of progenitors known as transit amplifying (TA) cells (Clevers,
2013). TA cells undergo 4-5 rounds of cell division whilst migrating upwards before
terminally differentiating to yield mature absorptive and secretory lineages (Figure 1.5)
(Marshman, Booth & Potten, 2002). /n vivo cell lineage tracing experiments have
identified a second population of “label-retaining” ISCs, located at the +4 position from
the crypt base, with distinct kinetics and functions to Lrg56* CBCs ((Yan et al., 2012).
In contrast to continuously cycling Lrg5* ISCs, +4 ISCs are quiescent in homeostatic
conditions and injury-resistant; +4 ISCs are proposed to represent committed
secretory progenitor cells that are capable of de-differentiation to Lrg5* ISCs during
intestinal injury (Yan et al., 2012; Buczacki et al., 2013).
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Figure 1.6 The architecture and cellular heterogeneity of the human intestinal colonic
crypt. The intestinal crypt can be divided into three zones; a stem cell compartment at the
crypt base which is followed by a transit-amplifying zone, and finally a differentiated zone in
the upper crypt. The stem cell compartment lies is where proliferative Lgr5+ crypt-base
columnar cells (CBCs) reside. In the colon, CBCs are interspersed with Reg4+ secretory cells
at the crypt base which provide essential niche signals. Within the stem cell compartment, a
quiescent stem-cell population which are mobilised upon intestinal injury are situated at the
+4 position from the crypt base: +4 cells. CBCs generate transit amplifying (TA) cells which
undergo rapid cell division whilst migrating up the crypt to give rise to mature absorptive
(enterocyte) and secretory (goblet, tuft, enteroendocrine) lineages. The intestinal stem cell
(ISC) niche is comprised by subepithelial mesenchymal elements such as myofibroblasts, and

paracrine signals such as Wnt, Notch and bone morphogenetic protein (BMP).

1.5.2 Notch in intestinal epithelial cell fate

Notch signalling is an evolutionary conserved cell-cell communication pathway that
governs cell fate in many aspects of metazoan development and tissue homeostasis
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(Bray, 2016). Within the intestinal milieu, Notch machinery serves as both a
gatekeeper of ISC proliferation and a binary cell fate determinant between absorptive
and secretory lineages (Jensen et al., 2000; Yang et al., 2001).

By a mechanism known as lateral inhibition, Notch is able to specify differential cell
fates of adjacent cells, thereby producing the characteristic cellular mosaic patterning
of differentiated cell types in the intestinal epithelium (Figure 1.7) (Pellegrinet et al.,
2011; Fre et al., 2005). Notch is a negative regulator of endocrine differentiation, with
first evidence coming from studies in the mouse pancreas reporting the premature
differentiation of multipotent progenitor cells into endocrine cells by the blockage of
Notch signalling (Apelqvist et al., 1999). Activation of Notch relies on cell-cell contact
and is mediated by the binding of with a transmembrane Notch ligand on one cell with
a Notch receptor on the surface of an adjacent ‘receiving’ cell (Fre et al., 2005a;
Pellegrinet et al., 2011). In the ‘receiving’ cell, membrane-tethered Notch undergoes
three consecutive cleavages to release the Notch intracellular domain (NICD) (Bray,
2016). NICD translocates to the nucleus where it forms a transcriptional activation
complex with the CBF1-Supressor of Hairless-LAG-1 (CSL or RBP-Jx) to stimulate
the expression of Notch target genes including the hairy and enhancer of split-1 (Hes-
1) (Jensen et al., 2000; Bray, 2016). Atonal homologue 1 (Atoh1) is a bHLH
transcription factors antagonised by Hes? and is required in committing progenitor
cells to secretory enteroendocrine, goblet or Paneth fates (Yang et al., 2001; Shroyer
et al., 2007). As such, the status of Notch activity in a crypt progenitor cell specifies
an absorptive or secretory fate via the action of Hes1 or Afoh1 respectively. Intestine-
specific knockout Afoh1 mice causes a secretory-to-absorptive fate switch in crypts,
with emerging progenitor cells solely differentiating to enterocytes (Shroyer et al.,
2007). Conversely, Hes7-knockout mice display secretory cell hyperplasia at the
expense of enterocyte development (Jensen et al., 2000; Suzuki et al., 2005). The
mechanism of Notch lateral inhibition relies on a positive feedback loop in adjacent
cells which reinforces their differential cell fates; The expression of delta-like Notch
ligands DII1 and DIl4 is directly upregulated by Afoh1, thus repressing secretory
differentiation of neighbouring cells (Kim & Shivdasani, 2011).
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Figure 1.7 Lateral Inhibition by Notch in ISCs and TA cells. Schematic indicating the
mechanism of lateral inhibition underlying Notch-mediated cell fate specification in the ISC
niche. Notch signalling is initiated when a cell-surface Delta ligand e.g (DLL1) binds to a Notch
receptor expressed on the surface of a neighbouring cell. The activation of Notch is followed
by sequential proteolytic cleavage events which liberate the Notch intracellular domain
(NICD). NICD translocates to the nucleus where it forms a transcriptional activation complex
with transcription factor CBF1-Supressor of Hairless-LAG-1 (CSL or RBP-Jx) and a member
of the Mastermind family of transcriptional coactivators (MAML1-3). This complex relieves the
repression on the gene expression of the downstream Notch effector, hairy and enhancer of
split-1 (Hes-1). Hes-1 represses the expression of the secretory lineage differentiation factor,
Atonal homologue 1 (Atoh1). In a cell with “low” Notch activity, the expression of Atoh1 is
derepressed. Atoh1 is a direct upregulator of Delta ligand transcription in “low” Notch cells,
whereas Delta ligand expression is repressed in “high” Notch cells. These mechanisms
reinforce the opposing Notch status of neighbouring cells and hence facilitate their progression

to divergent cell fates.
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1.5.3 GPCRs in the intestinal stem cell niche

Although signalling gradients such as Wnt, Notch and BMP are primarily known to co-
ordinate the ISC niche, a number of GPCRs have emerged as important regulators of
ISC behaviours during homeostasis, regeneration and tumorigenesis (Ho et al., 2024).
For example, activation of GPR81 on Paneth cells and subepithelial stromal cells by
the gut microbial metabolite lactate is involved in maintenance of ISC proliferation in
vivo by upregulation of Wnt signalling. (Lee et al.,, 2018). The cholecystokinin 2
receptor (CCK2R) upregulates the proliferation of Lgr5" stem cells in murine colonic
crypts upon stimulation with prograstrin (Jin et al., 2009). Notably, Prograstrin-CCK2R
interactions appear to stimulate signal transduction by beta-arrestins rather than a
classical G-protein dependent mechanism. Progastrin is also a ligand for the GPR56,
expressed on colonic stem-progenitor cells, and GPR56-dependent mechanism have
been shown to underlie progastrin-stimulated proliferation of intestinal epithelial cells
in mouse models of colorectal cancer (Jin et al., 2017). Synthetic agonists of both
FFAR2 and FFARS3 have stimulated IEC proliferation and turnover in mouse intestinal
organoids in vitro (Park et al., 2016). In contrast, the orphan GPCR GPR182 has been
shown to negatively regulate the proliferation of small intestinal ISCs during irradiation-
induced injury via an upregulation of ERK 1/2; however, this receptor-mediated effect
is specific to regeneration and not evident in homeostatic conditions (Kechele et al.,
2017).

1.6 Enteroendocrine cells

1.6.1 EEC Classification & Function

Enteroendocrine cells (EECs) are a rare hormone-secreting mature cell type that
populate 1% of the intestinal epithelium, but collectively comprise the body’s largest
endocrine system (Goldspink, Reimann, et al., 2018). EECs express a complement of
transporters and GPCRs which sense diverse nutrient, chemical and mechanical cues
and respond by activating hormone release (Gribble & Reimann, 2016).
Mechanistically, both transporter- and GPCR-mediated signalling cascades drive the
exocytosis of hormone-containing secretory granules from EECs in a Ca?* -dependent
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manner via influx of extracellular Ca?* through voltage- or ligand-gated channels, or
mobilisation of Ca?* from intracellular stores (Gribble & Reimann, 2016). Once
secreted, EEC-derived hormones impact broad aspects of metabolism and physiology
by paracrine action on intrinsic enteric nerves, DRG neurons, vagal afferents or
neighbouring cells in the mucosa, or by entering the circulation and activating
receptors on organs in the periphery (Schonhoff, Giel-Moloney & Leiter, 2004).

EEC subtypes have historically been categorised by a single letter code based on their
principle hormonal product, with the exception of L-cells for which both glucagon- and
polypeptide-like immunoreactivity was observed (Fothergill & Furness, 2018; El-Salhy
et al., 1983; Buffa et al., 1978). As per the “one cell-one hormone” classification
system, the human EEC repertoire consisted of the following subtypes: G cells
(gastrin), X/A cells (ghrelin), K cells (gastric inhibitory peptide), D cells (somatostatin),
S cells (secretin), | cells (CCK), M cells (motilin), Enterochromaffin cells (serotonin), N
cells (neurotensin) & L-cells (GLP-1, PYY) (Fothergill & Furness, 2018). However, an
overwhelming body of research in the last decade confirms the existence of
multihormonal EECs, and regional-specific differences in secretory repertoires within
subtypes (Egerod et al., 2012; Habib et al., 2012; Grunddal et al., 2016; Fothergill et
al., 2017; Glass et al., 2017; Haber et al., 2017; Martins et al., 2017; Gehart et al.,
2019; Beumer et al., 2020). EECs can be further classified by their morphology as
‘open type”, with an extending apical process bearing microvilli that make immediate
contact with luminal contents; in contrast, “close type” EECs, are round in shape and
linked to the basal membrane without making contact with the lumen (Gribble &
Reimann, 2016). “Close-type” EECs are believed to be activated indirectly by luminal

stimuli via neural or hormonal networks (Latorre et al., 2016).

1.6.2 EEC Differentiation

Downstream of Atoh1, activity of the bHLH protein Neurogenin 3 (Neurog3) is
determinative in initiating the segregation of common secretory progenitors to an
enteroendocrine lineage, rather than Paneth or goblet cell fates (Schonhoff, Giel-
Moloney & Leiter, 2004; Jenny et al., 2002). As such, loss of Neurog3 in the mouse

intestine leads to a depletion of all mature hormone-secreting enteroendocrine
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subtypes, whereas neither goblet nor Paneth cell production is compromised (Jenny
etal., 2002). A paucity of EECs has been also reported in patients with loss-of-function
mutations in Neurog3 (Wang et al., 2006). Neurog3-positive cells represent a transient
state common to early endocrine progenitors, and expression of Neurog3 is switched
off post-mitotically as cells begin to differentiate (Jenny et al., 2002; Schwitzgebel et
al., 2000). Neurog3 activates the transcription of Neurogenic Differentiation factor 1
(NeuroD1/Beta2); NeuroD1 is required for differentiation and maturation of post-
mitotic enteroendocrine progenitors and its expression is retained amongst nearly all
mature EEC cell types (Gehart et al., 2019; Jenny et al., 2002; Naya et al., 1997,
Mutoh et al., 1997; Huang et al., 2000).

Several studies employing knockout mice have identified transcription factors which
may specify the differential hormonal signatures of EEC subtypes in the terminal
stages of differentiation in vivo including Pax4, Pax6, Arx, Foxa1/2 and Isl1 (Larsson
et al., 1998; Hill, Asa & Drucker, 1999; Beucher et al., 2012; Ye & Kaestner, 2009;
Terry et al., 2014; Du et al., 2012). For example, depletion of Pax6, a direct activator
of proglucagon gene expression, leads to an absence of GLP-1 and GLP-2
expressing-EECs in the mouse small and large intestine (Hill, Asa & Drucker, 1999).
Pax4 has been associated with the differentiation of serotonin-, secretin-, CCK-, GIP-
and PYY-immunoreactive EEC subtypes in particular, but it is unknown whether Pax4
additionally behaves as a modulator of enterohormone gene transcription in these
cells (Larsson et al., 1998; Brooks et al., 2017). Moreover, the promoters of Pax4 and
Pax6 both contain candidate bHLH binding sites, known as ‘E boxes’; Neurog3 and
NeuroD1 have been shown to activate Pax4 and Pax6 respectively in vitro (Smith et
al., 2003; Marsich et al., 2003). Notably, single-cell transcriptomic studies in recent
years by the Clevers group have provided immense spatial and temporal resolution to
subtype-specific transcriptional cascades of EEC lineages in both the mouse and
human intestine (Gehart et al., 2019; Beumer et al., 2020).

1.6.3 The L-cell

L-cells are EECs which are the predominant source of proglucagon-derived peptides
(PGPDs), GLP-1, GLP-2, OXM and glicentin, and PYY (Bottcher et al., 1984). L-cell-
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mediated hormone release is co-ordinated by membrane transporters and GPCRs
which are responsive to a variety of luminal nutrient stimuli including glucose (Parker
et al., 2012; Kuhre et al., 2015), artificial sweeteners (Jang et al, 2007), amino acids
(Mace et al., 2012), bile acids (Trabelsi et al., 2015), fatty acid derivatives (Ekberg et
al., 2016; Hodge et al., 2016), short-chain fatty acids (Psichas et al., 2015), medium-
and long-chain fatty acids (Hirasawa et al., 2005; Peiris et al., 2022) ketone bodies
(Elebring et al., 2023), non-nutrient food components such as allyl-isothiocyanate
(mustard oil) and carvacrol (oregano) (Emery et al., 2015) , bitter tastants (Lee et al.,
2023) and odorants (Kim et al, 2017; Y. Wang et al., 2023; Nishida et al., 2021).

Whether nutrient-sensing GPCRs on L-cells reside apically or basolaterally remains
largely unknown due to the lack of receptor specificity in GPCR antibodies. However,
a few L-cell GPCRs have been suggested to reside on the basolateral surface,
including FFAR1 (Christensen et al., 2015; Psichas et al., 2017), MC4R (Panaro et al.,
2014), the bile-acid receptor GPBAR1 (Brighton et al., 2015; Tough et al, 2020) and
the L-amino acid-sensing calcium-sensing receptor (CasR) (Modvig et al., 2021),
which mediate hormone secretion through non-luminal stimuli including stimulation
from the ENS, post-absorptive nutrients in the circulation, or enterocyte-derived lipid
metabolites. The orphan GPCR GPR119 (Hodge et al, 2016; Psichas et al., 2017), as
well as the free fatty acid GPCRs FFAR2 and FFARS3 (Tough et al, 2018) have been
proposed to reside on both apical and basolateral epithelial domains.
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Figure 1.8 Classical molecular mechanisms of peptide hormone secretion from EECs
which are modulated by nutrient sensing GPCRs. EECs express a diverse range of
nutrient-sensing GPCRs stimulate Ca?*-dependent exocytosis of peptide hormones via G-

protein pathways. The action of Gas-coupled receptors (indicated by a green arrow) stimulate
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cAMP production by adenylyl cyclase (AC); cAMP can mediate Ca?* influx via the action of
protein kinase A (PKA) or exchange protein directly activated by cAMP (EPAC), in addition to
binding to Hyperpolarization-activated cyclic nucleotide-gated channels (HCN). Gag-coupled
receptors (pink arrow) activate phospholipase C (PLC), leading to the production of IP; and
intracellular calcium flux from IPs-gated channels in the endoplasmic reticulum. Nutrient-
sensing GPCRs that have been implicated in driving EEC gut hormone release are not limited
to Gas and Gag coupling; examples are the actions of gustducin (Ggust) and GBY subunits
coupled to taste receptors, Golf pathways downstream of activation of olfactory GPCRs, and
Gai-coupled receptors. EECs can be stimulated to release hormone by the stimulation of

GPCRs which are located on their apical or basolateral surface.

Notably, L-cells populations in the small and large intestine greatly differ in their
hormonal repertoires; L-cells in the upper small intestine express high transcript levels
of CCK and GIP alongside GLP-1, whereas GLP-1 and PYY co-expressing L-cells are
enriched in the colon (Habib et al., 2012, 2012; Billing et al., 2019). L-cell secretion of
PYY has been measured to increases distally along the length of the intestine,
whereas GLP-1 secretion from ileal L-cells is higher than in the colon (Jones et al.,
2023; Adrian et al., 1985). Although GLP-1 and PYY have previously been shown to
largely co-localise within secretory granules of colonic L-cells, this is contradicted by
reports of secretion of only one L-cell hormone upon nutrient challenge (Bottcher et
al., 1984; Nilsson et al., 1991; Pironi et al., 1993; Anini et al., 1999; Gerspach et al.,
2011; Habib et al., 2013). Moreover, 3D-structured illumination microscopy has
resolved subcellular microdomains in human, pig, rat and mouse L-cells in which
secretory vesicles harboring only one type of hormone (GLP-1 or PYY) predominate
(Cho et al., 2014).

L-cells are often recognised by their “open-type” flask- or bottle-like morphology,
consisting of a long microvilli-decorated apical pole reaching the gut lumen, and a
capillary-facing basolateral side where hormone-containing granules 200-400nm in
diameter are situated (Buffa et al., 1978). Seminal studies using electron microscopy
also demonstrated the existence of long and slender basal cytoplasmic processes in
PYY-immunoreactive cells that extended along the lamina propria, which were
attributed to a potential paracrine action on adjacent goblet cells (Lundberg et al.,
1982; El-Salhy et al., 1983; Bottcher et al., 1984). Decades later, Bohorquez unveiled
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the 3D ultrastructure of these processes and coined the term “neuropod”, due to their
anatomic similarity to a synaptic bouton (Bohorquez et al., 2011, 2014). Neuropods
were evident in both ileal and colonic PYY-secreting L-cells, were upto 70um in length
spanning across 10-15 epithelial cells and contained over 70% of the total secretory
vesicle pool of each EEC (Bohorquez et al., 2011, 2014, 2015). Interestingly, PYY-
positive L-cells are enriched in a cohort of genes associated with synaptic function
(Bohodrquez et al., 2015). Using viral neuronal tracing, PYY-positive neuropods have
been shown to engage in direct synaptic transmission with innervating vagal sensory
fibers in the mouse colon (Kaelberer et al., 2018).

1.6.4 EEC Plasticity

A further challenge to the “one cell-one hormone” classification system of EECs is the
concept of hormonal plasticity; the ability of mature EEC lineages to shift hormonal
repertoires under the influence of local signalling microenvironments in the intestinal
millieu (Beumer et al., 2018). Notably, L-cells and EC cells have been shown to exhibit
a particular flexibility in hormonal expression, cued by crypt-to-villus gradients of the
niche signal bone morphogenetic protein (BMP) in vivo (Beumer et al., 2018; Gehart
et al.,, 2019; Beumer & Clevers, 2021). L-cells undergo a decrease in proglucagon
(Gceg) expression and simultaneous transition to a transcriptional identity akin to I- or
N-cells which coincides with their migration from BMP-low crypts zones to BMP-high
villi zones; In EC cells, the selective expression of preprotachykinin-1 in crypts is
overridden by secretin expression during their trajectory towards villus tips (Beumer
et al., 2018; Gehart et al., 2019; Beumer & Clevers, 2021).

The differentiation of ISCs to EEC progeny, and the reversibility of this process,
exhibits a high degree of plasticity in response to diet and injury. Both early secretory
progenitors and mature EECs have been shown to dedifferentiate and regain Lgr5+
“stemness” during injury-induced regeneration of the intestinal epithelium (van Es et
al., 2012; Yan et al., 2017). The effect of dietary patterns on cellular dynamics, fate
and function in the ISC niche are widely appreciated, and several reports focus on the
nutritional regulation of EEC differentiation in particular (Gribble & Reimann, 2016; Ho
et al.,, 2024). Notably, high fat-diet induced obesity (HF-DIO) has been shown to
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enhance the stemness of ISCs and intestinal progenitor cells in vivo, and at the
expense of the abundance of differentiated secretory populations (Mah et al., 2014;
Sakar et al., 2014; Beyaz et al., 2016; Aliluev et al., 2021). Reported effects of HF-DIO
on EEC differentiation and functionality in particular are contradictory; inconsistency
between the overall macronutrient composition of high-fat diets used in studies is a
likely confounding factor (Aranias et al., 2015; Aliluev et al., 2021; Richards et al.,
2016).

The consumption of dietary fiber has been shown to boost ISC proliferation in vivo,
which has been linked with the increased production of SCFAs (Edwards et al., 1992;
Lupton & Kurtz, 1993; Zhang & Lupton, 1994; Corréa et al., 2023). However, both
stimulatory and inhibitory effects of SCFA supplementation on ISC dynamics have
been observed and highlighted divergent outcomes between epithelium from varying
intestinal regions, and with SCFA chain length and concentration (Ichikawa et al.,
2002; Boffa et al., 1992; Sakata, 1987; Grouls et al., 2022; Pearce et al., 2020).
Notably, Brooks et al., reported that mice fed a diet enriched in the fermentable
carbohydrate inulin had an increased abundance of colonic EECs positive for PYY;
this effect was dampened in FFAR2-knockout mice, suggesting a potential
involvement of an SCFA-FFAR2 axis. In addition, SCFAs have increased the
abundance of GLP-1-positive EECs in both mouse and human small intestinal
organoids (Petersen et al., 2014). An upregulatory effect by SCFAs on the expression
of markers of secretory lineage differentiation has also been observed in vitro
(Petersen et al., 2014; Grouls et al., 2022). Another GPCR that has been implicated
in L-cell differentiation is the G protein-coupled bile acid receptor 1 (GPBAR1); a
synthetic GPBAR1 agonist, L3740, has been shown to increase the density of GLP-1-
positive EECs and L-cell differentiation markers both in vitro in human ileal organoids
and in vivo within 2-3 days (Lund et al., 2020).

Multiple lines of evidence have demonstrated the prominent effects of metabolic
disease on EEC differentiation and function in specific regions of the GI tract
(Wolnerhanssen et al., 2017; Osinski et al., 2021; Boese et al., 2020). For instance,
Wolnerhanssen et al. have observed a reduction of EECs but increase in goblet cell
and enterocyte populations in the duodenum of morbidly obese patients, suggesting
a compensatory re-directing of lineage differentiation. Moreover, T2D has been
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associated with a lower jejunal abundance of GLP-1 producing EECs in obesity
(Osinski et al., 2021). Dysregulated EEC differentiation in the obese intestine is
suggested to derive from the reduced expression of transcription factors that are
necessary for secretory lineage differentiation (Woélnerhanssen et al., 2017; Osinski
et al., 2021; Boese et al., 2020). In agreement, the favourable shift of enterohormone
profiles observed in patients following Roux-en-Y gastric bypass surgery has been
associated with restored expression of EEC differentiation factors and abundance of
selective intestinal EEC populations (Rhee et al., 2015; Nergard et al., 2015;
Wolnerhanssen et al., 2017).

1.7 Summary and Project Aims

There is growing clinical interest in harnessing the anorectic functions of the gut
peptide hormones GLP-1 and PYY for anti-obesity treatment paradigms. GLP-1 and
PYY are secreted from enteroendocrine L-cells, and the SCFA-binding GPCR FFAR2
has previously been implicated in mediating their release. However these findings are
limited to mouse models and the molecular mechanisms and functional implications
of SCFA-mediated activation of FFAR2 signalling pathways in human L-cells still
remain unclear. These pathways could encompass novel targets for the development

of anti-obesity agents.

The main aims of this thesis were to:

a) Characterise the SCFA-mediated profiles of FFAR2 activation in
human L-cells and how these might be spatially regulated.

b) Uncover the canonical functions of SCFAs in driving acute anorectic
peptide hormone release from human L-cells and the involvement
of FFAR2 signalling in driving these effects.

c) Uncover the non-canonical functions of SCFAs in modulating the
differentiation of human L-cells and the involvement of FFAR2

signalling in driving these effects.
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2. Materials & Methods
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2.1 Materials

2.1.1 Primary Antibodies

Antibody Species Supplier Catalogue # | Concentration
FLAG M1 Mouse Sigma-Aldrich F3040 1:500
EEA1 Rabbit Cell signalling 3288S 1:500
APPLA Rabbit Cell signalling 3858S 1:500
GAPDH Mouse Millipore MAB374 1:1000
GLP-1 Mouse Abcam ab23468 1:500
PYY Rabbit Abcam ab22663 1:1000
2.1.2 Secondary Antibodies
. . Catalogue Final
Antibody Source | Target | Supplier 4 Concentration
Alexafluor 488 Goat | Mouse | Invitrogen A11001 1:1000
Alexafluor 647 Donkey | Rabbit | Invitrogen A31753 1:1000
F'uorO”E)‘)A}\‘SIt'G with | n\ya | N/A | Invitrogen | 0-4959-052 N/A
HCS CellMaskTM | - \ya | NjA | Invitrogen | H32721 1:20,000
Deep Red stain
Horseradish
Peroxidase (HRP) Goat | Mouse | Abcam ab6789 1:5000
conjugated IgG
Horseradish Santa
Peroxidase (HRP) Mouse | Rabbit c sc-2357 1:1000
. ruz
conjugated IgG
2.1.3 Plasmids & Gene Fragments
DNA Construct Source
FLAG-LHR Aylin Hanyaloglu

Human GPR43 ORF clone

Origene

FLAG-hFFAR2

Aanya Hirdaramani

mGsq-Lgbit

Aska Inoue
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endofin-Smbit Aska Inoue

SEP-PYY Aanya Hirdaramani

SEP-LHR Silvia Sposini

pcDNA 3.1(+) Invitrogen

Gene
Fragment

Sequence

Supplier

SEP-PYY

AAGCTTGCAATGGTGTTTGTGCGCCGCCCGTGGCCGGCG
CTGACCACCGTGCTGCTGGCGCTGCTGGTGTGCCTGGGC
GCGCTGGTGGATGCGTATAGCAAAGGCGAAGAACTGTTT
ACCGGCGTGGTGCCGATTCTGGTGGAACTGGATGGCGAT
GTGAACGGCCATAAATTTAGCGTGAGCGGCGAAGGCGAA
GGCGATGCGACCTATGGCAAACTGACCCTGAAATTTATTT
GCACCACCGGCAAACTGCCGGTGCCGTGGCCGACCCTG
GTGACCACCCTGACCTATGGCGTGCAGTGCTTTAGCCGC
TATCCGGATCATATGAAACGCCATGATTTTTTTAAAAGCGC
GATGCCGGAAGGCTATGTGCAGGAACGCACCATTTTTTTT
AAAGATGATGGCAACTATAAAACCCGCGCGGAAGTGAAAT
TTGAAGGCGATACCCTGGTGAACCGCATTGAACTGAAAG
GCATTGATTTTAAAGAAGATGGCAACATTCTGGGCCATAA
ACTGGAATATAACTATAACGATCATCAGGTGTATATTATGG
CGGATAAACAGAAAAACGGCATTAAAGCGAACTTTAAAAT
TCGCCATAACATTGAAGATGGCGGCGTGCAGCTGGCGGA
TCATTATCAGCAGAACACCCCGATTGGCGATGGCCCGGT
GCTGCTGCCGGATAACCATTATCTGTTTACCACCAGCACC
CTGAGCAAAGATCCGAACGAAAAACGCGATCATATGGTGC
TGCTGGAATTTGTGACCGCGGCGGGCATTACCCATGGCA
TGGATGAACTGTATAAAACCGGCGATGATGATAAACGCGC
GCCGATTAAACCGGAAGCGCCGCGCGAAGATGCGAGCC
CGGAAGAACTGAACCGCTATTATGCGAGCCTGCGCCATTA
TCTGAACCTGGTGACCCGCCAGCGCTATGGCAAACGCGA
TGGCCCGGATACCCTGCTGAGCAAAACCTTTTTTCCGGAT
GGCGAAGATCGCCCGGTGCGCAGCCGCAGCGAAGGCCC
GGATCTGTGGTAAGGATCC

Twist
Bioscience

2.1.4 Primers & siRNA

qPCR primers 5-3

FFAR2

fwd GCTACCTGGGAGTGGCTTTC

rev CATAACCCAGGCCACCAGAG

FFAR3

fwd CCAATGGGACCTGCTACCTG

rev ATCAGCGGGACCACAAAGAG

PYY

fwd TCTTTTCCCATACCGCTGCC

rev CTCGTCTGCTTCACAAGCTATC

GCG

fwd TTCAGACCAAAATCACTGAC
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rev AACATTTCAAACATCCCACG
ATOH1 fwd CCTTCCAGCAAACAGGTGAAT
rev TTGTTGAACGACGGGATAACAT
NGN3 fwd GCGCCGGTAGAAAGGATGA
rev GGTCACTTCGTCTTCCGAGG
NEUROD1 fwd ATGACCAAATCGTACAGCGAG
rev GTTCATGGCTTCGAGGTCGT
ARX fwd TGGAAACAGAGGACCAGCAC
rev GTTGGAGTTGGAGCGAGGTT
PAX4 fwd ATACCCGGCAGCAGATTGTG
rev AAGACACCTGTGCGGTAGTAA
PAXG fwd CAGACACAGCCCTCACAAACAC
rev TGGTGAAGCTGGGCATAGG
RPL12 fwd CATCTCCTTCTCGGCATCA
rev AACCCTGTTGTCAATGCCTC
Cloning Primers 5-3
FLAG- fwd GTCGCGATATCAATGCTTCCAGACTGAAA
hFFAR2 rev GCTCTAGATTACTCAGTTGTGAAGTCGGATGATGGC
siRNA ID Supplier Catalogue #
siAPPLA1 HSS119758 Thermofisher 1299001
2.1.5 Inhibitors & Activators
Final
Inhibitors Target Supplier | Catalogue # | Concentratio
n
3-isobutyl-1- Phosphodiesteras | Sigma- | 15879 0.5mM
methylxanthine e Aldrich
(IBMX)
Pertussis toxin Gai Tocris 3097 250ng/pl or
500ng/ul
Lithium Chloride Inositol Thermo | 199885000 50mM
monophosphatas | Fisher
e
YM-254890 Gaq Tocris 7352 10uM
GLPGO0974 FFAR2 Sigma- | SML2443 1uM
Aldrich
Dyngo-4a Dynamin Abcam | Ab120689 50uM
DBZ y-secretase StemCe | 73092 5uM
Il
cOmplete, Mini, Proteases Sigma- | 1183617000 | 1 tablet/10ml
EDTA-free Aldrich |1
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Protease inhibitor
Cocktail
Sodium fluoride Serine/threonine | NEB P0O759S TmM
(NaF) phosphatases
Sodium Tyrosine Sigma- | S6508 1mM
orthovandate phosphatases Aldrich
(NavO3)
Phenylmethylsulfon | Serine proteases | Sigma- | P7626 TmM
yl fluoride (PMSF) Aldrich
Activators Target Supplier | Catalogue # el
Concentration
Forskolin Adenylyl 1 Abcam | Ab120058 0.5mM
cylase
Isoproterenol Sigma-
hydrochloride B2AR Aldrich 16504 10nm
Sodium Acetate FFAR2 Sigma- 52889 0.1-10mM
Aldrich
Sodium Butyrate 0.1-10mM
Sodium Propionate FFAR2 Sigma- P1880 0.1-10mM
Aldrich
AZ-1729 FFAR2-Gai Tocris 6826 0'00:”\; 100
2.1.6 Enzymes
Enzyme Supplier Catalogue #
Afel NEB R0652S
EcoRV-HF NEB R3195S
Xbal NEB R0145S
RNase Out Thermofisher 10777019
Superscript IV Reverse .

Transcriptase Thermofisher 18090050
Deoxyribonuclease | (Dnase |) Thermofisher EN0521
PowerUp SYI?\AR;XGreen Master Applied Biosystems A25742

2.1.7 Chemical Reagents
Reagent Supplier
2-Mercaptoethanol Sigma-Aldrich
Absolute ethanol VWR Chemicals
40% Acrylamide/Bis solution ThermoFisher
Activated charcoal Sigma-Aldrich
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Ampicllin Sigma-Aldrich
Agarose Powder Sigma Aldrich
Ammonium persulfate (APS) Sigma-Aldrich
Bovine serum albumin (BSA) fatty acid free Sigma-Aldrich
Bromophenol blue Sigma-Aldrich
Calcium chloride Sigma-Aldrich
Chloroform Sigma-Aldrich
Deoxynucleotide triphosphate (DNTPs) Invitrogen
Dimethyl sulphoxyde (DMSO) Sigma-Aldrich
Dithiothereitol (DTT) Invitrogen
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich
Gelatine powder Sigma-Aldrich
Glucose Sima-Aldrich
HEPES ThermoFisher
Hydrochloric acid Sigma-Aldrich
Isopropanol VWR Chemicals
L-arginine Sima-Aldrich
Magnesium sulphate Sigma-Aldrich
Methanol VWR Chemicals
Monopotassium phosphate VWR Chemicals
Paraformaldehyde Sigma-Aldrich
Phosphate buffered saline (PBS) In-house
PBS with Ca?*Mg** Sigma-Aldrich
Poly-D-lysine hydrobromide Sigma-Aldrich
Potassium chloride Sigma-Aldrich
SDS solution 10% w/v Fisher Scientific
Sodium azide Sigma-Aldrich
Sodium chloride Sigma-Aldrich
Sodium deoxycholic acid (monohydrate) Sigma-Aldrich
Sodium hydroxide Sigma-Aldrich
Sodium phosphate dibasic dihydrate VWR Chemicals
Tetramethylethylenediamine (TEMED) Sigma-Aldrich
Tris base Sigma-Aldrich
Tris HCI Sigma-Aldrich
Triton X-100 Sigma-Aldrich
Trizol ThermoFisher
Tween 20 BioRad
2.1.8 Cell Culture Reagents
Reagent Supplier

Cultrex Basement Membrane Extract

R&D systems

RPMI-1640 media

Sigma Aldrich

Dulbecco’s modified eagles medium (DMEM)

Sigma Aldrich
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Phenol-Red Free Dulbecco’s modified eagles medium

(DMEM) Glbco
Fetal Bovine Serum Merck

Pen/Strep Sigma Aldrich
Lipofectamine 2000 ThermoFisher

Lipofectamine RNAimax

ThermoFisher

Opti-Mem | reduced serum media Gibco

Matrigel™ Corning

Advanced DMEM-F12 Gibco
Glutamax ThermoFisher

Penicillin-Streptomycin

ThermoFisher

Trypsin-EDTA solution

ThermoFisher

Trypan Blue ThermoFisher
HEPES ThermoFisher
B27 ThermoFisher

N2 ThermoFisher

NAC (N-acetyl-L-cysteine)

ThermoFisher

Recombinant R-spondin

R&D Systems

Recombinant Noggin

Cedarlane Labs

Recombinant EGF Sigma-Aldrich
2.1.9 Kits
Kit Supplier
NanoGlo Live Cell Assay system Promega
Human PYY ELISA Kit Merck
Human GLP-2 ELISA Kit abcam
HiSpeed Maxiprep kit Qiagen
QlAprep Spin Miniprep kit Qiagen
Fluo-4 Direct Calcium Assay Invitrogen
cAMPGas Dynamic HTRF kit Cisbio
IP-One —GaqHTREF Kit Clsbio
1.1.1 Miscellaneous
Item Supplier

Max EfficiencyTM DHS5a competent cells

ThermoFisher

PageRuler Plus prestained protein ladder

ThermoFisher

Western Blot Stripping Buffer abcam
Hyperladder DNA marker Bioline
FLuoromount G with DAPI Thermofisher

Immobilon Forte HRP substrate Millipore
Immobilon Forte Classico substrate Millipore
DNA loading dye Bioline
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Plasticware Corning
Acrylamide/N,N'-Methylenebisacrylamide 37.5:1 ThermoFisher
Non-fat dried milk powder Sigma-Aldrich
Rnase ZAP Sigma-Aldrich
SYBR Safe DNA Gel Stain Invitrogen
Nuclease-Free Water Ambion
DEPC-treated Water Sigma Aldrich
0.22pM syringe filter units Merck
u-Slide 8 Well Glass Bottome IBIDI
384 low volume well plate Greiner
Glass bottomed petri dishes (35mm) Mattek Corporation
Hybond blotting paper GE Healthcare
Glass coverslips Menzel-GLazer
Nitrocellulose blotting membrane GE Healthcare
96-Well PCR Plate for FAST systems starlab
Falcon Chambered Cell Culture Slides Fisher scientific
Hochest 33342 ThermoFisher
Prolong Gold Antifade mountant ThermoFisher
2.1.10 Buffers and solutions

2.1.10.1 General

a) Phosphate buffered saline (PBS): 140 mM NacCl, 2.5 mM KCI, 1.5 mM
KH2PO4, pH 7.2, 1.5 mM Na2HPO4, pH 7.2

b) Tris buffered saline (TBS): 130 mM NaCl, 20 mM Tris pH 7.6,

c) TBS-Tween 20 (TBS-T): 0.2% Tween 20 in TBS in 1x TBS

d) Tris/acetate/EDTA (TAE): 2M Tris Base, 1M EDTA, 1M Acetic Acid

2.1.10.2 Organoid ENR Media

ENR Media: 1% Glutamax, 1% Penicillin-Streptomycin, 10mM HEPES, 1x B27, 1x N2,
1uM NAC, 1pg/ml Recombinant R-spondin, 100ng/ml Recombinant Noggin, 50ng/ml
Recombinant EGF in 50mlI DMEM-F12. Stored in 4°C and used within one week.

2.1.10.3 Bacterial Media
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a) LB Broth: 1% (w/v) Bacto Tryptone, 0.5% (w/v) Yeast extract, 0.5% (w/v)
NaCl. Made up in sterile water and autoclaved.
b) LB Agar: LB Broth + 1.5% (w/v) Agar

2.1.10.4 Immunofluorescence

a) FACs buffer: 2% (w/v) FBS in PBS with Ca?*'Mg?*

b) Fixation solution: 4% (w/v) paraformaldehyde (PFA) solution in
PBS, pH 7.2-7.4. Stored at -4°C for one week or -20 for long term
storage.

c) Anti-FLAG M1 antibody stripping solution: 0.04M EDTA in PBS

d) Permeabilisation solution: 0.2% Triton-X in PBS with Ca?*'Mg?*

e) Blocking buffer and antibody dilution buffer: 2% (w/v) FBS in PBS
with Ca?"Mg?*

f) Organoid immunofluorescence buffer: 0.2% Triton X-100, 0.05%
Tween in PBS

g) Organoid Permeabilisation solution: 0.5% Triton X-100 in PBS

h) Organoid blocking buffer and antibody dilution buffer: 1% BSA in

Organoid Immunofluorescence Buffer

2.1.10.5 Western blotting

a) Cell lysis buffer: 10mM Tris-HCL (pH 7.5), 0.5 mM EDTA, 150 mM NaCl, 1%
(v/v) Triton X- 100, 1mM PMSF, 1 mM NaF, 1 mM NaVO03. Stored at 4°C for 1
week or -20°C for one month without PMSF, NaF, NaV03.

b) SDS Tris-Glycine running buffer 10X: 250 mM Tris Base, 1.9 M Glycine pH
8.3, 1% (w/v) SDS

c) Transfer buffer 10x: 250 mM Tris Base, 1.9 M Glycine pH 8.3
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d) Transfer buffer 1x: 10x Transfer Buffer, cold distilled water, 20%

(w/v) methanol. Made just before use.
e) Laemli buffer 2x: 0.5 M Tris-HCI, pH 6.8, 20% (v/v) Glycerol, 4%
(viv) SDS, 0.002% (w/v) Bromophenol Blue. Stored at -20°C for 4-6

months. 5% (v/v) B-mercaptoethanol added immediately before use.

f) Blocking buffer and antibody dilution buffer. 5% (w/v) non-fat milk or
BSA in TBS-Tween

2.1.10.6 SDS Polyacrlamide Gels

a) 12% Separating Gel: 12% (w/v) Acrylamide, 380 mM Tris HCL (pH 8.8), 0.1%
(v/v) SDS, 0.1% (w/v) APS, TEMED added at 1:2000.

b) Stacking Gel: 5% (w/v) Acrylamide, 80 mM Tris HCL (pH 6.8), 0.1% (w/v)
SDS, 1% (w/v) APS, TEMED added at 1:1000

2.1.10.7 Radioimmunoassay, ELISA & fluorescent supernatant measurements

a) Phosphate buffer: 1L boiled distilled water and allowed to cool, 48 g
Na2HPO4.2H20, 4.14g KHPO4, 18.61g EDTA, 2.5g NaN3. Stored at +4°C up
to a month.
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b) Phosphate buffer with gelatin: Same as above, with the addition of
12.5g of gelatin. Stored at +4°C up to a month.

c) Dextran-coated charcoal buffer: 2.4g Charcoal and 0.24g Dextran

dissolved in phosphate buffer with gelatin and placed on magnetic
stirrer for 20 mins.

d) Cell lysis buffer (see 2.1.12.5)

e) 1x_Kreb’s secretion buffer: 128.5mM NaCl, 4.8mM KCI, 1.2mM
KH2PO4, 1.2mM MgSO4, 5mM NaHCO3, 2.5mM CaCl;, 10mM
HEPES dissolved in 1L water and and filter sterilised. Kept at +4°C

in a sealed container and used within 3 weeks. 0.2% (w/v) fatty-acid

free BSA added immediately before use.

2.2 Methods

2.2.1 Intestinal Organoids

2.2.1.1 Crypt Isolation

Colonic crypts were isolated from female and male mice with ages ranging from 19-
34w. Mice were sacrificed by euthanasia with carbon dioxide asphyxiation, and death
was ensured by cervical dislocation. The peritoneal cavity was dissected and the colon
was located, distal to the cecum, and excised. Using an oral gavage needle, the colon
was flushed twice with ice-cold PBS, slit, and separated into proximal and distal
segments. 0.5cm fragments of tissue were cut directly over a tube containing 50ml
cold PBS and 1ml of 0.5M disodium EDTA was added to the tube before incubating
on a nutating rocker for 45 minutes at 4°C. Fluid was decanted and the tissue was
washed thrice with ice-cold PBS. Tubes were refilled with 30ml ice-cold PBS and
shaken vigorously in an elliptical motion for 8-10min until tissue fragments were

floating and the release of crypts into the supernatant was confirmed under a
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microscope. Supernatant was transferred to a fresh tube and spun down at 300 x g
for 5 min at 4°C. The pellet was resuspended in crypt media by manual flicking,
avoiding pipetting as to not break the crypts and Matrigel was added in a 2:1 dilution
of Matrigel:.crypt+media. 25yl domes were seeded per well in 48 well plates, and
placed for 20 minutes at 37°C in a humidified incubator with 5% CO. to allow
polymerisation of Matrigel. After incubation, 250ul of crypt media was added per well
and culture plates were left to grow and monitored for formation of organoids at 37°C
for 5-7 days in a humidified incubator with 5% CO2,

2.2.1.2 Culturing Organoids

Mouse colonic organoids were routinely passaged every 4-6 days by mechanical
dissociation. First, Matrigel domes were manually broken up by pipetting up and down
approximately 20-30 times, using a p20 pipette tip stacked on top of a p200 pipette
tip, and the suspension was transferred to a fresh 1.5ml Eppendorf tube before
centrifugation at 300 x g for 5 min at 4°C. A second shorter spin (~6-8 seconds) was
performed to ensure proper separation of cellular pellet from residual Matrigel. A
chemical dissociation step was carried out at this point exclusively for the first round
of passaging following establishing primary cultures. Briefly, the supernatant was
carefully removed from pelleted organoids and 200ul of TrypLe Dissociation reagent
was added to the tube. The suspension was mixed by flicking and incubated in a sterile
37°C water bath for 5 minutes. 10ml of cold PBS was added to stop the reaction before
centrifugation at 300 x g for 5 min at 4°C. The supernatant was carefully removed.
Finally, the pellet was resuspended before plating in crypt media by pipetting up and
down and then Matrigel was added to a final a 2:1 dilution of Matrigel:media
suspension. Plating conditions were the same as described above. Organoids were
maintained for 5-7 passages. Fluorescence of colonic organoids derived from HES1-
GFP and LGRS5-lineage tracer mice was routinely monitored during culturing by an All-
in-One Fluorescence Microscope (Keyence).

2.2.2 Cell line Culture
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2.2.2.1 HEK-293 & NCI-H716 cell lines

HEK-293 (ATCC, CRL-1573) were grown as an adherent monolayer in T-75 flasks in
DMEM containing 4.5g/L D-glucose and 4mM glutamine supplemented with 10% (v/v)
fetal bovine serum (FBS) and 100U/ml penicillin/streptomycin (+/+ DMEM). HEK-293
cells were passaged once weekly, at 80-90% confluency. NCI-H716 cells (ATCC,
CCL-251) were maintained in suspension in RPMI-1640 media containing 2g/L D-
glucose and 2mM glutamine supplemented with 10% (v/v) fetal bovine serum (FBS)
and 100U/ml penicillin/streptomycin (+/+ RPMI), in T-75 flasks placed upright. Both
cell lines were maintained at 37°C in a humidified incubator with 5% CO. NCI-H716
were grown in suspension at densities between 2 x 10° and 7 x 10° cells per ml and

passaged every 4-5 days.

Prior to seeding NCI-H716 cells for experiments, cell culture plates required pre-
coating with Cultrex Basement Membrane Extract (BME) to achieve cell adherence.
BME concentrate (8-10mg/ml) was thawed overnight on ice at 4°C and diluted in ice-
cold serum and antibiotic-free RPMI media (-/- RPMI) to a final concentration of
0.5mg/ml. The volume of BME required for coating was dependent on well surface
area ( ~170ul/cm?) BME-coated plates were incubated at 37°c for 90 minutes to set

and washed once with warmed serum-free RPMI.

For routine passaging, HEK-293 cells were detached with 0.25% trypsin with EDTA in
phosphate-buffered saline. Trypsination was neutralised by addition of +/+ DMEM and
cells were the transferred to 15ml falcon. To passage NCI-H716 cells, cell medium
from flasks were decanted to 15ml falcon tubes. Both cell lines were spun down by
centrifugation at 17718 x g for 5 minutes. Next, media was aspirated and fresh +/+
media was used to resuspend cell pellets. Cell viability was ascertained by a Trypan
blue (%) exclusion test. 10ul of diluted cell suspension:Trypan blue mixture was loaded
onto the centre of the haemocytometer and the number of live and blue (dead) cells
within the centre 1mm? area was counted. Passages were utilised only if cell viability

was = 80%.

# live cells
1
# live cells+ # blue cells 00

% cell viability =
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The number of live cells was counted across the four outer 1mM squares of the

haemocytomer and averaged.
# cells/ml = average live cells/mm?x 10,000 x dilution factor(s)

The appropriate volumes of cell suspension were diluted in media for plating out onto
96-, 48-, 24-, 12-, and/or 6-well plates for downstream assays to achieve the required
cell density for each cell. Passage numbers of HEK-293 cells were between 35 and
45. NCI-H716 cells were cultured and used for downstream assays within a 7-8-week
window, after which they were frozen down or discarded. Optimal assay performance
for NCI-H716 cells was observed between passages 18 and 37 (Figure 2.1).
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Figure 2.1 Basal cAMP levels vary with passage number in NCI-H716 cells. Intracellular
cAMP accumulation in NCI-H716 cells of passage number 30 (p30) or passage number 60
(p60; grey) cells following treatment with IBMX (500 nM, 5 min) and then treatment with
forskolin (FSK) (3uM, 5 min) or IBMX alone (500 nM, 10 min). Data are presented as mean +

SEM of at least triplicates, n=2 independent experiments.

2.2.2.2 Cryopreservation & Thawing
To cryopreserve cells, NCI-H716 or HEK-293 cells were first spun down at 1118 x g

for 5 minutes and pellets were resuspended in +/+ RPMI containing 5% DMSO or +/+
DMEM containing 10% DMSO respectively. Cell suspensions were quickly added to
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cryovial and transferred in a freezing container containing isopropanol, to slow down
the rate of freezing, to be placed at -80°C. Cryovials were transferred to liquid nitrogen

the following day for long term storage.

To thaw cells, sealed cryovials were placed in an antibiotic-treated water bath at 37°C
for one minute. 1ml of cell suspension was transferred to a 15 ml falcon containing
9ml of fresh complete medium and spun down for 5 minutes at 7778 x g. Pellets were
resuspended in fresh medium at appropriate volumes and seeding density for optimal
growth. Doubling rate of NCI-H716 cells was halted after thawing, therefore cells were
maintained in T25 flasks for 2 passages following thawing to accelerate growth. NCI-
H716 and HEK-293 cells were both passaged twice after thawing before seeding for

downstream assaying.

2.2.3 Transfections

2.2.3.1 Transient DNA transfections with Lipofectamine™ 2000 Reagent

NCI-H716 cells were transfected via reverse transfection on the day of plating.
Plasmid DNA (1ug-3ug) and 5Spl Lipofectamine 2000 were each diluted in 250ul of
Opti-MEM™ | Reduced-Serum Medium and incubated for 5 minutes at room
temperature. DNA- and lipofectamine-OPTIMEM mixes were combined and incubated
for 15-20 mins at room temperature. 500ul of DNA:Lipofectamine mix was added per
well of a 6 well plate, and cell suspension (1 x 106 cells/well of a 6 well plate), diluted
in +/- RPMI media was added on top.

HEK-293 cells were plated 24-48 hours onto 6-well plates before transfection and
grown to 70-80% confluency. On the day of transfection, media was changed to
antibiotic-free DMEM supplemented with 10% FBS (+/- DMEM) and 500ul of the

DNA:Lipofectamine mix was added dropwise to each well.
For both NCI-H716 and HEK-293, media was changed back to +/+ RPMI or +/+

DMEM respectively 16-20 hours after transfection. DNA amounts, and volumes of
lipofectamine 2000 and OptiIMEM were adjusted according to surface area for
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transfections on 48-, 24- and 12-well plates. Cells were harvested 48-96 hours after

transfection.

2.2.3.2 RNAIMAX for APPL1 knockdown

NCI-H716 were depleted of APPL1 via reverse transfection of siRNA. 2.5ul of
Lipofectamine™ RNAIMAX Transfection Reagent were added to 200ul of OptiMEM.
siAPPL1 was added to the mixture at a final concentration of 50nM or 200nM, and
gently mixed and incubated at room temperature for 20 minutes. 200ul of
RNAiIMax:siAPPL1:OptiMEM mixture was added per well of a 12 well plate, and cell
suspension diluted in RPMI-1640 media with 10% FBS was added on top. 16 hours
after transfection, media was changed to complete culture medium containing
antibiotic. Transfection conditions that were optimised were siRNA concentration
(50nM or 200nM) and transfection duration (48h or 96h) (Figure 2.2). 48h after
transfection, cell lysates were collected for analysis (48h time point) or split into 12-
and 96-well plates for protein analysis and signalling assays respectively and lysates
were collected 48h later (96h time point). When APPL1 protein abundance in
lysateswas assessed by SDS-PAGE, the highest % knockdown was observed by
incubation with 200nM siAPPL1 for a total of 96h.
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Figure 2.2 Optimisation of siRNA knockdown of APPL1 in NCI-H716 cells. The efficacy
of siRNA-mediated knockdown of APPL1 was tested across 2 siRNA concentrations and 2
timepoints. NCI-H716 cells were reverse-transfected with 50nM or 200nM of siAPPL1 at the
same time of plating on Matrigel-coated12 well plates. Cellular lysates were collected 48h after
transfection, or transfected cells were split again at this time point and lysates were collected

48h later (96h). (A) Representative image of western blot probing for expression of APPL1
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and GAPDH loading control in lysates of NCI-H716 cells reverse-transfected with 50nM or
200nM siAPPL1 vs wild-type/untreated (WT) cells at 48h or 96 after transfection. (B)
Densitometry analysis showing APPL1 protein expression relative to GAPDH in siAPPL1-
transfected cells across transfection conditions as % APPL1 expression relative to GAPDH in
control cells. Symbols represent APPL1 protein expression in singlet per independent

experiment, n=1 independent experiments.

2.2.4 Cloning

2.2.4.1 FLAG-FFAR2

An N-terminally FLAG-tagged human FFAR2 construct was produced by molecular
cloning methods. A human FFAR2 plasmid (SC116813, Origene) was used as a
template for PCR amplification with Q5 High-Fidelity DNA Polymerase. Primers were
designed to add restriction enzyme sites recognised by EcoRV and Afel to the 5’ and

3’ of amplified construct respectively.

Per reaction, 10ng of template DNA was added with 10pl 5x Q5 reaction buffer, 1ul
10mM dNTPs (200uM final concentration), 2.5ul of 10uM Forward Primer and 2.5yl of
10uM Reverse Primer (500nM final concentration), 0.5ul of Q5 enzyme, and nuclease-
free water to constitute 50pl final volume. Tubes were placed in a DNA Engine Tetrad
2 Peltier Thermal Cycler (Bio Rad) and the following cycling steps were run: initial
denaturation at 98°C for 30 seconds and 35 cycles of: 30 seconds at 95°C, 2 min at

68°C and 1 min at 75°C, followed by a 2-minute final extension at 72C.

hFFAR2 was amplified by PCR and fragments were cloned into a pcDNA3.1 carrying
FLAG-LHR. The LHR sequence was digested out of the vector by Afel and Xbal, and
human FFAR2 was digested with EcoRV and Xbal. For each digest 41ul of amplified
FFAR2 PCR product, or 41ul of FLAG-LHR equalling 1ugmade up in nuclease-free
water, was incubated with Sul of CutSmart Buffer and 1ul of each restriction enzyme.

The reaction was incubated at 37°C on a heat block for 2 hours. The digested
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fragments were separated by gel electrophoresis on a 2% (w/v) agarose gel containing
SYBR Safe DNA Gel Stain (1:10000), which was run for 40 minutes at 100V. The
linearised pcDNA3.1 fragment containing the FLAG tag (~ 5.4 kb) and amplified
FFAR2 (~ 1kb) were excised from the gel and purified by QIAquick Gel Extraction Kit.
DNA concentrations and purity were measured by a ND-1000 Nanodrop
spectrophotometer. A 260/280nm absorbance of ~1.7-1.9 was an indicator of
acceptable DNA purity.

100ng of purified plasmid was ligated to purified insert in a 1:5 ratio of plasmid:insert
using Quick Ligase™. The appropriate amount of vector and insert were mixed with
10ul of Quick Ligase buffer and made upto 20ul with nuclease-free water. 1pl of Quick

Ligase was added to the mix before incubation for 5 minutes at room temperature.

2.2.4.2 SEP-PYY

A PYY construct tagged with super-ecliptic pHluorin (SEP) (SEP-PYY) were designed
and produced by molecular cloning methods. Gene fragments of SEP-PYY (Twist
Bioscience) included sequences recognised by Xbal and Afel at the 5" and 3’ ends
respectively, for cloning into pcDNA 3.1 +/+ vector. pcDNA 3.1 +/+ was linearised with

Xbal and Afel. Proceeding steps were carried out as described above.

2.2.4.3 Transformation of competent bacteria

2ul of ligation mixture was added to 50ul of DH5a Competent Cells (ThermoFisher)
thawed on ice and incubated on ice for 30 mins. The mixture was placed at 42°C for
30 seconds to heat shock before being placed back on ice for 2 minutes. Maintaining
aseptic technique, 950ul of LB broth was added and tubes were placed in a 37°C
incubator for 60 minutes with shaking (250rpm). Tubes were centrifuged at 800 x g 5
minutes to pellet the bacteria. 950ul of supernatant was removed and the pellet was
resuspended in 50pl of remaining LB broth. 50yl of each ligation mixture was streaked
onto pre-warmed LB agar plates containing 100ug/ml ampicillin for selection and
placed in a 37°C incubator overnight. The next day colonies were selected. Single

colonies were inoculated in 5ml or 200ml of LB broth for miniprep and maxiprep
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cultures and incubated in a shaking incubator at 37°C for 14-16h. Bacterial cells were
harvested by centrifugation at 6000 x g for 10 mins at 4°C, supernatant was removed,
and plasmid DNA was purified from cell pellets by QIAGEN miniprep or maxiprep kits.
DNA concentration and purity were measured ND-1000 Nanodrop spectrophotometer.
Samples with a 260/280 ratio value of ~1.7-1.9 and 260/230 ratio value of ~ 2.0-2.2

were accepted as pure.

2.2.5 gPCR

2.2.5.1 Trizol RNA Extraction

NCI-H716 cells were seeded 48h before extraction (1.2 — 1.5 X 108 cells/well in 6-well
plates), and pre-treatments and or ligands were added at mentioned timepoints. RNA
was extracted using Trizol Reagent. Plates were kept on ice for all steps. 300l of
Trizol was added directly to each well with pipetting up and down 20 times to
encourage homogenisation and incubated for 5 minutes. Lysates were transferred to
RNase-free 1.5ml eppendorfs. 60yl of chloroform was added per tube and then mixed
thoroughly by inverting the tube several times for 20-30 seconds. Samples were
incubated for 2-3 mins at 4°C and then separated into three phases by centrifugation
at 72,000 x g for 15 mins at 4°C. The upper aqueous phase containing RNA were
transferred to a new tube and 150ul of isopropanol was added, Mixtures were
incubated for 10 minutes before centrifugation for 10 minutes at 72,000 x g at 4°C.
Supernatant was carefully removed manually with a pipette and the RNA pellet was
resuspended in 300ul of 75% ethanol. Samples were vortexed briefly and centrifuged
for 5 mins at 7500 x g for 5 minutes. This washing step was repeated twice more.
Finally, the RNA pellet was air-dried for an additional 10 minutes before resuspension
in 10l of nuclease-free water. RNA vyield and purity were measured by a ND-1000
Nanodrop spectrophotometer. RNA samples were accepted as pure if both 260/280
and 260/230 ratio values fell between ~ 2.0 — 2.2.
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2.2.5.2 Dnase |

RNA samples were treated with Deoxyribonuclease | (DNase 1) (Invitrogen) remove
any contamination by genomic DNA. 1ugof RNA was made upto 8plin nuclease-free
water and incubated with 1pl of 10x Dnase | buffer and 1pl of Dnase | for 10 mins at
room temperature. 1yl of EDTA were added to each tube, and mixtures were heat-
inactivated at 65°C for 10 minutes in a DNA Engine Tetrad 2 Peltier Thermal Cycler
(Bio Rad). If samples were not immediately used for cDNA synthesis, they were stored

at -80°C for upto 1 year in aliquots to avoid repeated freeze-thaw cycles.

2.2.5.3 cDNA synthesis

Complementary DNA (cDNA) was synthesised from RNA samples by SuperScript IV
Reverse Transcriptase (SSIV RT) (Invitrogen). A DNA Engine Tetrad 2 Peltier
Thermal Cycler was used for the heating of samples in the following steps. 1ugof
DNase-treated RNA was mixed with 1pl of 10mM dNTPs and 1pl of 50uM Random
Hexamers and incubated at 65°C for 5 minutes. Reactions were placed on ice for at
least 60 seconds and 7 pl of the following MasterMix was added: 4ul 5x SSIV buffer,
1ul DTT, 1yl RNAseOUT and 1ul SSIV RT. Next, samples were incubated in the
following thermocycling conditions: 23°C for 10 min, 50°C for 10 min, 80°C for 10 min.
RT reactions were either used immediately for PCR amplification or stored at -20°C for

upto 48 hours.

2.2.5.4 gPCR

Primers for quantitative real-time PCR (gPCR) of target genes were designed to meet
the following criteria: amplification of a 75-200p product, spanning an exon-exon
junction to avoid amplification of contaminating genomic DNA, containing <60% GC,
and having melting temperature (Tm) within 3C of each other. Designed primers were
input into NCBI Primer-BLAST to confirm low probability of primer-dimers (3" self-
complementarity score <4) and possible secondary structures between primer itself or
primer pairs (self-complementarity score <4) (Ye et al., 2012). Optimal forward (F) and
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reverse (R) primer concentrations was determined across a 100nM-900nM range of
incremental concentrations which were applied to both template and No Template
Control (NTC) wells: Trialled F/R primer concentrations (nM) were 100/100, 200/200,
300/300, 400/400, 500/500, 600/600, 700/700, 800/800, 900/900. If the absence of
non-specific amplification from NTC wells was also apparent, the reaction producing
the lowest Ct (cycle threshold) and the highest fluorescent reporter value (ARn) was
chosen for proceeding assays. Melt curves were analysed to confirm specific
amplification of the target product (Figure 2.3).
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Figure 2.3 Validation of primers for detection of human FFAR2 expression by qPCR
melt curve analysis. A melt curve plot of the derivative reporter signal (-R) as a function of
temperature (°C) for primer optimisation of human FFAR2. NCI-H716 cells were harvested and
RNA was extracted, DNAse-treated and converted to cDNA. RT-gPCR was subsequently
carried out using a range of incremental forward and reverse primers concentrations for
human FFAR2 (100-900nM each). Following product amplification, melt curve analysis was
performed. Primer concentration combinations are coloured and labelled on the melt curve

plot.

Each well of a semi-skirted 96 well PCR plate (STARLAB) contained; contained 20ng
of cDNA (assuming 100% RNA to cDNA conversion), 100-100nM of forward and
reverse primer, 10ul of PowerUp SYBR Master Mix and nuclease-free water to make
up a 20ul reaction volume. Plates were run on a StepOne Plus Real-Time PCR system

(Applied Biosystems) using the following cycling conditions: 5 minutes at 50°C for
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activation of uracil-DNA glycosylase (UDG), 5 minutes at 95°C for activation of Dual-
Lock DNA Polymerase, and then 40 cycles of: denaturation at 95°C for 15 seconds
followed by annealing and extension at 65°C for 1 min. Melt-curve analysis immediately
followed and consisted of the following; 95°C for 15 seconds, 60°C for 1 min, and then
temperature was gradually increased by 0.3°C every 15 seconds to 95°C. The 2-AACt
method was used calculate relative changes in gene expression (Livak & Schmittgen,
2001):

ACt = Ct (gene of interest) - Ct (housekeeping gene)
AACt = ACt (treated sample) - ACt (untreated sample)

Relative gene expression = 2-8ACt

2.2.6 Protein detection

NCI-H716 cells were plated 48 hours prior to assaying in 12-well plates (7.5 x 10°
cells/well) and grown to 80-90% confluency. For ERK1/2 blots, cells were serum-
starved in -/- RPMI with 0.2% fatty acid-free BSA for 24 hours prior to ligand
treatments. To obtain cell lysates, wells were washed with ice-cold PBS, 50ul RIPA
lysis buffer was added per well. Wells were then scraped and incubated for 10min at
4°C before lysates were transferred to 1.5ml eppendorfs and spun down at 76000 x g
for 15 min. A Bradford protein assay was carried out using Coomassie Brilliant Blue
dye to establish protein content of lysates. Lysates were normalised to a unform
concentration of 1ug/ul diluted using the appropriate volume of lysis buffer. 5x Laemli
buffer with 5% B-mercapthoethanol was added to samples before incubating for 10
mins at 90°C on a heat block. Samples could be stored at -20°C at this point or used
forimmediate loading. 40ul of sample was loaded per well of a 10-well polyacrylamide
gel, alongside 10ul of PageRuler™ Pre-Stained Protein Ladder using the Mini-
PROTEIN Tetra electrophoresis system (Bio-Rad). Tanks were filled with SDS
Running Buffer and electrophoresis was carried out at 100V for 20 mins at 100V, and
then 140V for a further 90 mins at 140V.

Following electrophoresis, proteins were transferred to a nitrocellulose membrane

using a Mini Trans-Blot Electrophoretic Transfer Cell system (Bio-Rad). Gels were
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carefully trimmed with a razor blade and equilibrated in transfer buffer before
placement in a “transfer sandwich”. The gel sandwich was assembled as follows;
blotting paper — gel — membrane — blotting paper and cushioned by sponges at both
ends. The sandwich was placed in a tank, the tank was filled with transfer buffer, and
a voltage of 100V was applied for 90 minutes at 4°C. Once gels had been
electrotransferred, membranes were carefully removed from transfer sandwiches
using tweezers and incubated in Blocking buffer for one hour at room temperature with
gentle agitation. After washing with TBS-T, membranes were incubated overnight in
primary antibody in appropriate dilution at 4°C with gentle agitation. Membranes were
washed thrice with TBS-T, each time for 5 minutes, before incubation with secondary
antibody in the appropriate dilution for one hour at room temperature with gentle
agitation. Membranes were washed thrice with TBS-T, each time for 15 minutes, and
incubated with Luminata Forte chemiluminescent substrate for detection.
Chemiluminescence was captured using an ImageQuant LAS 4000 system (GE
Healthcare) using the automatic exposure time module.

2.2.7 Cell Signalling Assays

HEK-293 cells (3 x 10* cells/well) or NCI-H716 cells (6 x 10* cells/well) were plated 48
hours prior to assaying in 96-well plates and grown to 80-90% confluency. For
measuring intracellular cAMP accumulation, cells were incubated with 0.5mM IBMX in
+/+ media for 5 minutes. If inhibitors were relevant to the assay, these were
administered to wells (alongside wells treated with DMSO or H20 vehicle for
comparison) before IBMX pre-treatment. Next, cells were incubated with 3uM of
forskolin in +/+ media for 5 min in the presence or absence of ligands. For measuring
intracellular IP1 accumulation, cells were treated with inhibitor or vehicle (if relevant to
the assay) prior to incubation with ligand in the presence of 50mM LiCl in +/+ media.
for 2 hours. Treatments were aspirated, and cells were incubated with 30pl of
Phospho-total protein lysis buffer 1 (Cisbio) per well for 20 mins at room temperature
with gentle agitation. Lysates were scraped and transferred to individual 1.5ml
eppendorfs and spun down for 15 minutes at 76000 x g at room temperature. If not
immediately used for HTRF assays, lysates were stored at -20°C for up to 1 month or

at -80°C for up to 3 months.
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cAMP levels were quantified using a cAMP Gas dynamic HTREF kit (Cisbio) which was
reconstituted according to manufacturer’s instructions. A standard dose response
curve spanning from 0 - 712nM of cAMP was established per kit. 10ul of lysate wad
added per well of a 384-well white bottomed plate, followed by 5ul of anti-cAMP Eu
cryptate donor antibody and 5ul of d2-labelled cAMP acceptor reagent and incubated
for one hour in the dark at room temperature. Negative control wells containing 15ul

of lysis buffer and 5ul of cryptate donor antibody only were included.

An IP-One Gaq kit (Cisbio) was used to quantify IP1 levels and was reconstituted
according to manufacturer’s instructions. Per kit, a standard dose response curve
spanning from 0 — 7700nM of IP1 was determined. Per well of a 384-well white
bottomed plate, 14ul of lysate wad added followed by 3ul of anti-IP1-cryptate donor
antibody and 3ul of d2-labelled IP1 acceptor reagent and incubated for one hour in the
dark at room temperature. Negative control wells containing 17ul of lysis buffer and

3ul of cryptate donor antibody only were included.

For cAMP and IP1 assays, A PHERAstar Plus reader (BMG LABTECH) was used to
measure 620nm cryptate and 665nm acceptor emissions respectively. The ratio of

acceptor and donor emission signals were calculated per well:

, Signal 665nM
Ratio = 22" x 10,000
Signal 620nM

Delta F% values were calculated for each sample to account for non-specific

background signal:

Ratiosample - Ratiopegative control
Delta F% = - g x 100%
Ratiopegative control

Finally, cAMP or IP1 concentrations were interpolated from Delta F% values using
relevant standard curves. cAMP values detected for each ligand treatment were
normalised to forskolin to represent and inhibition of forskolin-mediated cAMP

accumulation:
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[CAMP]sample

x 100
[CAMP]forskolin

% FSK =

2.2.8 Microscopy

2.2.8.1 Fluorescent Calcium Assay

NCI-H716 cells (8 x 10° cells/dish) were seeded on 35mm MatTek glass bottom dishes
48h before assaying and grown to 50-60% confluency. Cells were incubated with
990yl of Fluo-4 Direct™ calcium indicator (Invitrogen), diluted 1:1 in -/- RPMI media,
for 30 minutes in an incubator at 37°C in the dark, and 30 minutes at room temperature
in the dark. Excitation and emission of Fluo-4 are at 494nm and 516nm respectively.
Cells were imaged with a SP5 inverted confocal microscope (Leica) using th LasX
software, with excitation at 488nm. Background fluorescence was captured over 1
minute at a frame rate of 1 frame/second. Next, 10yl of ligand, in a 1M working stock
to give 10mM final concentration, was added to the dish, and cells were imaged at 1
frame/second until calcium levels re-equilibrated to basal. Fluorescence intensity of
at least 50 cells per condition were analysed using the Time series analyser V3 plugin
on Imaged. In each frame, fluorescence intensity was normalised to average

background fluorescence per cell:
Normalised fluorescence intensity =

fluorescence intensity[frame 1]+...ﬂu0rescence intensity[f 0]
rame

Fluorescence intensity - 0

2.2.8.2 Immunofluorescent staining of Whole-Mount Organoids
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Organoids were cultured for 5-6 days in Matrigel domes on 48-well plates. Media was
carefully removed, and each well was washed twice with PBS. After breaking up the
domes using a blunt P1000 tip, organoids were incubated with 300ul of 4% PFA per
well and incubated for 4 hours for fixation at room temperature on a tilting platform.
Plates were periodically monitored to ensure both complete dissolving of Matrigel and
preserved organoid morphology. The fixative was transferred to a 1.5m Low Adhesion
Micro Centrifuge Tube (USA Scientific, #1415-2690). Once the organoids had settled
by gravity (10-15 minutes), the fixative was carefully removed without disturbing the
pellet. To wash the organoids, 500ul of PBS was added to the tube, organoids were
allowed to sink again, and this wash was repeated once more. During the final PBS
wash, an 8-well Culture Slide (Falcon, 354118) were coated with a thin layer
(50ul/well) of Matrigel in a 1:2 dilution in media. The slide was incubated for 5 mins at
37°C to allow the coating to partially set. Using a blunt P1000 tip pre-coated with 0.1%
BSA, the organoid pellet was finally resuspended in 50ul of PBS. 25yl of suspension
was carefully added dropwise per well of the pre-coated chamber slides incubated for
90 minutes at 37°C to allow the organoids to adhere. Wells were washed once with
300ul of PBS, and then permeabilised in Organoid Permeabiilisation Solution
(300pl/well) for 30 minutes at room temperature. Next, organoids were washed once
with 300ul of Organoid IF buffer, blocked in Organoid Blocking Buffer (300ul/well) for
one hour at room temperature, and then incubated with primary antibody diluted in
Organoid Blocking Buffer (150pl/well) at 4°C overnight. The next day, organoids were
washed 3 times with IF buffer for 5 min each and then incubated with Secondary
antibody and Hoescht 33342 solution diluted in Organoid Blocking Buffer (150ul/well)
for one hour at room temperature in the dark. After secondary incubation, wells were
washed similarly to the previous step. After removal of the IF buffer, the chambers
were carefully detached using the contained removal kit (Falcon, 354118). 20ul of
ProLong Gold AntiFade Mountant (ThermoFisher, P36930) was added to the centre
of each well and a coverslip was gently lowered onto the specimen, by starting on one
edge, to avoid entry of air bubbles. The edges of the coverslip were sealed using clear
nail polish and stored at 4°C in the dark until imaging. Slides were imaged on a Stellaris

8 Inverted confocal microscope (Leica) using the LasX software.
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2.2.8.3 Preparation of fixed slides

HEK-293 (3 x 10%) or NCI-H716 (7.5 x 10%) were plated on 13mm coverslips in 24-
well plates and grown till 30-40% confluency for 48 hours. For staining with anti-FLAG
M1 antibody, cells were incubated with M1 diluted in -/- media for 35 minutes, and
relevant ligands were added directly into wells for the final 20 minutes. If inhibitors
were used, these were administered to cells at respective timepoints prior to M1
treatment. Next, cells were washed with PBS-Ca?*. For stripping M1 antibody off cell
membranes, coverslips were quickly washed three times in 0.04M EDTA in calcium-
free PBS, and then three times with PBS-CAZ2*. Cells were fixed with 4%
paraformaldehyde in PBS for 30 minutes at room temperature and washed three times
again. For membrane permeabilisation, cells were incubated with 0.2% Triton X-100
in PBS-Ca?* for 15 mins at room temperature. Next, cells were washed again and
blocked for one hour at room temperature in 2% FBS PBS-Ca2+ (blocking buffer).
Cells were incubated with primary antibody(s) in appropriate dilution(s) in blocking
buffer for one hour at room temperature. Next, cells were incubated with Alex
secondary antibodies for one hour at room temperature in the dark. Cells were washed
thrice with PBS-Ca?* for 15 minutes each. If cells were to be stained with HCS
CellMask™ Deep Red, a 30 min incubation with CellMask diluted in blocking buffer
was carried out at room temperature in the dark. Finally, coverslips were mounted
using Fluoromount G onto clear glass slides and stored at 4°C in the dark until imaging.
Slides were imaged on a Stellaris 8 Inverted confocal microscope (Leica) using the
LasX software.

2.2.8.4 Colocalisation analysis

For co-localisation analysis, images were capture on Stellaris 8 Inverted confocal
microscope (Leica) with the adaptive deconvolution module Lightning to achieve
super-resolution. Images analysed using the JACoP: Just Another Co-localisation
plugin on ImagedJ. For co-localisation analysis of FLAG-hFFAR2 and EEA1,
appropriate thresholds were applied to receptor and EEA1 channels, which were kept
constant between treatments, and Manders’ overlap coefficients were calculated. Files
were renamed arbitrarily to avoid sampling bias in choosing thresholds. For co-
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localisation analysis of GLP-1 and PYY, Pearson’s correlation coefficient between

respective channels. was computed.

2.2.8.5 Cell morphology measurements

In NCI-H716 cells, Automatic particle analysis on ImageJ was carried out to quantify
changes in cell size and morphology. To reduce observer bias, blinding of treatment
allocation was maintained during the image analysis process. Images were split into
individual channels and the Cell Mask channel was manually thresholded (threshold
was kept constant across samples within an experiment). After a threshold was
determined, binary images were automatically generated in which individual cells were
segmented from background and outlined. The watershed function was used in more
confluent samples if cells were touching. Next, the ‘Analyse particles’ command was
applied to the mask with minimum particle area set at 20uM? to exclude background
noise. As such, the outline of individual cells were assigned as regions of interest
(ROIls). The binary mask was overlay on the Cell Mask channel to verify “true” cells
identified by the automatic analysis, and area, feret, diameter and circularity

measurements were computed.

Cell Mask Binary Binary Mask

| o

0001-0239

’ 0002-0244
"4

Figure 2.4 Creating binary masks that were representative of cellular outlines on

ImagedJ. Representative images of NCI-H716 used morphology measurements by ImageJ.

NCI-H716 cells were fixed and permeabilised before staining with HCS CellMask™ Deep Red
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Stain and DAPI and mounting on glass slides. Slides were imaged by confocal microscopy.
Scale bar= 10uM. Conditions were imaged across 120 cells captured in 3 independent
experiments. Images were input into ImagedJ and split into respective channels. The Deep Red
channel was thresholded and converted to a binary mask. Automated particle analysis was

then carried out on binary masks, and measurements of area, feret diameter, and circularity.

2.2.8.6 Quantitative analysis of fluorescent organoids

Organoids were imaged on an All-in-One Fluorescence microscope (Keyence) and
images were used for quantitative analysis. Microscope settings were kept consistent
for individual organoids between timepoints. Temporal profiles of GFP fluorescence
intensity were quantified in HES1-GFP organoids. On ImagedJ, the outlines of
individual organoids were manually traced such that the lumen was excluded and
ROIs were created (Figure 2.5A). Images were then split into respective GFP and
brightfield (BF) channels. The ROl was projected onto the GFP channel and the
‘Histogram’ function. Grey values were divided into 256 bins and the distribution of
pixels were plotted (Figure 2.5B). Mean grey values were obtained per organoid at
each time point. ROls were also used to determine organoid area and % GFP-positive
area was computed by manual thresholding of positive regions. This method was also

used to compute % LGRS-positive area in the Lgr5-lineage tracer system.

102



A

day 0 da‘ 1 da‘ 2 da‘ 3

day 2

1600 -

1200 =

800 +

# of pixels

400 1

0- ] L] L] L) L L ¥ L]
0 20 40 60 80 100 120 140 160 180 200 220 240

Figure 2.5 Quantification of fluorescence in HES1-GFP organoids by ImageJ. Individual

HES1-GFP organoids were imaged by a fluorescence microscope across 0 to 72h (day O to
day 3) which captured GFP fluorescence in addition to brightfield (BF) images. (A)
Representative images of a single HES1-GFP routinely imaged every 24h across a 72h
period. Composite GFP/BF images were input into ImageJ and organoid outlines were
manually traced such that the luminal area was excluded. (B) Representative Histogram of
ROIs generated from tracing in (A) and applied to GFP channels at respective timepoints.
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2.2.8.7 TIRF microscopy

Total internal reflection fluorescence microscopy was conducted on a Nanolmager S
from ONI (Oxford Nanoimaging; ONI). NCI-H716 cells (5 x 10%) were plated on an ibidi
u-Slide 8 well Glass Bottom and grown to 40-50% confluency for 48h. 15 minutes
before imaging, cell media was changed to phenol red-free secretion buffer. The
nanoimager was pre-warmed to 37°C. Frames were captured on a close-loop piezo
stage with a 100x NA 1.4 oil immersion objective and SCmos camera with excitation
405nm, 488nm, 561nm and 640nm lasers. Samples were brought into TIRF mode by
adjustment of the angle of incidence of laser excitation. Frames were captured every
100ms (10 frames per second) for 5 minutes per sample.

2.2.9 Immunoassays

Gut peptide hormone concentrations were detected by various immunoassays in the
supernatants and lysates of NCI-H716 cells. NCI-H716 cells were grown on 24 well
plates (5 x 10° cells/well) for 48 hours till 80-90% confluency. Prior to ligand
treatments, wells were washed twice with pre-warmed sterile Krebs buffer. Cells were
incubated for 2 hours with ligand diluted in sterile Krebs buffer with 0.2% BSA added
at 37°C. Plates were immediately placed on ice and supernatants were collected into
pre-chilled 1.5ml eppendorfs. Tubes were spun at 800 x g for 10 mins at 4°C to pellet
any remaining cells and/or debris and supernatants were aliquoted and transferred
into fresh tubes at stored at -80°C for up to 1 year. For collection of cell lysates, wells
were washed with ice-cold PBS, and 50ul RIPA lysis buffer was added per well. Wells
were then scraped and incubated for 10min at 4°C before lysates were transferred to
1.5ml eppendorfs and spun down at 76000 x g for 15 min. Lysates were stored at -
80°C for up to 1 year.
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2.2.9.1 Radioimmunoassays

An in-house radioimmunoassay was used to measured GLP-1 secretion. (Kreymann
et al., 1987). The GLP-1 7-36 antibody utilised in this assay shows 100% cross-
reactivity with all amidated GLP-1 forms but not glycine-extended forms of GLP-1 or
any other proglucagon-derived gut peptides. lodinate-125 labelled GLP-1 7-36 peptide
was iodinated by the chloramine T method by Professor Kevin Murphy and purified by
high-performance liquid chromatography (Hunter & Greenwood, 1962). 20ul of
supernatant or 20pl of diluted lysate (1:500 in phosphate buffer) was incubated with
230ul of phosphate buffer, 50ul of iodinated label (12 counts/second) and 50ul of anti-
GLP-1 antibody for 3 days at 4°C. Standard curve samples containing 1, 2, 3, 5, 10,
15, 20, 30, 50 and 100 pl of 0.125 pmol/ml were included. 250ul of dextran-coated
charcoal buffer was added to each tube before centrifuging at 150g for 30 mins at to
separate free labelled peptide and antibody-bound labelled peptide. A NEI1600 y
scintillation counter was used to measure radioactivity of supernatants containing
bound peptide and pellet containing bound peptide. The intra-assay and inter-assay
coefficients of variation were 5.6% and 9.2% respectively and R? values of standard

curves were above 0.95.

2.2.9.2 ELISA

GLP-2 (Abcam) and PYY (Merck) secretion were measured by enzyme-linked
immunosorbent assay (ELISA) kits. All steps were carried out at room temperature.
To measure GLP-2 secretion, 50ul of supernatant was added to GLP-2 antibody-
coated wells and the plate was sealed and incubated for 2 hours. Wells were washed
five times with 200ul of wash buffer. 50ul of biotinylated GLP-2 detection antibody was
added to each well and the plate was incubated for 1 hour. Washing was repeated
before 50ul of Streptavidin-Peroxidase Conjugate was added per well and incubation
for 30 minutes. Wells were washed again and 50ul of chromogen substrate was
added. After incubation for 25 minutes, 50ul of stop solution was added per well and
plates were read immediately at 450nm. Background readings at 570nm were

subtracted from readings and values were interpolated from a standard curve.
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To measure PYY secretion, 100ul of sample was added to PYY antibody-coated wells
and the plate was sealed and incubated overnight at 4°C with gentle shaking. All
subsequent steps were carried out at room temperature. Wells were washed four
times with 300ul of wash buffer. 100ul of biotinylated PYY detection antibody was
added to each well and the plate was incubated for 1 hour with gentle shaking.
Washing steps were repeated. 100ul of Streptavidin-Peroxidase Conjugate were
added per well and the plate was incubated for 45 minutes with gentle shaking. Wells
were washed again and 100ul of colorimetric reagent were added per well. The plate
was incubated for 30 minutes in the dark with gentle shaking. 50ul of stop solution was
added per well and absorbance was read immediately at 450nm. Background readings
at 570nm were subtracted and concentrations were interpolated from a standard

curve. Detection limits were 0.14ng/ml and 0.15ng/ml for GLP-2 and PYY respectively.

2.2.9.3 Measurement of SEP-PYY release

The fluorescence intensity of supernatants of SEP-PYY-transfected NCI-H716 cells
was determine as a measure of SEP-PYY secretion. During reverse transfection
(2.2.3.1) NCI-H716 cells were seeded into 24-well plates (5 x 10° cells/well) 48 hours
prior to assaying and grown to 70-80% confluency. Butyrate pre-treatments were
added to respective wells at indicated time points prior to assaying. Wells were rinsed
twice with pre-warmed sterile Krebs buffer. Next, cells were incubated with respective
ligands in sterile Krebs buffer with 0.2% BSA for 2 hours at 37°C. The plate was
immediately put on ice at 4°C in the dark, and supernatants were transferred to fresh
pre-chilled 1.5ml Eppendorf tubes and then spun at 800 x g for 10 mins at 4°C. Whilst
maintaining dark conditions, 100pl of each supernatant was transferred added to
individual wells of a 96 well white-opaque plate. Treatment control wells containing
100ul of Krebs buffer-diluted ligand were also included. Plates were read using a
LUMistar OPTIMA microplate reader (BMG Labtech) with optical filters for excitation
and emission set to 485nm and 520nm respectively. Fluorescent gain was manually
adjusted to avoid detector saturation. Per each condition, measurements were
corrected for background signal and values of SEP-PYY-transfected cells were

normalised to values of untransfected cells:
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Normalised fluorescence intensity =

fluorescence lntenSltYSEP—PYY transfected cell ~ fluorescence 1ntensjt}’treatment control

fluorescence intensity,,iransfected cell - flUOrescence intensity, catment control

2.2.10 Flow cytometry

HEK-293 were plated on 6 well plates (1 x 10 cells/well) and grown for 48 hours to
80-90% confluency. To determine transfection efficiency of FLAG-hFFAR2 in HEK-
293 cells, cells were stained with anti-FLAG M1 antibody at for 20 minutes at 37°C in
-/- DMEM. NCI-H716 cells were seeded (6 x 10°/well of a 12 well plate) for flow
cytometry during SEP-PYY reverse transfections and grown for 48 hours to 80-90%
confluency. SCFA pre-treatments were added at respective timepoints.

On the day of assaying, cells were washed twice with cold PBS-Ca2+ and harvested
in FACs buffer in 1.5ml Eppendorf tubes. Tubes were spun down at 77718 x g at 4°C.
Supernatants were removed and pellets were resuspended in AlexaFluor 488-
conjugated anti-mouse secondary antibody and incubated on ice in the dark for one
hour. Cells were centrifuged at 17718 x g at 4°C twice more, with two cold PBS-Ca?*
washes between each spin. Pellets were resuspended to a final volume of 300ul in
FACs buffer and transferred to polyprolene round bottom FACs tubes. Samples were
analysed on a FACS Calibur Flow cytometer. The parameter of the gating region of
interest for assays with HEK-293 or NCI-H716 cells was adjusted based on; readings
with untransfected HEK-293 cells exposed to M1 and secondary antibodies or
readings with untransfected NCI-H716 cells respectively. Mean fluorescence intensity

(MFI) was normalised to readings of untransfected cells:

l:"Itransfected

M
Normalised MFI =
MFIuntransfected
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2.2.11 NanoBit

NanoLuc Binary Technology (NanoBiT) was used to probe the Interaction between
Gaqg/11 and endofin, a marker of early endosomes, using the Nano-Glo Live Cell
Assay system (Promega). The engineered luciferase NanoLuc (NLuc) generates
luminescence in the presence of its substrate furimazine when its two separate
subunits form an active enzymatic complex based on the interaction of separate
binding partners to which they are fused (Dixon et al., 2016). The following constructs
were kindly gifted by Prof Aska Inoue (Tohoku University); The 18-kDa Large BiT
fragment of NLuc fused to the C-terminus of Gaq/11 (Gaq/11-Lgbit); The 1.3kDa Small
BiT fragment of NLuc fused to the C-terminus of the FVYE zinc finger domain of
endofin (endofin-Smbit). 48h prior to assays, NCI-H716 cells were seeded (5 x 10°
cells/well of a 12 well plate) during reverse transfection (500ng each of Gaqg/11-Lgbit

and endofin-Smbit) and grown for 48h to 80-90% confluency.

Media was removed and wells were each washed with pre-warmed PBS before
harvesting by manual pipetting and suspension in 1ml of pre-warmed PBS. 100ul of
cell suspension were added per well of a white flat-bottomed 96 well plate.
Immediately, 25ul of Nano-Glo Live Cell Substrate furimazine, which has been
equilibrated to room temperature and diluted according to manufacturer’s instructions
in Nano-Glo Live Cell Reagent, was added per well under dark conditions.
Luminescence was measured using a LUMIstar OPTIMA microplate reader (BMG
Labtech), and cycles were 27 seconds long. Measurements were taken for 5 minutes
(12 cycles) at baseline. Quickly, 10ul of 130mM NaCl or propionate diluted in pre-
warmed PBS, or PBS alone (vehicle) were added to wells in the dark to give a final
concentration of 10mM using a multichannel pipette. Luminescence was then
measured for another 40 minutes. Ligand-induced changes in luminescence were
represented as a fold change of average basal (0-5min) luminescence and normalised
to vehicle.
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2212 Bioinformatics analysis

2.2.12.1 Single-cell RNA-seq (scRNAseq) analysis

Raw counts and meta-data for the ‘Large intestine’ was obtained from the single-cell
RNA-seq (scRNA-seq) Tabula Muris dataset and analysed using the Seurat package
on R (Tabula Muris Consortium, 2018; Hao et al., 2024). Expression data across 23,
433 genes from 3950 large intestinal cells, each expressing at least 500 genes and at
least 50,000 UMI counts, passed standard quality-control (QC) processing. Counts
were normalised using the Seurat ‘LogNormalise’ function which computes gene
expression values by dividing feature counts by total feature counts per cell, multiplies
by scale factor 1,000,000, and computes the natural logarithm of log(1+X). Pre-defined
ontologies were assigned to cells by merging meta-data: epithelial cell, enterocytes,
goblet cells, brush cells, and EECs (Tabula Muris Consortium, 2018). Characteristic

marker genes of each cell ontology class are indicated in (Appendix 1)

2.2.12.2 Protein structure prediction

The Alphafold2 pipeline, which integrates the Mmseq2 software to perform automated
multiple sequence alignment, was used to predict three-dimensional (3D) structures
of SEP-PYY constructs based on input amino acid sequences (Jumper et al., 2021;
Steinegger & Soding, 2017). The open source code for Alphafold2 was accessed and
run on GitHub. The number or recycles (“num_recycles” function) was set to 3,
meaning that structural predictions were fed and refined thrice through the model.
Prediction outputs were ranked based on average predicted local distance difference
test (pLDDT) scores. Amino acid sequences were also input to SignalP 5.0 to identify
potential cleavage sites of signal peptidase | (Spase I) (Almagro Armenteros et al.,
2019). PDB files output from AlphaFold2 were visualised and annotated on PyMOL.
(Schrodinger & DelLano, 2020).

2213 Statistical analysis

Quantitative data are presented as the means + standard error of the mean (SEM)
from independent experiments. All statistical significance was determined by
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parametric tests on GraphPad Prism 9 for normally-distributed data; unpaired
Student’s T test for two groups; one sample T-test for comparison to a single value;
one-way ANOVA for comparison of >2 groups; two-way ANOVA for considering 2
independent variables between >2 groups. Post-hoc tests used were Bonferroni (when
comparing all groups to one another) or Dunnett’s (when comparing multiple treatment
groups to a single control group). Significance was considered at p <0.05 *; p <0.01
**: p <0.001 ***; p <0.0001 ****.
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3. FFAR2 signalling and trafficking profiles
activated by short chain fatty acids in human
EECs
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3.1 Introduction

Free fatty acid receptors (FFAR) are a family of class A GPCRs which are activated
by free fatty acids (FFAs) and differ in their specificity based on FFA carbon chain
length (Briscoe et al., 2003; Brown et al., 2003; Le Poul et al., 2003; Hirasawa et al.,
2005). FFAR2 and FFAR3 are both sensors to the products of gut microbial
fermentation of dietary fibre called short chain fatty acids (SCFAs), mediating a
multitude of metabolic and immune effects (Kimura et al., 2020). FFARZ2 is pleiotropic
in its G-protein coupling and can couple both Gai and Gaq pathways, whereas FFAR3
prefers signalling via Gai (Le Poul et al., 2003; Brown et al., 2003). There is much
clinical interest in the mechanistic role of FFAR2 in SCFA-induced secretion of the
anorectic gut peptide hormones GLP-1 and PYY. Both Gai and Gaq mechanisms have
been implicated in FFAR2-dependent GLP-1 and PYY release, however previous
studies have been limited to mouse models (Psichas et al., 2015; Caengprasath et al.,
2020).

The classic paradigms of GPCR activation have evolved in the last two decades,
extending the role of the endocytic pathway beyond terminating plasma membrane
signalling and subsequent receptor recycling or degradation, to facilitating the
signalling of internalised receptors from diverse endomembrane hubs (Hanyaloglu &
Von Zastrow, 2008). The introduction of fluorescence resonance energy transfer
(FRET)- based techniques was able to capture a temporal complexity in GPCR-
activated cAMP responses, encoded by cellular location (Calebiro et al., 2009). As
such, several endocrine-relevant GPCRs ligands have been shown to activate
prolonged and pharmacologically-unique G protein-dependent and independent
responses from endomembrane platforms which can outlast transient GPCR signals
from the plasma membrane (Caengprasath & Hanyaloglu, 2019). A further
development to this tenet of intracellular GPCR signalling emerged in the case of the
parathyroid hormone receptor (PTHR), in which such spatiotemporally-pleiotropic Gas
responses are induced from the single receptor by activation with two functionally
divergent endogenous agonists, PTH and PTHrP (Ferrandon et al., 2009). The
demonstration that agonist-directed spatial encryption of GPCR signalling can be
decoded to specific cellular functions in both physiological and pathophysiological
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systems, holds therapeutic benefit in the development compartment-specific GPCR
ligands.

Previous work from our lab has uncovered a spatial complexity to mouse FFAR2
signalling pathways that drives anorectic gut hormone release (Caengprasath et al.,
2020). This chapter aims to characterise and compare the SCFA-activated signalling
pathways of the human ortholog of FFAR2 (hFFAR2) in a system where it is
endogenously expressed; the NCI-H716 EEC line, and in a heterologous expression
system; HEK-293 cells transiently transfected with hFFAR2.

In addition, | question the identity of specific endosomal compartments to which
hFFAR2 might traffic to downstream of SCFA activation and investigate the integration

of human FFAR2 endocytic trafficking in Gai and Gaq signalling profiles.

3.2 Results

3.2.1 Propionate activates both human FFAR2-Gai and -Gaqg pathways in

a heterologous expression system

The Gai and Gaq signalling profiles of the human ortholog of FFAR2 were first
characterised in a heterologous expression system. A human FFAR2 construct
bearing an N-terminal FLAG tag (FLAG-hFFARZ2) was transiently transfected into the
HEK-293 cells line which lacks endogenous expression of the receptor. Transfected
cells were stimulated with endogenous SCFA ligand of FFAR2, propionate (C3), and

Gai and Gaq signalling responses were measured and compared with wild-type cells.

Activation of the Gaqg pathway results in the stimulation of phospholipase C- 8 which
cleaves phosphatidylinositol phosphate (PIP2) to diacylglycerol (DAG) and inositol
triphosphate (IPs3) facilitating the activation of protein kinase A and mobilisation of
calcium from IP3 receptor-gated channels respectively. Gaqg activation was quantified
by measuring the accumulation of a more stable downstream metabolite of IP3,
inositol monophosphate (IP1). Propionate stimulated an increase in intracellular 1P1
levels in transfected cells (Figure 3.1A). In contrast, propionate IP1 responses were
comparable to NaCl control in WT HEK-293 cells, confirming a hFFAR2-dependence.
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Next, propionate-stimulated Gai activation was investigated in FLAG-hFFAR2 HEK-
293 cells. The Gai pathway inhibits the enzyme adenyl cyclase, thereby dampening
the conversion of ATP to cAMP and activity of cAMP-dependent protein kinase (PKA).
FLAG-hFFAR2* HEK-293 cells were pre-treated with phosphodiesterase inhibitor 3-
isobutyl-1-methylxanthanine (IBMX) to raise intracellular cAMP. Cells were then co-
treated with adenyl cyclase activator forskolin and propionate or NaCl control, and
inhibition of forskolin-mediated cAMP accumulation was measured (Figure 3.1D).
Propionate significantly inhibited forskolin-mediated accumulation of cAMP in a
concentration-dependent manner (loglCso= -4.224 £+ 0.258) in FLAG-FFAR2* but not
WT HEK-293 cells (Figure 3.1B).
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Figure 3.1 Propionate activates Gai and Gaq signalling in HEK-293 cells transiently
transfected with FLAG-hFFARZ2. (A) Intracellular accumulation of inositol monophosphate
(IP1) measured in untransfected (empty) and HEK-293 cells transiently transfected with
FLAG-hFFAR2 at baseline (basal) or following treatment with NaCl (1mM, 2hr) or C3 (1mM,
2hr). Data are presented as mean + SEM of at least triplicates, n=3 independent experiments.
Two-way ANOVA; Basal vs NaCl vs C3 in untransfected or transfected cells (****p<0.001). (B)
Intracellular cAMP accumulation measured in FLAG-hFFAR2 transfected HEK-293 cells. Cells
were treated with IBMX (500 nM, 5 min), followed by FSK (3uM, 5 min) or a combination of
FSK (3uM, 5min) and NaCl (1mM, 5 min) and C3 (1mM, 5 min). Responses are shown as %
change to FSK. Data are presented as mean + SEM of at least triplicates, n=3 independent
experiments. t-test vs FSK (**p>0.01). (C) Intracellular cAMP accumulation in untransfected
HEK-293 cells and FLAG-hFFAR?2 transfected HEK-293 cells following treatment with IBMX
(500 nM, 5 min) and then treatment with FSK (3uM, 5 min) or FSK (3uM, 5 min) and C3 (1nM-
10mM, 5 min). Responses are shown as % change to FSK. Data are presented as mean *

SEM of at least triplicates, n=3 independent experiments.

3.2.2 NCI-H716 cells as a model for investigating FFAR2 signalling in

human colonic L-cells

L-cells exhibit unique functionalities based on their macro-anatomical location and
microenvironment along the gastrointestinal tract. As such, duodenal and jejunal L-
cells are more responsive to absorbed meal-derived nutrients than colonic L-cells,
whereas colonic L-cells largely modulate secretory responses to metabolites of the gut
microbiome (Kuhre et al., 2021). Therefore, in studying the FFARZ2 signalling
responses to SCFAs on L-cells human gastrointestinal tract, it seemed appropriate to
consider a colon- rather than a small intestine-derived model. NCI-H716 is a
suspension cell line derived from a colorectal adenocarcinoma and has been
characterised as a model for studying GLP-1 and PYY secretion in human
enteroendocrine L-cells (Park et al., 1987; Reimer et al., 2001). The expression of
FFAR2 and FFARS3 in NCI-H716 cells was quantified alongside expression of GLP-1
precursor proglucagon (Gcg) and Pyy (Figure 3.2). Single cell RNA sequencing
(scRNAseq) analyses have further resolved specific L-cell transcriptome signatures of
distinct regions within the colonic epithelium (Burclaff et al., 2022). Expression of Pyy
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in NCI-H716 cells was much lower than Gcg, similar to L-cell transcriptomes specific
to the ascending colon. Ffar2 expression was ~400 fold higher than Ffar3 , which is
endogenously characteristic of native human L-cells in vivo (Tazoe et al., 2009).
Together these findings suggested NCI-H716 cells to as a suitable model to SCFA-
driven FFAR2 signalling mechanisms that might drive anorectic gut hormone

production in human colonic L-cells.
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Figure 3.2 The human colonic NCI-H716 cell line express nutrient-sensing machinery
and hormone products characteristic of L-cells. Relative gene expression of Ffar2, Ffar3,
Gcg and Pyy in NCI-H716 cells to housekeeping gene ribosomal protein 12 (rp/12) obtained
by the 2-ACt method. Data are represented as mean + SEM of triplicates, n=4 independent
experiments. T-test to 1 (****p>0.001, ***p>0.001, **p>0.01).

3.2.3 SCFAs activate heterogeneous Gai and Gaq signalling profiles in
NCI-H716 cells

Despite the coupling of FFAR2 to both Gai and Gaq signalling pathways, previous
data from our lab has found propionate to activate Gai but not Gaq in mouse EECs
(Caengprasath et al., 2020). | questioned whether propionate-stimulated hFFAR2
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signallinag mechanisms might be conserved across mouse and human receptor
orthologs in EECs. Gai activation with increasing concentration of NaCl treatment
control in NCI-H716 cells showed large variation and no likeness to an inhibitory trend
(Figure 3.3A). Propionate-activated Gai responses in NCI-H716 cells were compared
alongside those of two other endogenous SCFA ligands of hFFARZ2, acetate (C2) and
butyrate (C4). (Figure 3.3B).
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Figure 3.3 SCFAs activate Gai signalling in NCI-H716 cells in a concentration dependent
manner. Intracellular FSK-mediated cAMP accumulation in NCI-H716 cells. Cells were
treated with IBMX (500 nM, 5 min), followed by FSK (3uM, 5 min) or a (A) combination of FSK
(3uM, 5min) and NaCl (100nM-10mM 5 min) (B) or a combination of FSK and SCFA (1nM-
10mM, 5 min); NaCl (grey), C2 (red), C3 (purple), C4 (green). Responses are shown as %
change to FSK. Data are presented as mean + SEM of at least triplicates, n=6 independent
experiments. (C) NCI-H716 cells were pre-treated with Pertussis toxin (PTX) (250ng/ml) or
vehicle for 20 hours, and subsequently IBMX (500 nM, 5 min), followed by FSK (3uM, 5 min)
or a combination of FSK (3uM, 5min) and NaCI/SCFA (1mM, 5 min); H20 vehicle (white), PTX
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(dark grey). Data are presented as mean + SEM of at least triplicates, n=3 independent
experiments. t-test Vehicle vs PTX (***p<0.001, **p<0.01).

Propionate, butyrate, and acetate significantly inhibited forskolin-mediated cAMP
accumulation in a concentration dependent manner, ranking first, second and third in
potency amongst the SCFAs respectively (Table 3.1). SCFA-mediated inhibition of
cAMP accumulation in NCI-H716 cells was confirmed to be a Gai-specific effect using
Pertussis toxin (PTX) (Figure 3.3C). PTX catalyses the transfer of an ADP-ribose
moiety to Gai proteins, inhibiting receptor coupling (Bokoch et al., 1983). 20-hour pre-
treatment of NCI-H716 cells with 250ng/ml PTX significantly blunted SCFA-mediated

decreases in CAMP, confirming an underlying Gai mechanism.

SCFAs were also able to activate Gaqg signalling in NCI-H716 cells. Acetate,
propionate, and butyrate increased IP1 accumulation in a concentration-dependent
manner, ranking in identical order to their Gai potencies (Table 1). Propionate
demonstrated maximal efficacy in stimulating IP1 accumulation, followed by acetate
and butyrate (Figure 3.4A). Butyrate-driven IP1 accumulation was modest, only slightly
exceeding NaCl control response. To confirm an underlying Gag-specific effect in
SCFA IP1 profiles, selective Gaq inhibitor YM-254890 was employed, which
mechanistically inhibits the GDP/GTP exchange of Gaq (Nishimura et al., 2010). Pre-
treatment of cells with YM-254890 significantly inhibited SCFA-mediated accumulation
of IP1 in NCI-H716 cells, confirming a Gag-mediated effect (Figure 3.4B).
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Figure 3.4 SCFAs activate Gaq signalling in NCI-H716 cells. (A, B & C) Intracellular IP1
accumulation in NCI-H716 cells following (A) 2hr treatment with increasing concentrationss
(1nM-10mM) of NaCl (grey), or C2 (red), or C3 (purple), or C4 (green). Data is shown as (B)
normalised curves by defining minimum and maximum responses for each SCFA (or NaCl)
defined as 0% and 100% respectively. (C) SCFA-mediated IP1 accumulation (1mM, 2hr)
measured after pre-treatment with YM-254890 or DMSO vehicle; DMSO (white), YM-254890
(grey). Data are presented as mean * SEM of at least triplicates, n=3 independent
experiments. t-test Vehicle vs YM (**p<0.01). (D, E & F) SCFA-mediated intracellular calcium
mobilisation measured by Fluo-4 fluorescent calcium indicator in NCI-H716 cells. Cells were
incubated with FLuo4-AM for 1 hour, and imaged by confocal microscopy for 1 minute (50
frames) before the addition of NaCl (10mM) or SCFA (10mM). (D) Maximal change in

fluorescence intensity over baseline(F/F0) in individual cells. Opaque circles represent the
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mean = SEM of n=40 cells counted per experiment, n=4 independent experiments. One-way
ANOVA; NaCl vs CS vs C3 vs C4 (**p<0.01, *p<0.05). (E) Representative F/FO trace averaged
across n=40 cells per experiment, n=3 independent experiments. (F) Area-under-curve (AUC)
measurements of F/FO traces from beginning of baseline (0s) to the end of imaging (270s).
Data are presented as mean + SEM of at least triplicates, n=3 independent experiments. One-
way ANOVA; NaCl vs CS vs C3 vs C4 (*p<0.05).

Additionally, in investigating SCFA-mediated Gaqg signalling in NCI-H716 cells, an
intracellular calcium mobilisation assay was employed. Cells were incubated with
fluorescent Fluo-4AM indicator and calcium mobilisation captured by confocal
microscopy. In agreement with IP1 profiles, acetate and propionate exhibit a greater
maximal increase than butyrate in stimulating Ca?* mobilisation (Figure 3.4C). Cell
fluorescence (F/FO) exhibited a immediate monophasic increase after addition with
acetate or propionate which began to decay within ~60 seconds and remained in a
plateau for the remaining assay duration (Figure 3.4D). In contrast, butyrate-mediated
calcium responses were not significantly different from NaCl-treated cells (Figure
3.4D). Area-under-the-curve (AUC) measurements of SCFA F/FO temporal profiles
indicated similar magnitudes of C2 and C3 responses in the given time window (Figure
3.4E).

SCFA pIC50 (M) pEC50 (M)
C2 -4.313 £ 0.299 -3.255 + 0.459
C3 -4.251 £ 0.286 -3.277 £ 0.496
C4 -3.660 = 0.298 -2.814 £ 0.354

Table 3.1 pIC50 and pEC50 values of SCFAs in NCI-H716 cells. Cells were treated as in
Figure 3.3B and 3.4A to obtain pIC50s and pEC50s respectively for each SCFA. Data are
presented as mean + SEM of three technical triplicates per experiment, n=3 independent

experiments.
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3.2.4 SCFA-activated Gai responses are mediated by FFAR2 in NCI-
H716 cells

Although FFARS is expressed in much lower abundance than FFARZ2 in NCI-H716
cells, which has been both previously reported and confirmed in my gPCR analysis
(3.2.2), SCFA-mediated Gai responses may not be solely mediated by FFAR2
(Larraufie et al., 2018). Moreover, prior studies have reported FFAR3-mediated GLP-
1 secretion in NCI-H716 cells in response to the synthetic FFAR3-selective ligand
AR420626 (Ducastel et al., 2020). Therefore, to investigate the involvement of FFAR2-
independent mechanisms of Gai activation downstream of SCFA treatment, NCI-H716
cells were pre-treated with GLPG0974, a synthetic orthosteric antagonist of human
FFAR2 (Pizzonero et al., 2014). A significant concentration-dependent reversal of
propionate-induced Gal signalling was observed with GLPG0974 pre-treatment
(loglC50 = -7.37 £ 0.501) (Figure 5A). A 1uM treatment of GLPG0974, which was
>loglC50 and coinciding with maximal antagonist efficacy, was chosen for subsequent
assays. Pre-treatment with 1uM of GLPGO0974 significantly inhibited Gai signalling
downstream of all three SCFAs, suggesting the involvement of FFAR2 rather than
FFARS in activating Gai responses in NCI-H716 cells (Figure 5B).
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Figure 3.5 FFAR2 mediates SCFA-activated Gai signalling in NCI-H716 cells. (A, B, and
C) Inhibition of Gai signalling downstream of C3 activation by antagonist for human FFAR2,
GLPG0974. (A) Cells were pre-treated with increasing concentrations of GLPG0974 (100pM
- 100uM, 15 min) or DMSO vehicle, followed by IBMX (500nM, 5 min), and then FSK (3uM,
5min), or a combination of FSK (3uM, 5min) and C3 (1mM, 5 min). Responses are shown as
% change to forskolin. The dotted line represents the average % FSK response of C3. Data
are presented as mean + SEM of triplicates, n=3 independent repeats. (B) Intracellular cAMP
accumulation following pre-treatment with GLPG0974 (1uM, 15 min) or vehicle, IBMX (500nM,
5 min) and then FSK (3uM, 5min) or a combination of FSK (3uM, 5min) and NaCI/SCFA (1mM,
5 min). Responses are shown as % change to forskolin. Data are presented as mean + SEM
of at triplicates, n=3 independent repeats. t-test vehicle vs GLPG0974 (***p<0.001) (C)
Intracellular cAMP accumulation n following pre-treatment with GLPG0974 (1uM, 15 min) or
vehicle, IBMX (500nM, 5 min) and then FSK (3uM, 5min) or a combination of FSK (3uM, 5min)
and (D) increasing concentrations of C2/C3/C4 (100nM-10mM, 5 min). Responses are shown
as % change to forskolin. Data are presented as mean + SEM of triplicates, n=3 independent

repeats.

A GLPG0974-mediated inhibition of Gai responses was evident for all three SCFAs
(Figure 5C) and was consistent across increasing SCFA concentrations of SCFAs
(Figure 5D). Above 10nM of propionate, stimulation in the presence of GLPG0974
even led to an increase in cAMP levels above forskolin positive control (Figure 5D).

3.2.5 SCFA promote phosphorylation of ERK 1/2 in NCI-H716 cells

The ERK/Mitogen-activated protein kinase (MAPK) cascade, a regulator of pivotal
cellular functions, is a downstream signalling effector common to numerous GPCRs
(Eishingdrelo, 2013). Agonism of both mouse and human FFARZ2 have been shown to
activate phosphorylation of ERK 1/2 in vitro (Bolognini et al., 2016; Chun et al., 2019;
Negari, Keshari & Huang, 2021). | aimed to elucidate whether SCFAs induce ERK1/2
phosphorylation in human EECs, and compare potential differences in temporal
patterns of activation. NCI-H716 cells were treated with TmM of SCFA or 1mM NaCl
control for 5, 15 or 30 minutes, and Western Blot analysis was used to measure protein
expression levels of phospho- and total-ERK1/2 (Figure 3.6A). A fold-change increase
in phospho-ERK1/2 relative to NaCl control was evident after & C 5-minute treatment
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with C2, C3 or C4 (Figure 3.6B). Interestingly C4-stimulated phosphorylation of
ERK1/2 demonstrated a time-dependent decrease, whereas C2- and C3-stimulated
phosphorylation remained elevated at both 15 and 30 minutes.
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Figure 3.6 SCFAs promote phosphorylation of ERK 1/2 in NCI-H716 cells. (A)
Representative Western Blot measuring the protein expression of phosphorylated ERK 1/2 (p-
ERK 1/2) and total ERK 1/2. NCI-H716 cells were serum starved for 24h prior to treatment
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with 1mM NacCl control or TmM SCFA for 5, 15 or 30 minutes. Lysates were collected for
Western Blot analysis and expression of p-ERK 1/2 was probed. Membranes were then
stripped and re-probed for total ERK 1/2 which served as a loading control. ut= untreated basal
control. (B) Densitometry analysis of p-ERK 1/2 normalised to total-ERK 1/2 in lysates at each
timepoint represented as a fold change over basal or (C) fold change over NaCl control; NaCl
(grey), C2 (red), C3 (purple), C4 (green). Data are expressed as mean + SEM, n=3

independent experiments.

3.2.6 FFAR2 undergoes constitutive and SCFA-induced internalisation in
NCI-H716 cells and FLAG-hFFAR2 HEK-293 cells via a dynamin-

dependent mechanism

Research from our lab has shown propionate-induced internalisation and intracellular
signalling of mouse FFARZ to be vital in GLP-1 secretion (Caengprasath et al., 2020).
Aside from agonist-dependent internalisation, many GPCRs undergo ligand-
independent endocytosis, a process known as constitutive internalisation, which
functions in the regulation of basal receptor activity and subcellular receptor targeting
(Schmidt et al., 2020). Both constitutive and propionate-induced internalisation of
mouse FFAR2 proceeds via a dynamin-dependent mechanism, in which the GTPase
dynamin facilitates the intracellular scission of receptor-populated clathrin-coated pits

at the plasma membrane.

To determine whether human FFARZ2 undergoes constitutive and/or agonist-
dependent internalisation, NCI-H716 and HEK-293 cells were transiently transfected
with FLAG-hFFAR2 construct, and receptor internalisation was qualitatively assessed
by confocal microscopy. In addition, the role of dynamin-dependent endocytosis in
human FFAR2 trafficking was assessed by pre-treatment with dynamin inhibitor
Dyngo-4a. In both NCI-H716 and transiently-transfected FLAG-hFFAR2 HEK-293
cells, few receptor endosomes could be observed under basal conditions, and
increased in abundance following treatment with acetate, propionate or butyrate but
not NaCl (Figure 3.7). A strong inhibition of constitutive and SCFA-induced
internalisation was observed with Dyngo-4a in both cell lines, suggesting a dynamin-
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mediated mechanism of ligand-independent and -dependent endocytosis of human
FFAR2.
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Figure 3.7 FFAR2 undergoes both constitutive and SCFA-induced dynamin-dependent
endocytosis in NCI-H716 cells and HEK-293 cells transiently transfected HEK-293 cells.
NCI-H716 cells and HEK-293 cells transiently transfected with FLAG-hFFAR2 were treated
with DMSO vehicle or inhibitor of dynamin-dependent endocytosis Dyngo-4a (45 min, 50uM),
followed by incubation with anti-FLAG M1 primary antibody (30 min) which included
NaCIl/SCFA treatments (1mM, 20 min). Subsequently, cells were permeabilised, labelled with
AlexFluor 555 secondary antibody and mounted onto glass slides. Slides were imaged by
confocal microscopy using the Leica super-resolution ‘Lightning’ module. n=5 cells captured

per experiment, n=3 independent experiments.

3.2.7 hFFAR2 demonstrates constitutive Gaq but not Gai activity in NCI-
H716 cells

Due to hFFAR2 exhibiting considerable constitutive internalisation, | explored whether
these trafficking patterns correlated with basal activity of the receptor. To determine
basal Gag and Guai activity that was specific to hFFAR2, | measured the effect of
GLPG0974 antagonism on IP1 and cAMP levels in the absence of SCFAs. Notably,

Gaq but not Gai responses were slightly yet significantly diminished in the presence
of GLPG0974, indicating a basal Gaq activity of FFAR2 in NCI-H716 cells (Figure 3.8).
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Figure 3.8 hFFAR2 exhibits basal Gaq but not Gai activity in NCI-H716 cells. (A)
Intracellular forskolin-mediated cAMP accumulation in cells pre-treated with GLPG0974 (GL)
(1uM, 15 min) or DMSO vehicle (DM) (15 min) followed by IBMX (500nM, 5 min) and then
FSK (3uM, 5 min). Data represents mean + SEM of triplicates, n=3 independent experiments.
(B) IP1 accumulation in cells pre-treated with GLPG0974 (1uM, 15 min) or DMSO vehicle (15
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min) across 2 hours. Data represents mean * SEM of triplicates, n=3 independent

experiments. Unpaired t-test; DM vs GL (*p<0.05).

3.2.8 SCFA-mediated FFARZ2 signalling responses show differential

dependence on receptor internalisation in NCI-H716 cells

Next, it was investigated whether SCFA-activated signalling profiles of FFAR2 were
dependent on internalisation of the receptor by use of Dyngo-4a. First, the effect of
Dyngo-4a on SCFA-driven Gai signalling profiles in NCI-H716 cells was measured.
Pre-treatment with Dyngo-4a appeared to increase forskolin-induced cAMP
measurements NaCl treatment in three out of four independent repeats (Figure 3.9A).
However following normalisation to NaCl, no significant inhibition of SCFA responses
by Dyngo-4a could be observed (Figure 3.9B).

The effect of Dyngo-4a on SCFA-mediated Gaq activation was investigated by
measuring levels of intracellular IP1. Similar to the effect on Gai, levels of IP1 in the
presence of NaCl were increased by Dyngo-4a pre-treatment although remained low
in comparison to SCFA-induced responses (Figure 3.9C). Acetate and propionate-
stimulated IP1 accumulation exhibited a strong dependence on receptor
internalisation (Figure 3.9D). Moreover, although butyrate activates a much weaker
FFAR2-Gaq response compared to acetate and propionate, inhibition of butyrate Gaq
responses with Dyngo-4a is still evident. Lastly, | confirmed the inhibitory effect of
Dyngo-4a on propionate-Gaq responses to be evident across a range of propionate

concentrations (Figure 3.9E).
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Figure 3.9 SCFA-mediated signalling responses show differential dependencies on
receptor internalisation in NCI-H716 cells. Effect of Dyngo-4a on (A & B) SCFA-mediated
Gai responses and (C, D & E) SCFA-mediated Gaq activation in NCI-H716 cells. (A & B)
Intracellular cAMP accumulation following pre-treatment with Dyngo-4a (50uM, 45 min) or
DMSO vehicle, IBMX (500nM, 5 min) and then FSK (3uM, 5min) or a combination of FSK
(3uM, 5min) and NaCl/SCFA (1mM, 5 min). Data are shown as (A) % change to FSK or (B)
normalised as % change to normalised to NaCl + FSK. Symbols represent the mean + SEM

of triplicates per independent repeat, n=4 independent repeats. t-test DMSO vs Dyngo-4a
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(*p<0.05). (C & D) Intracellular IP1 accumulation after treatment with Dyngo-4a (50uM, 45
min) or DMSO vehicle followed by treatment with NaCl or SCFAs (1mM). (D) Data are
normalised as fold change over NaCl response. Symbols represent the mean + SEM of
triplicates per independent repeat, n=4 independent repeats. t-test DMSO vs Dyngo-4a
(***p<0.001, **p<0.01, *p<0.05) (E) Intracellular accumulation of IP1 stimulated by increasing
concentrations of C3 (100nM-10mM, 2hr) following pre-treatment with DMSO vehicle or
Dyngo-4a (50uM, 45 min). Data are shown as the mean + SEM of triplicates per independent

experiment, n=3 independent experiments.

Significant differences in the signalling profiles of mouse FFAR2 between EECs and
heterologous expression systems have been identified by our lab. My results thus far
demonstrated that Gaq responses of hFFAR2 were evident in both NCI-H716 and
transfected HEK-293 cells, but | questioned whether a system bias might impose
unique spatial control of receptor signalling. | assessed the impact of Dyngo-4a pre-
treatment on propionate-driven Gai and Gaq signalling in FLAG-hFFAR2 transiently-
transfected HEK-293 cells. In contrast to NCI-H716 cells, neither Gaq or Gai
responses stimulated by propionate were sensitive to inhibition by Dyngo-4a in FLAG-
hFFAR2+ HEK-293 cells (Figure 3.10).
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Figure 3.10 Propionate-activated Gai and Gaq signalling in HEK-293 cells transiently
transfected FLAG-hFFAR2 cells are restricted to the plasma membrane. The effect of
Dyngo-4a on C3-activated (A & B) Gal responses and (C & D) Gaq responses in HEK-293
cells transiently transfected with FLAG-hFFAR2. (A & B) Intracellular cAMP accumulation
measured after pre-treatment with DMSO vehicle (white bars) or Dyngo-4a (50uM, 45 min)
(grey bars) followed by treatment with IBMX (500nM, 5 min) and then FSK or a combination
of FSK and NaCl or C3 (1mM, 5 min). Data are shown as (A) % change to FSK or (B)
normalised as % change to FSK. Data is mean + SEM of triplicates, n=3 independent
experiment. (C & D) Intracellular IP1 accumulation measured after pre-treatment with DMSO
vehicle (white bars) or Dyngo-4a (50uM, 45 min) (grey bars) followed by 2hr treatment with
NaCl (1mM) or C3 (1mM). (D) C3 response as fold change over NaCl response. Data is mean

+ SEM of triplicates, n=4 independent experiment.
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3.2.9 Propionate-activated FFAR2 Gai and Gaq responses are
insensitive to knockdown of very early endosomal marker APPL1 in
NCI-H716 cells

Our lab has reported FFAR?2 traffics to the very early endosomes (VEEs) following
receptor endocytosis in mouse EECs (Caengprasath et al., 2020). Mouse FFAR2
intracellularly occupies a subpopulation of VEEs marked with the protein APPLA1,
which functions as a positive regulator of receptor recycling and negative regulator of
intracellular Gai signalling. Following my observations in FFARZ2 signalling profiles
following Dyngo-4a treatment, | assessed whether SCFA-driven Gai responses might
be active in APPL1-positive VEEs by employing a siRNA knockdown. Western blotting
confirmed a mean APPL1 knockdown of ~87% across biological repeats (Figure
3.11A) No significant differences could be observed in NaCl or propionate-mediated
Gai or Gaq signalling responses upon APPL1 knockdown (Figure 3.11C; 3.11D).
Preliminary data also suggests that APPL1 knockdown similarly might have no effect
on acetate- and butyrate-stimulating FFAR2 signalling profiles in NCI-H716 cells
(Figure 3.11E; 3.11F).
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Figure 3.11 SCFA-activated Gai and Gaq signalling responses appear to be insensitive
to knockdown of very early endosomal marker APPL1. (A) Representative image of
western blot probing for expression of APPL1 and GAPDH loading control in lysates of NCI-
H716 cells transfected with siAPPL1 vs control cells. (B) Densitometry analysis showing
APPL1 protein expression relative to GAPDH in siAPPL1-treated cells as % APPL1
expression relative to GAPDH in control cells. Symbols represent APPL1 protein expression
in singlet per independent experiment, n=3 independent experiments. t-test Control vs
siAPPL1 (****p<0.0001). (C & D) Effect of siAPPL1 knockdown on intracellular cAMP
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accumulation measured after treatment with IBMX (500nM, 5 min) followed by FSK (3uM, 5
min) or a combination of FSK (3uM, 5 min) and NaCl or SCFAs (1mM, 5 min), control (white
bars) and siAPPL1 (grey bars). Data are shown as % to FSK response and symbols
represents the mean + SEM of triplicates per independent experiment, (C) n=3 independent
experiments, (D) n=2 independent experiments. (E & F) Effect of siAPPL1 knockdown on
intracellular IP1 accumulation following 2hr treatment with NaCl (1mM) or SCFA (1mM)
control (white bars) and siAPPL1 (grey bars). Symbols represents the mean + SEM of
triplicates per independent experiment, (E) n=3 independent experiments, (F) n=2

independent experiments.

3.2.10 SCFAs encourage FFAR2 trafficking to EEs in NCI-H716 cells

Next, | considered whether SCFA-driven FFAR2 responses might be driven from
intracellular compartments other than VEEs in human EECs. The early endosomes
(EEs) are a major hub for the trafficking and sorting of internalised membrane cargo
and serve as intracellular signalling platforms for diverse GPCRs such as PTHR and
the beta-2 adrenergic receptor (B2AR) (Irannejad et al., 2013; Ferrandon et al., 2009).
To determine whether human FFAR2 might be trafficked to EEs, colocalisation of
hFFAR2 with Early endosomal antigen-1 protein (EEA1), a well-characterised marker
of EEs, was measured (Mu et al., 1995).

NCI-H716 cells transiently transfected with FLAG-hFFAR2 were co-stained with anti-
FLAG M1 antibody prior to ligand treatment. Anti-FLAG M1 antibody bound to receptor
was removed by EDTA wash as this antibody is calcium-dependent and facilitates
visualisation of internalised receptor in endosomes. Number of total receptor
endosomes was equivalent in basal and NaCl-treated cells, yet increased by treatment
with acetate, propionate or butyrate (Figure 3.12A).

To quantify the abundance of EEA1-positive FLAG-hFFAR2 endosomes, Manders
Overlap Coefficient (MOC) values were determined by automated colocalization
analysis on ImageJ (Figure 3.12B). The B2AR was employed as a positive control as
it is well established to rapidly internalise to EEA1 endosomes following stimulation
with its agonist isoproterenol (Sposini et al., 2017). FLAG-FFAR2 endosomes in

untreated- and NaCl-treated cells exhibited limited co-localisation with EEA1.
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Trafficking of FFA2 to EEA1 positive endosomes was significantly increased from
basal in acetate- or propionate-treated but not butyrate-treated cells (Figure 3.12B &
C). Moreover, acetate-driven colocalization of FFAR2/EEA1 was not significantly
different to levels observed with isoproterenol-activated B2AR. Together these findings
suggest a unique functionality of acetate and propionate in driving FFAR2
internalisation and trafficking to the early endosomes in NCI-H716 cells. Moreover,
further studies might uncover butyrate-mediated receptor internalisation directs
FFAR2 trafficking to a unique intracellular compartment other than the early
endosomes, and the functional outcomes of the heterogeneous receptor trafficking
profiles elicited amongst the three SCFAs.
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Figure 3.12 Acetate and propionate drive FFAR2 internalisation to early endosomes in
NCI-H716 cells. (A, B & C) NCI-H716 cells transiently transfected with FLAG-hFFAR2 or
FLAG-B2AR were incubated with anti-FLAG M1 antibody, and then treated with NaCl/SCFA
(1mM, 20 min) or Isoproterenol (Iso) (10uM, 20 min). Cells were fixed, permeabilised and then
labelled with anti-EEA1 and AlexaFluor 488 secondary antibody before mounting on glass
slides. Slides were imaged by confocal microscopy using the Leica super-resolution ‘Lightning’
module. (A) Number of FLAG-hFFAR2 endosomes internalised in a constitutive manner and
following NaCI/SCFA treatment determined by manual counting and (B) Mander’s Overlap
coefficient of FLAG-B2AR endosomes internalised following Iso treatment, and FLAG-hFFAR2
endosomes internalised constitutively and following NaCl/SCFA treatment with early
endosomal marker EEA1, determined by automated colocalisation analysis of confocal
images on ImagedJ. Data represented as mean + SEM. n=20 cells collected across three
independent experiments. One-way ANOVA; Basal vs Na vs C2 vs C3 vs C4 (*p<0.05. B).
One-way ANOVA,; Isoproterenol vs Basal/Na/C2/C3 or C4 (*#p<0.001, #p<0.01, #p<0.05). (C)
Representative images of internalised FLAG-B2AR or FLAG-hFFAR2 endosomes co-

localised with EEA1. Scale bar = 5um, Inset scale bar=2um.

3.2.11 Propionate promotes sustained Goaqg recruitment from the

early endosomal compartment in NCI-H716 cells

The strong dependence of propionate-mediated |IP1 responses on receptor
internalisation and FFAR2-EEA1 co-localisation observed after propionate treatment
motivated me to investigate the possibility propionate-induced hFFAR2-Gaq signalling
from the early endosomes. The NanoLuc Binary Technology (Nanobit) split-luciferase
system was employed to measure interaction between Gaq and the PI(3)P-binding
FYVE domain of early endosomal marker endofin. NCI-H716 cells were co-transfected
with miniGs/q protein fused to luciferase “Large BiT" fragment (mGsqg-LgBit) and
endofin fused to “Small BiT” fragment (endofin-Smbit). Upon interaction of the
respective tagged proteins, complementation of Lgbit and Smbit fragments
reconstitute active luciferase, producing luminescence in the presence of furimazine
substrate. Luminescence was recorded for 5 minutes prior to the addition of

propionate, measured over the course of 45 minutes.
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Within seconds of addition of propionate, but not NaCl, a rapid decreased in
luminescence was observed, potentially suggesting the trafficking of constitutively EE-
residing Gaq proteins for plasma membrane activation (Figure 3.13B, C). No
noticeable trend could be observed in luminescence in NaCl-treated cells. Notably,
luminescence in propionate-treated cells was observed to continuously increase
before plateauing at 25 minutes. These results might suggest a model in which
propionate-induced hFFAR2-Gaq responses, initially activated at the plasma

membrane, are prolonged by Gagq signalling from the early endosomes (Figure 3.13A).
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Figure 3.13 Propionate activates sustained Gaq responses localised to the early
endosome in NCI-H716 cells. (A) Schematic representation of the proposed model of the
spatial regulation of propionate-activated hFFAR2-Gaq signalling profiles between the plasma
membrane and early endosomes reflected by trends in data from the Nano-Glo Live Cell
Assays using mGsg-LgBit and endofin-Smbit); a. Luminescence prior to ligand addition is
derived Gaq is constitutively residing in early endosomes b. Gagq is redirected to the plasma
membrane following activation of hFFAR2 with propionate causing a drop in luminescence. c.
Plasma membrane propionate-mediated Gaq activation is followed by a sustained Gaq

response from early endosomes that leads to a sustained elevation in luminescence. (B & C)

138



NCI-H716 cells were transiently transfected with mGsq-LgBit and endofin-Smbit. Cells were
harvested and treated with the Nano-Glo substrate furamizine. Luminescence was measured
every 17s. Basal luminescence was measured for 5 mins prior to the addition of 10mM (B)
propionate or (C) NaCl, after which measurements were continued for another 25 minutes.
Data represented as mean + SEM of triplicated collected across three independent

experiments (n=3).

3.3 Discussion

The findings presented in this chapter delineate the diverse signalling behaviours of
hFFAR2 in a human EEC line elicited by its three primary endogenous SCFA agonists,
and identify novel species- and system-specific complexities in respective pathways.
Moreover, | explore the role of receptor trafficking and location bias in diversifying
SCFA-mediated hFFAR2 responses.

Following on from previous work in our lab characterising and comparing the Gai and
Gaq responses of mMFFAR2 activated by propionate in EECs, | intended to investigate
the equivalent mechanisms of its human ortholog in EECs and identify potential
overlap and differences between species. The heterologous expression system
comprising HEK-293 cells transiently transfected with a FLAG-tagged hFFARZ2
construct (FLAG-hFFAR2) provided a simple and effective foundation for studying
SCFA-mediated hFFAR2 activation in isolation from hFFAR3 and/or any other off-
target receptor activation. Propionate-mediated activation of hFFAR2-Gai signalling
was detected, with a loglC50 akin to previously reported values, discounting a
potential compromised functionality of receptor due to the FLAG tag (Le Poul et al.,
2003; Brown et al., 2003; Hudson et al., 2012; Nilsson et al., 2003). Likewise, robust

hFFAR2-specific propionate-mediated Gaq responses were detected in these cells.

Mechanistic insights into FFAR2-mediated anorectic gut hormone release are limited
to mouse EECs (Tolhurst et al., 2012; Caengprasath et al., 2020; Psichas et al., 2015).
As significant interspecies differences have been observed in the hormonal
repertoires, the regulation of secretory functions, and even the GPCR-omes of EECs,
studies using a human model is favourable. (Kuhre, Albrechtsen, et al., 2016; Reimer
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et al., 2001; Roberts et al., 2019). As such, | employed the human NCI-H716 cell line
and observed both Gag and Gai pathway activation downstream of treatment of all
three SCFAs in NCI-H716 cells. These signal profiles seem to be mediated by hFFAR2
activation, rather than via hFFARS, as SCFA-mediated Gai responses were inhibited
with a hFFAR2-selective antagonist (Pizzonero et al., 2014). The ability of SCFAs to
activate Gaq signalling in NCI-H716 EECs are in contrast to the previous functional
characterisation of mFFAR2 by our lab in which only Gai but not a Gaq response could
be detected in the mouse enteroendocrine STC-1 cell line as well as primary mouse
colonic crypts, but activation of both G-protein pathways by propionate could be
detected in mFFAR2-expressing HEK-293 cells (Caengprasath et al., 2020). This
disparity may be due to a difference between relative FFAR2 and FFAR3 expression
in these models. mFFARS3 is expressed in only ~3-4 fold less abundant than mFFAR2
in STC-1 cells, mouse colonic crypts, and primary mouse colonic and ileal tissue
(Caengprasath, 2019). In contrast, | quantified hFFAR2 mRNA expression to be 400-
fold more abundant than hFFARS expression in the NCI-H716 cell line, which mirrors
results from previous immunohistochemical (IHC) staining of the human colon (Tazoe
et al., 2009). It is possible that SCFA-mediated activation of FFAR3 may predominate
or regulate FFAR2-Gaq responses in mouse but not human EECs and their respective
models. Mechanistically, this may also be due to receptor crosstalk from the formation
of mFFAR3-mFFAR2 heteromers with unique signalling capabilities, and/or
downstream inhibitory crosstalk between both receptor pathways (Ang et al., 2018).
Aside from FFAR3, mouse EECs might express a different complement of nutrient-
sensing receptors from human enteroendocrine and/or NCI-H716 cells that may also

modulate FFAR2-Gaq signalling.

| have extensively characterised the different potencies and efficacies of acetate,
propionate and butyrate in driving Gaqg and Gai pathway activation in NCI-H716 cells.
In both pathways, propionate and acetate exhibited equal potency which outperformed
butyrate (C2=C3 > C4). These findings are in agreement with the reported from
seminal de-orphanisation studies of hFFAR2 (Brown et al., 2003; Nilsson et al., 2003;
Le Poul et al., 2003). However, the SCFA potencies of both Gai and Gaq signalling in
NCI-H716 cells are also lower than the values reported in these studies. A crucial
difference is the exclusive use of heterologous overexpression systems in these
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previous reports, compared to an endogenous FFAR2 expression model which is likely
subject to lower receptor expression levels, as well as cell system-specific regulatory
mechanisms that might influence signalling.

However, both the ICso and ECso values of SCFAs measured in NCI-H716 cells, and
the previously mentioned de-orphanisation studies, are of 10-fold lower magnitutude
than the known concentrations of SCFAs in the human gut lumen (Topping & Clifton,
2001). It remains unknown whether FFAR2 binds to SCFAs at the apical or basolateral
surface of L-cells, however it is likely that apical receptor desensitisation would occur
if these SCFA potency values are representative of their respective values within the
human gut lumen. In contrast, SCFA concentrations in the circulation are in the
micromolar range which aligns with potencies (Cummings et al., 1987). It is also
important to consider the expression of other SCFA-binding GPCRs and/or channels
(eg MCT1) on endogeneous EECs that compete with FFAR2 for SCFA binding on
apical and basolateral surfaces and might considerably diminish the available SCFA
pool. By use of Ussing chambers, propionate and the FFARZ2-selective agonist
Compound 1 (Cpd 1) have been shown to evoke responses in mouse colonic mucosae
from both the apical or basolateral side; these findings suggest that FFAR2 might be
expressed on both epithelial domains in mice, however cellular distribution of the

receptor in the human colon remains unknown (Forbes et al, 2015; Tough et al, 2018).

Previous studies have demonstrated that the ERK1/2 signalling cascade is involved in
mediating GLP-1 secretion in NCI-H716 cells in response to diverse nutrient stimuli
(Lim et al.,, 2009; Ma et al., 2020; Reimer, 2006). ERK1/2 activation is also
mechanistically imperative in glucose-stimulated insulin secretion (GSIS) of pancreatic
B-cells, via activating the phosphorylation of specific cytoplasmic exocytic machinery
and insulin promoter-binding nuclear transcription factors (Lawrence et al., 2005;
Longuet et al., 2005; Ikushima et al., 2021; Ren & Guo, 2012). Importantly, numerous
pathophysiologically-relevant effects elicited downstream of SCFA-mediated mFFAR2
activation in adipocytes, macrophages, and kidney podocytes have also been linked
to upregulation of the ERK1/2 signalling pathway (Hu et al., 2016; Lu et al., 2022; Shi
et al., 2014). | have characterised the activation profiles of ERK1/2 of acetate,
propionate, and butyrate in NCI-H716 cells. Phosphorylation of ERK1/2 by acetate
and propionate but not butyrate was evident at later time-points, which might correlate
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with a spatiotemporal diversity in the hFFAR2 signalling mechanisms each SCFA
activates. Our lab has previously characterised sustained ligand-induced MAPK
signalling profiles of FSHR, LHR, B1AR and mFFAR2 which requires receptor
internalisation and sorting to very early endosomes (VEEs) (Jean-Alphonse et al.,
2014; Caengprasath et al., 2020). In the case of mMFFAR2, findings in mouse STC-1
cells and colonic crypts have demonstrated that intracellular Gai-dependent activation
of the MAPK p38 is essential to propionate-mediated GLP-1 release (Caengprasath
et al.,, 2020). A potential involvement of SCFA-mediated activation of ERK1/2
signalling in hFFAR2-mediated anorectic hormone release and/or other physiological
responses in human EECs warrants further studies, in addition to spatiotemporal
characterisation of underlying signalling pathways.

hFFAR2 exhibited both constitutive and ligand-induced internalisation in NCI-H716
and HEK-293 cells. Constitutive internalisation of several GPCRs across class A, B
and C have been observed, however its functional significance remains largely
unknown albeit for few (Hendrik Schmidt et al., 2020; Mgller et al., 2024). In neurons,
the polarised distribution of the axonal type 1 cannabinoid receptor (CB1R) and the
serotonin 5-HT1B receptor, relies specifically on constitutive receptor endocytosis
from the somatodendritic membrane followed by delivery to the axonal domain
(McDonald et al., 2007; Leterrier et al., 2006; Carrel et al., 2011).

Constitutive internalisation of GPCRs has been shown to correlate with constitutive
activity and is most prominent for Gag-coupled GPCRs (Hendrik Schmidt et al., 2020).
The extracellular distribution of FFAR2 is yet to be confirmed in the mouse and human
colon and will be imperative to characterising both constitutive and/or ligand induced
trafficking of the receptor Interestingly, the FFAR2-selective antagonist GLPG0974
demonstrated a significant inhibition of basal Gaq, but not Gai activity of hFFARZ2 in
NCI-H716 cells. In contrast, Miyasato et al., have recently demonstrated a constitutive
activity of the FFAR2-Gai pathway, also by employing GLPG0974, which is imperative
to FFAR2-mediated GO/G1 growth phase arrest in human leukocytes in vitro. The
functional implication(s) of basal hFFAR2- Gaq activity in human EECs is yet to be

uncovered.
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This chapter explores a novel pleiotropy to SCFA-mediated hFFAR2 signalling in
human EECs which might be encoded by subcellular spatial compartmentalisation.
My results highlighted a significant dependence on receptor internalisation of SCFA-
mediated Gaq, but not Gai signalling in NCI-H716 cells. Other dually coupled GPCRs
have been shown to engage in signalling with each of their two G-protein coupling
partners from discrete subcellular locations (Jensen et al., 2017; Yarwood et al., 2017).
Interestingly, neither Gaq nor Gai propionate-mediated responses were sensitive to
inhibition by Dyngo-4a in FLAG-hFFAR2 transfected HEK-293 cells. suggesting a
plasma-membrane-restricted signalling mechanism in this system. Recently,
characterisation of basal and ligand-induced phosphorylation patterns at the C-
terminus hFFAR2, a concept in the GPCR world known as “phosphorylation bar-
coding”, have also identified tissue-specific variations (Barki et al., 2023). Overlapping
profiles of agonist-stimulated hFFAR2 phosphorylation were captured in immune and
colonic EECs but not white adipocytes, which might suggest a tissue-selective
recruitment of distinct downstream signalling networks to activated FFAR2 (Barki et
al., 2023).

hFFAR2 signalling profiles exhibited a differential dependence on receptor
internalisation between NCI-H716 cells and HEK-293 cells. In NCI-H716 cells, SCFA-
mediated Gaqg but not Gai responses were sensitive to inhibition by the dynamin
inhibitor Dyngo-4a, whereas neither of these pathways were affected by Dyngo-4a in
in hFFAR2-transfected HEK-293 cells. This context-dependency is in contrast
previously reported findings on spatial regulation of mFFAR2 by our lab; propionate-
mediated Gai responses of mFFARZ2 are sensitive to inhibition by Dyngo-4a and have
been proposed to derive from endosomal VEE populations which are positive for the
marker APPL1 (Caengprasath et al., 2020). Interestingly, neither Gai nor Gaq
responses in NCI-H716 cells were unaffected by knockdown of APPL1, suggesting
that signalling compartmentalisation to the VEE compartment might be unique to the
mouse ortholog. Divergent spatial localisation of hFFAR2- and mFFAF2-mediated Gai
responses in EECs may be encoded by structural differences. Structure-based
functional studies on FFAR2 are all but few and have identified key residue networks
which mediate receptor agonism and antagonism, along with G-protein coupling
selectivity (Bolognini et al., 2016; Sergeev et al., 2017; Stoddart et al., 2008; Sergeev
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et al., 2016). Notably, GLPG0974 is a selective antagonist for human but not mouse
FFAR2; this is due to a stabilising hydrogen bond which forms between and
extracellular-facing lysine (Lys®®) at the top of TMDII exclusively in hFFAR2, which is
replaced by an arginine in mFFAR2, with an amide-carbonyl group of GLPG0974
(Sergeev et al., 2017; Srivastava et al., 2014). In addition, mutational studies also
revealed that substitution of Lys®® or Arg®®, in hFFAR2 and mFFAR2 respectively, with
a negatively charged or neutral amino acid, could impose a significant receptor-G-
protein coupling bias which favours Gai over Gaq (Sergeev et al., 2017). The
aforementioned studies have relied on the crystal structure of FFAR1 to guide the
characterisation of FFAR2 by homology modelling. The recently solved cryo-EM
structure of human FFAR2, in complex with an engineered miniGqg protein, might
further help to map differences in signalling between orthologs to intracellular and
extracellular specific sites (Zhang et al., 2024). In particular, TM5 and ICL3 of FFAR2
have been found to engage with miniGq differently than other members of the FFAR
family and might also be areas of interest in deducing interspecies complexities.

Interestingly the sequences of mouse and human FFAR2, although exhibiting over
80% similarity on the protein level, are most different at the C-terminal ends (Mishra
et al., 2020). The C-terminal tail region of GPCRs is embedded with several target
motifs for post-translational modifications (PTMs), including phosphorylation,
ubiquitination, glycosylation and palmitoylation. By promoting interactions with specific
intracellular effectors, GPCR PTMs have prominent influence on receptor trafficking,
heteromerization, compartmentalised signalling, and even biased signalling
(Patwardhan, Cheng & Trejo, 2021). Future studies should assess C-tail-mediated
interactions of MFFAR2 and hFFAR2, such as by the engineering of chimeric
constructs by exchange of C-tails to determine functional implications (Tohgo et al.,
2003). In particular, future studies should assess the recruitment of B-arrestins, which
largely bind to phosphorylated C-tail residues of GPCRs, in promoting the
internalisation and/or endosomal signalling of mFFAR2 and hFFAR2. Previous studies
employing heterologous overexpression systems have demonstrated a robust
recruitment of B-arrestin 2 to hFFARZ2 in response to ligand treatment, and the
inhibition of propionate-stimulated mFFAR2 internalisation and Gai signalling in -
arrestin knockout cells (Bolognini et al., 2019; Martensson et al., 2023; Caengprasath
et al., 2020).
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From my findings on APPLA1, | also questioned whether internalisation-dependent Gaq
signalling of hFFAR2 might be compartmentalised to a distinct endosomal platform
other than the VEEs. | explored localisation of FFAR2 with the primary GPCR sorting
platform and a hub for intracellular responses of numerous GPCRs, the early
endosome. Notably, stimulation with SCFAs promoted an increased co-localisation of
hFFAR2 with the canonical marker of EEs, EEA1. Interestingly, SCFAs exhibited a
distinct rank potency in stimulating receptor internalisation (C3 > C2 > C4). My findings
suggested butyrate to be a significantly weaker activator of receptor signalling and
internalisation than acetate and propionate. As such, the divergent signalling profiles
of SCFAs might indeed stem from their propensity to promote receptor endocytosis
and spatially defined signalling activity of FFAR2. Alternatively, ligand bias at FFAR2
might arise due to stabilisation of unique active receptor conformational states by
individual SCFAs that mediates receptor affinity for specific intracellular signalling
transducers and/or effectors (Smith, Lefkowitz & Rajagopal, 2018). This phenomenon
has been leveraged in the structure-based drug design of spatially biased GPCR
agonists, including the p-OR agonist TRV130 and the w-OR agonist triazole 1.1
analgesics, which exhibit enhanced clinical efficacy and reduced side-effects
compared to their conventional receptor agonists counterparts (Smith, Lefkowitz &
Rajagopal, 2018).

Given that propionate-mediated Gaq responses exhibited the most significant
sensitivity to receptor internalisation, and propionate also promoted the highest degree
of hFFAR2 internalisation to the EE, the NanoBit system was used to assess the
existence and temporal profile of propionate-mediated Gaq activation from the EE in
NCI-H716 cells. Gaq signalling responses from the early endosome are characteristic
of GPCRs involved in pain transmission such as the NK1 receptor and the receptor
for the calcitonin gene-related peptide (CGPR) é§-opioid receptor (DOPr) (Latorre et
al., 2022; Jensen et al., 2017; Yarwood et al., 2017). In these instances, the early
endosome serves as a platform for Gaq signalling following receptor internalisation
which outlives transient Gaq responses from the plasma membrane. In recent years,
the nanoluciferease (Nanobit) protein complementation system has been widely used

in profiling the kinetics and subcellular location of GPCRs activation profiles in live
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cells (Laschet, Dupuis & Hanson, 2019; Inoue et al., 2019). Interestingly, propionate
stimulation initially caused an acute reduction in ALuminescence which | proposed

might derive from a re-routing of Gaq from the early endosome to the plasma
membrane upon activation. As | have also observed constitutive hFFAR2 Gaq
signalling in my findings, whether this response is localised specifically to the early
endosome will provide further depth to this proposed model. Subsequently, | observed
a sustained increase in propionate-treated cells. Moreover, no consistent trend was
measured in NaCl-treated cells, suggesting the specific involvement of hFFAR2 in
mediating this effect. Admittedly, an outstanding limitation to my findings using is the
failure to detect an adequate signal from the plasma membrane reporter CAAX-Smbit
construct despite several attempts, which would provide a fair comparison to Gag-
endofin responses as well as a spatially- and temporally resolved profile of hFFAR2-
Gaq activation.

The temporal profiles of the Gaqg responses of NK1 and CGPR imposed by location
bias are reflected in downstream physiological consequences; prolonged endosomal
Gaq signals have been shown to underlie the hyperexcitablity of nociceptors which
characteristic of chronic pain and has spurred the development of endosomally-
targeted antagonists which provide prolonged analgesia in vivo (Latorre et al., 2022).
Despite the phenomenon of Gag-signalling from the early endosome has been
reported for numerous GPCRs, these findings have been mechanistically challenged
based on the preferential enrichment of the PLCB phosphoinositide substrate
phosphatidylinositol 4,5-bisphosphate (PIP2) at the plasma membrane (Daly &
Plouffe, 2023). Briefly, PIP2 is converted to the phosphatidylinositol-3-phosphate
(PI3P) during the multi-step process of endocytosis and vesicle fission from the
plasma membrane. Consistent with this fact, Wright et al., demonstrated the
production of DAG to be unique to plasma-membrane Gaq and not early endosomal
Gaq signalling downstream of AT1R. Two PLC-B-independent effector pathways that
have previously been linked to Gaqg signalling, are the activation of the RhoGEF
proteins such as p63RhoGEF, Trio and Duet, and the phosphorylation of the MAPK
ERKS (Garcia-Hoz et al., 2010; Lutz et al., 2007). The cellular outcomes of both
plasma membrane and endosomal Gaq signalling profiles of hFFARZ2 in human EECs

are yet to be uncovered and might provide novel pharmacological targets. However
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further studies should assess the candidate effectors of hFFAR2-Gaq endosomal
signalling such as using appropriate fluorescent reporters of PLC-B-dependent and
PLC-B-independent pathways. In addition, that | exclusively interrogated SCFA-
mediated hFFAR2-Gaq signalling from EEs and not other compartments should be
noted; future studies should investigate hFFARZ2 localisation other subcellular
organelles such as the Golgi, the E.R and the nucleus from which functionally diverse
GPCR responses have been detected (Barrios-Rodiles et al., 2005; O’Malley et al.,
2003; Valdehita et al., 2010; Hebert-Chatelain et al., 2016; Purgert et al., 2014; Wright
et al., 2023; Godbole et al., 2017; Irannejad et al., 2017; Nash et al., 2019).

In summary, this chapter has characterised the G-protein signalling profiles of hFFAR2
activated by SCFAs in a human L-cell model. In addition, findings from this chapter
also uncovered the spatial regulation of hFFAR2-mediated signalling responses in
human L-cells and demonstrated a dependence of Gaq responses on dynamin-
dependent internalisation which was context-dependent. Finally, intracellular Gaq
responses activated by propionate were mapped to the early endosome, and exhibited
a prolonged temporal profile of activation which might be harnessed for the
development of therapeutic agents with sustained clinical outcomes.
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4. Canonical roles of short chain fatty acids in
acutely driving anorectic hormone release in
human EECs
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4.1 Introduction

Obesity poses a growing public health problem to almost every country worldwide,
with 1.2 billion adults predicted to be obese in the world by 2030 (Kelly et al., 2008).
Originally developed as pharmacological agents for T2D based on their incretin
effects, agonists of the glucagon-like peptide 1 (GLP-1) receptor (GLP1-RAs) have
rapidly dominated the obesity market in recent years (Gores & Rickwood, 2024). GLP-
1 is an endogenous product of EECs of the “L cell” subtype and stimulates the central
regulation of satiety and blood glucose optimisation via paracrine, endocrine and
neural mechanisms. Apart from GLP-1, enteroendocrine L-cells of the “L-cell” subtype
also secrete PYY which has similar anorexigenic effects to GLP-1; PYY analogues
have newly entered the anti-obesity pharmacotherapy pipeline and demonstrated
promising clinical benefits in early phase trials (ClinicalTrials.gov, 2018; Tan et al.,
2021). Despite their clinical efficacy, many gut peptide hormone RAs still are limited
by their adverse side effects and laborious routes of administration (Melson et al.,
2024).

In Chapter 3, | characterised the G-protein signalling profiles of the GPCR FFAR2 in
human EECs that are activated downstream of stimulation by its endogenous ligands,
short chain fatty acids (SCFAs). SCFA-mediated activation of FFAR2 has been shown
to stimulate the co-secretion of GLP-1 and PYY from mouse L-cells (Psichas et al.,
2015). Moreover, previous reports have indicated that colonic SCFA concentrations
are increased following Roux-en-Y Gastric Bypass (RYGB) surgery, and this
phenomenon has been suggested to underlie the elevated GLP-1 and PYY secretory
profiles that is characteristic of post-operative patients (Borg et al., 2006; llhan et al.,
2017; Martinez-Sanchez et al., 2023). Our lab has developed a fermentable inulin-
propionate ester (iPE), which ensures delivery of propionate to the colon; iPE has
exhibited promising clinical effects in acutely stimulating GLP-1 and PYY release and
suppressing weight gain in pilot studies, and a large-scale trial (iPREVENT) is
currently ongoing (Chambers et al., 2015; Frost, 2018).

Characterising the intracellular signalling pathways activated downstream of FFAR2

in driving SCFA-mediated GLP-1 and PYY release could uncover druggable anti-
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obesity targets. However, mechanistic insights in these FFAR2 axes are limited to
mouse systems (Tolhurst et al., 2012; Psichas et al., 2015; Caengprasath et al., 2020).
Considering the interspecies variability in ligand potency of FFAR2 orthologs, as well
as reported functional differences in agonist-induced responses between mouse and
human FFARZ2, there remain outstanding mechanistic questions on decoding the
FFAR2 pathways specific to human L-cell-driven GLP-1 release (Hudson et al., 2012;
Priyadarshini et al., 2015).

In this chapter, | optimise and employ NCI-H716 cells as a model to investigate the
dynamic secretory responses of human enteroendocrine L cells. | characterise and
compare the effectiveness of SCFAs and an FFAR2-Guai-specific allosteric agonist in
acutely stimulating GLP-1 in this model. In addition, | assess whether GLP-1 and PYY
are co-secreted in response to acute stimuli in NCI-H716 cells, and the subcellular co-

localisation of these enterohormones.

4.2 Results

4.2.1 SCFAs acutely stimulate GLP-1 secretion in NCI-H716 cells

NCI-H716 cells tonically secrete GLP-1 in high concentrations, and secretion is greatly
responsive to ligands of nutrient-sensing receptors GPCRs in enteroendocrine L-cells
(Kuhre et al., 2016; Jang et al., 2007; Larraufie et al., 2018; Reimer et al., 2001; Tian
et al., 2021; Lee et al., 2023). An in-house radioimmunoassay (RIA) was used to
measure GLP-1 secretion in NCI-H716 cells (Kreymann et al., 1987). Prior to
investigating the effects of acute stimuli on GLP-1 secretion, it was necessary to
optimise treatment conditions to achieve results within the detection limits of the assay.
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In previous studies employing NCI-H716 cells, there is inconsistency in the formulation
of buffers used to investigate basal- and ligand-induced GLP-1 secretion, particularly
in glucose concentration (Ducastel et al., 2020; Kuhre et al., 2016; Ang et al., 2018;
Lee et al., 2023). Hence, | sought to assess the effect of two secretion buffer
parameters in order to optimise downstream immunoassays in this cell line (Table 4.1).
The first parameter | investigated was the effect of glucose starvation on GLP-1
secretion; cells were either glucose-starved for 24 hours prior to assaying by
incubation in low glucose (5.5mM) serum-free DMEM (LG), or incubated in routinely-
used culturing media (RPMI) in this time-frame. Secondly, | also compared the effect
of two buffer formulations to be used during the assay to directly measure GLP-1
levels; Krebs buffer containing no glucose (KB), or LG. Basal GLP-1 secretion was
compared from cells across 4 culturing conditions (Figure 4.1A). GLP-1 concentrations
were interpolated from a standard exponential decay curve in which the x and y axis
represent known concentrations of a GLP-1 standard (range 0 — 12.5 fmol/tube) and
% binding of radioactive iodinate-125 labelled GLP17-36) peptide to anti-GLP1 antibody
respectively (Figure 4.1B). Optimal sensitivity and precision range of the assay falls
within the exponential region of the curve.

Culturing media 24 hours prior to .
Assay secretion buffer
assay
RPMI/KB Total RPMI-1640 (11mM glucose) Krebs (OmM glucose)
LG/KB Low-glucose DMEM (5.5mM) Krebs (OmM glucose)
RPMI/LG Total RPMI-1640 (11mM glucose) Low-glucose DMEM (5.5mM)
LG/LG Low-glucose DMEM (5.5mM) Low-glucose DMEM (5.5mM)

Table 4.1 Culturing conditions used for 24 hours prior to assaying and secretion buffer
used to measure GLP-1 in NCI-H716 cell supernatants by RIA. Cells were incubated for 2
hours with respective buffers in the absence of acute stimuli, and supernatants were collected
for RIA quantification of GLP-1. NCI-H716 exhibited a high responsiveness to differences in
glucose concentrations in the low millimolar range (Figure 4.1C). Glucose starvation did not
appear to have a prominent effect of GLP-1 levels. However, basal GLP-1 measurements
were higher in the cellular supernatants when the assay secretion buffer was a glucose-
containing buffer (RPMI/LG and LG/LG), in comparison to a glucose-free Krebs buffer
(RPMI/KB and LG/KB).
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Next, | assessed the secretagogue effects of three previously characterised acute
GLP-1 stimuli, forskolin, glucose and propionate, under these 4 different conditions.
Notably when acute ligand-induced GLP-1 release was assayed in glucose-containing
buffer (RPMI/LG and LG/LG, hormone concentrations could not be interpolated as raw
values as it surpassed the upper detection limit (12.5 fmol/tube) of the assay (data not
shown). Acute ligand stimulation in glucose-free Krebs buffer (RPMI/KB and LG/LB)
induced measurable GLP-1 increases over basal which did not appear to differ with
prior glucose starvation (Figure 4.1D, E). | decided to proceed with RP/KB conditions
in measuring secretory profiles in NCI-H716 cells to bypass any confounding effects
of metabolic shifts that have previously been linked to glucose starvation in cancer
cells (Tsai et al., 2021).
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Figure 4.1 Basal and ligand-induced acute GLP-1 secretion by NCI-H716 cells may be
affected by glucose content of secretion buffer and culturing media. NCI-H716 cells were
cultured in total RPMI-1640 (RP) or low-glucose DMEM (LG) for 24 hours, incubated in LG
media or Krebs (KB) in the presence or absence of ligand for 2 hours, and supernatants were
collected. GLP-1 concentration was measured by RIA. (A) Schematic of culturing conditions
and assay buffers used. (B) Standard curves representing % bound '®°l-labelled GLP-1
peptide measured in samples containing GLP-1 standard, label, and antibody, with either
phosphate buffer (PB), phosphate buffer adjusted with KRBS (PB + KRBS), or phosphate
buffer adjusted with LG (PB + LG). Curves were fit by non-linear regression analyses and R?
values were computed on GraphPad Prism. Data represents mean of triplicates, n=1
independent experiment. (C) Basal GLP-1 secretion of NCI-H716 cells by under 4 different
assay culturing conditions. Data represents mean * SE of triplicates, n=1 independent
experiment. (D&E) GLP-1 secretion at basal and in response to 2h incubation with 10uM FSK,
10mM glucose (GLU) or 1mM C3 under 2 different assay culturing conditions. Data represents
mean + SE of triplicates, n=1 independent experiment. (E) The effect of 2h treatments on GLP-

1 secretion represented as a fold change over respective basal.

Next, | aimed to characterise and compare the GLP-1 secretory profiles elicited by
SCFAs in NCI-H716 cells in the selected secretion conditions. Cells were incubated
with TmM of respective SCFA for 2 hours in KRB, and GLP-1 secretion and content
were measured in cell supernatants (Figure 4.2A) and lysates (Figure 4.2C).
Treatment with either TmM propionate or 1mM butyrate significantly increased GLP-1
secretion by ~ 2-fold and ~1.5 fold over baseline respectively, whereas a limited effect
is evident following 1mM acetate treatment (Figure 4.2B). When content of GLP-1 was
measured in cell lysates, no significant changes could be observed with SCFA
treatment (Figure 4.2D).
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Figure 4.2 SCFAs acutely stimulate GLP-1 secretion in NCI-H716 cells. NCI-H716 cells
were cultured in total RPMI-1640 (RP) for 24 hours, and then incubated with KB or KB with
Na,C2, C3 or C4 (1mM), FSK (10uM) or Glu (10mM) for 2 hours. GLP-1 concentration was
measured in supernatants (A & B) or lysates (C & D) by RIA. Data represents mean + SEM

of triplicates per independent experiments, n=3 independent experiment. (B & D) Effect of

acute stimuli are represented as fold change over basal. One-sample t test vs 1 (**p<0.01,

*p<0.05).
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4.2.2 FFAR2-Gai agonist AZ 1729 stimulates acute GLP-1 release

AZ-1729 is a potent allosteric agonist of human FFAR2 that displays a functional bias

for signalling via Gai (Bolognini et al., 2016a). Inhibition of forskolin-mediated cAMP
accumulation by AZ-1729 was measured in NCI-H716 cells. AZ1729 inhibited

forskolin-stimulated cAMP accumulation in a concentration-dependent manner with

significantly greater potency and efficacy than acetate, propionate or butyrate
(LoglC50 = -6.442 + 0.187) (Figure 4.3A). When cells were co-treated with SCFAs
and AZ-1729, AZ1729 produced a significant leftward and downward shift in
concentration curves of all three SCFAs, confirming a cooperative allosteric activity in

addition to its intrinsic allosteric function (Figure 4.3B; Table 4.2). Curves were

normalised to NaCl/vehicle or NaCl/AZ-1729 to specifically assess the effect of AZ-
1729 on the potency of SCFA-induced Gai signalling in NCI-H716 cells (Figure 4.3C;

Table 4.2).
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Figure 4.3 AZ-1729 is an allosteric FFAR2-Gai agonist and GLP-1 secretagogue in NCI-
H716 cells. (A) Chemical structure of AZ-1729 (Bolognini et al., 2016b). (B) Inhibition of
intracellular FSK-mediated cAMP accumulation by AZ-1729 in NCI-H716 cells. Cells were
treated with IBMX (500nM, 5 min), followed by forskolin (FSK) (3uM, 5 min) or combination of
FSK (3uM, 5min) and increasing concentrations of AZ-1729 (1nM-100uM, 5 min), Responses
are shown as % change to FSK. Data represents mean + SEM of triplicates per independent
experiments, n=3 independent experiment. (C, D, E & F) Positive allosteric agonism of SCFA-
mediated Gai responses in NCI-H716 cells by AZ-1729. Cells were treated with IBMX (500nM,
5 min), followed by forskolin (FSK) (3uM, 5 min) or combination of FSK (3uM, 5min) and
NaCI/SCFA (1mM, 5 min) and DMSO vehicle, or a combination of FSK (3uM, 5min), and
NaCIl/SCFA (1mM, 5 min), and AZ-1729 (1uM, 5 min). (C) Responses are shown as % change
to FSK. Data represents mean + SEM (for NaCl) or mean (for SCFAs) of triplicates per
independent experiments, n=3 independent experiments. (D, E & F) SCFA responses are
normalised to NaCl responses in the presence of 1uM AZ-1729 or DMSO and represented as
% change of NaCl + FSK. Data represents mean + SEM (for NaCl) of triplicates per

independent experiments, n=3 independent experiment. (G & H) GLP-1 secretion measured
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in NCI-H716 supernatants by RIA following 2-hour incubation with 1uM or 10uM AZ-1279 or
DMSO vehicle. (G) Symbols represent the mean of triplicates per independent experiment,
n=3 independent experiments. Unpaired t-test; DMSO vs AZ-1729 1uM (*p<0.05). (H) The
effect of AZ-1729 acute stimuli is shown as fold change over DMSO vehicle. Data are
represented as the mean + SEM of triplicates per independent experiment, n=3 independent

experiments.

pIC50 (M)
SCFA
DMSO Vehicle AZ-1729
Cc2 -4.354+ 0.257 -5.127 £ 0.409
C3 -4.216 £ 0.292 -5.354+ 0.236
C4 -3.658 £ 0.376 -4.609 + 0.298

Table 4.2 pIC50 values of SCFA concentration-responses in the presence of 1uM AZ-
1729 or DMSO vehicle NCI-H716 cells. Cells were treated as in Figure 4.3C with SCFAs in
the presence of AZ-1729 (1uM) or DMSO vehicle. Data are presented as mean + SEM of at

least triplicates, n=3 independent experiments

Previous reports from our lab have indicated that propionate-driven GLP-1 release is
mediated by an FFAR2-Gai pathway in mouse EECs (Caengprasath et al., 2020).
Next, | employed AZ-1729 to assess a similar involvement of the FFAR2-Gai axis in
GLP-1 secretion in NCI-H716 cells. A significant upregulation in GLP-1 secretion was
observed following treatment with 1uM AZ1-1729 (Figure 4.3D). Moreover, a
concentration-dependent trend of AZ-1729-mediated GLP-1 release was apparent,

however significance was limited by inter-repeat variability.
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4.2.3 Is Propionate-stimulated GLP-1 release mediated by a FFAR2-Gai pathway

in human EECs

Following on from the stimulatory effects observed with AZ1729, | interrogated the
involvement of the Gai pathway in propionate-mediated GLP-1 release in NCI-H716
cells. Preliminary data (not shown) indicated that 20h pre-treatment with 500ng/ml of
the inhibitor of Gai Pertussis toxin (PTX), the concentration used for characterising
SCFA-mediated Gai signalling profiles in 3.2.3, increased basal GLP-1 secretion by
3.5-fold. To investigate this further, GLP-1 secretion was measured after pre-treatment
with 100ng/ml, 250ng/ml and 500ng/ml PTX. Interestingly, PTX appeared to increase
basal GLP-1 secretion in a concentration-dependent manner (Figure 4.4A). At all three
concentrations of PTX, propionate-stimulated fold changes in GLP-1 levels,
normalised to basal, was diminished in comparison to the effect of the SCFA in cells
treated with H20 vehicle. NaCl-mediated GLP-1-fold changes appeared to be
unchanged with PTX treatment. These preliminary findings suggest a potential
involvement of an FFAR2-Gal axis in mediating propionate-stimulated GLP-1 release
in NCI-H716 cells.
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Figure 4.4 Propionate may acutely stimulate GLP-1 release in a Gai-dependent manner
in NCI-H716 cells. (A & B) Cells were pre-treated with 100, 250 or 500ng/ml of Gai-inhibitor
Pertussis toxin (Ptx) (20 hours) or H20 vehicle. GLP-1 secretion was measured in
supernatants by RIA following incubation with NaCl (Na, 1mM, 2h) or C3 (1mM, 2h) or ligand-
free buffer (Baseline, BL). Data represents mean + SEM of triplicates per independent
experiments, n=1 independent experiment. (B) The acute effects of Na and C3 on GLP-1

secretion are represented as fold changes over respective basal values.

4.2.3 SCFAs may not acutely stimulate PYY secretion in NCI-H716 cells

Given that SCFAs are known to stimulate the release of both GLP-1 and PYY via
FFARZ2 in mouse L-cells, | next aimed to characterise the acute secretion profiles of
the latter in NCI-H716 cells (Psichas et al., 2015). PYY could not be detected by
radioimmunoassay in NCI-H716 cell supernatants or lysates (data not shown). In
contrast, basal PYY secretion of NCI-H716 cells was detected in preliminary ELISA
assays (Figure 4.5A). However, ELISA findings indicated that acute stimulation with
neither SCFA(s) nor forskolin increased PYY secretion (Figure 4.5B).
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Figure 4.5 SCFAs may not acutely stimulate PYY secretion in NCI-H716 cells. (A & B)
PYY secretion measured by ELISA in NCI-H716 cell supernatants following incubation with
C2, C3 or C4 (1mM, 2h), FSK (10uM, 2h), or ligand-free buffer (Basal). Data represents mean
+ SE of triplicates per independent experiments, n=1 independent experiment. (B) The effects

of acute stimuli on PYY secretion are represented as fold changes over basal.

4.2.4 GLP-1 and PYY are poorly co-localised in NCI-H716 cells

Previous reports are conflicting as to whether GLP-1 and PYY are co-secreted from
L-cells, or if their release profiles are regulated by distinct stimuli (Anini et al., 1999;
Bottcher et al., 1984; Gerspach et al., 2011; Habib et al., 2013; Nilsson et al., 1991;
Pironi et al., 1993). My findings thus far suggested that SCFAs might selectively act
as acute GLP-1 but not PYY secretagogues in NCI-H716 cells; it is possible that these
two hormones exist in separate vesicles or subcellular organelles that are mobilised
in response to distinct stimuli. By employing confocal fluorescence microscopy paired
with the adaptive deconvolution modality ‘Lightning’, the subcellular spatial distribution
of GLP-1 and PYY in NCI-H716 cells could be imaged with ~120nm resolution
(Reymann, 2018). A granular structure of both hormones was observed, and a higher
abundance of GLP-1 than PYY granules was evident across cells (Figure 4.6A). There
appeared to be a distinct subcellular separation between GLP-1 and PYY granule

161



populations, exhibited by a representative intensity profile line plot (Figure 4.6B). Co-
localisation analysis indicated ~22% GLP-1/PYY co-localisation across cells (Figure
4.6C). Volume occupancy of granule populations were visualised in three dimensions

(Figure 4.6D) and reinforced the distinct compartmentalisation of both hormones.
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Figure 4.6 GLP-1 and PYY poorly co-localise in NCI-H716 cells. Immunofluorescent
analysis of GLP-1 and PYY staining in NCI-H716 cells by confocal microscopy paired with
‘LIGHTNING’ adaptive deconvolution processing (LEICA). Cells were fixed and permeabilised
before primary antibody labelling with anti-GLP1 and anti-PYY antibodies followed by labelling
with Alexa Fluor 488 and 647 secondary antibodies. Subsequently, cells were stained with
DAPI, mounted onto glass slides and imaged. (A) Confocal images of anti-GLP-1 and anti-
PYY staining in NCI-H716 cells Scale bar= 10um. Images are representative of 40 cells
imaged across 6 independent experiments. (B) Line plot of GLP-1 and PYY intensity profiles
across a ROI (indicated by a white line in (A) of 5um length computed on Imaged. (C)
Pearson’s correlation coefficient of GLP-1 and PYY channel overlap determined by automated
colocalisation analysis of confocal images on ImagedJ. Data represented as mean + SEM of
n=30 cells collected across three independent experiments. One sample t-test; Pearsons vs
1 (***p<0.001). (D) 3D visualisation of GLP-1 and PYY granule volume occupancy in (A), on
the LAS X 3D Visualization software (LEICA).
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4.3 Discussion

In this chapter | aimed to characterise the effects of SCFAs as acute secretagogues
of the anorectic gut peptide hormones GLP-1 and PYY from the human EEC line, NCI-
H716. My findings propose the involvement of a hFFAR2-Gai pathway in mediating
GLP-1 secretion. In addition, this chapter explores a selectivity of SCFAs in regulating
the acute release profiles of GLP-1 and not PYY release.

As | confirmed in described in Chapter 3 (3.2.2), the colonic NCI-H716 cell line
recapitulates key nutrient-sensing functionalities of the human L-cell (Kuhre et al.,
2021; Kuhre et al., 2016; Reimer et al., 2001). Prior to assaying the acute effects of
SCFAs on hormone secretion, buffer formulations from previous studies were
compared and optimised for use, and basal GLP-1 secretion in NCI-H716 cells was
observed to be highly sensitive to glucose. Previous ex vivo studies with human L-
cells have also characterised a dose-dependency in glucose-mediated GLP-1
secretion which is mediated by the glucose transporters SGLT1 and GLUT2 (Sun et
al, 2017). Postprandial GLP-1 secretion in the human gut cannot be ascribed to one
class of nutrient given the complexity of the human diet and the vast repertoire of
nutrient-sensing receptors on EECs. However, for the sake of isolating the effects of
SCFAs and their cognate GPCRs, glucose-free buffers were chosen for these

secretion studies.

In comparing the GLP-1 secretagogue potency of all three SCFAs in NCI-H716 cells,
| observed propionate to stimulate the largest increase in secreted GLP-1, ~2 fold over
basal, which agrees with previous studies in mouse EECs (Tolhurst et al., 2012).
Butyrate also significantly increased GLP-1 secretion, yet the effect of acetate was
slight. In a study by Christiansen et al., employing an ex vivo perfused rat colon model,
butyrate and acetate exhibited higher GLP-1 secretagogue potency of propionate. It
is possible that there are species-dependent complexities in the actions of SCFAs on
acute GLP-1 release in L-cells that derive from differences in the intracellular effector
machinery that they engage. The low potency of acetate in driving acute GLP-1
release from NCI-H716 cells is conflicting to its performance as a FFAR2-Gai and -

Gaq activator and instead might be representative of a compensatory mechanism in
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native human L-cells. Acetate is the most abundant SCFA in the colonic lumen,
existing in a 60:20:20 ratio with propionate and butyrate (C2:C3:C4) (Cummings et al.,
1987; Topping & Clifton, 2001). As such, intracellular mechanisms in some or many
of the stages involved in propeptide production, maturation and exocytosis might be
fine-tuned downstream of acetate to prevent an overstimulation of GLP-1 release.

In vivo studies have previously demonstrated a mechanistic role of FFAR2 in
mediating SCFA-stimulated colonic GLP-1 and PYY release, however these findings
are limited to rodent models (Tolhurst et al., 2012; Psichas et al., 2015). Downstream
of FFAR2 activation, the activation of Gai and/or Gaq in mediating this response is
conflicted between reports (Tolhurst et al., 2012; Caengprasath et al., 2020). |
observed a concentration-dependent increase in acute GLP-1 secretion in NCI-H716
cells by treatment with the selective FFAR2-Gai allosteric agonist AZ-1729. In contrast
to my findings, a previous study has demonstrated an inability of AZ-1729 to stimulate
GLP-1 secretion from mouse colonic crypts (Bolognini et al., 2016). Notably, AZ-1729
exhibited a lower potency at mouse FFAR2 compared to FFAR2, and signalling
assays in this study were limited to heterologous expression systems (Bolognini et al.,
2016b). In general, allosteric binding pockets of GPCRs are less conserved between
orthologs than orthosteric ligand-binding sites (Grundmann et al., 2021). Furthermore,
structure-based functional studies between human and mouse FFAR2 orthologs in the
future might also uncover species-dependent specificities in AZ-1729 binding.
Moreover, this discrepancy might be due to the differences between assay methods
used; Bolognini et al., used ELISAs to measure GLP-1 secretion which is limited to
detection of “active” or “intact” forms of GLP-1 and only accounts for 10-15% of the
total secreted pool (Holst, 2007). In contrast, radioimmunoassays are able to detect
the active GLP-1 as well as metabolites which are formed after rapid degradation by
enzyme dipeptiyl peptidase-4 (DPP-1V) and are the major circulating forms of the
hormone (Deacon & Holst, 2009).

As AZ-1729 is a selective activator of FFAR2-Gai and not -Gaq signalling, my findings
suggested the involvement of the former in mediating GLP-1 secretion from human
EECs. Hormone secretion by EECs is driven by Ca?*-dependent exocytosis, which

has canonically been linked to elevations in intracellular calcium levels downstream of
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Gag-coupled GPCRs (Goldspink et al., 2018). In addition, several Gas-coupled
GPCRs have been shown to stimulate Ca?*-dependent exocytosis of EEC peptide
hormones due to the modulation of voltage- and/or ligand-gated Ca?* channels by
cAMP (Goldspink et al., 2018). As such, the involvement of Gai pathway in GLP-1
release from human and/or mouse EECs seems somewhat paradoxical. Next, |
questioned whether involvement of the Gai pathway was required for SCFA-
stimulated GLP-1 secretion in NCI-H716 cells. My preliminary results indicated a
significant decrease in propionate-stimulated GLP-1 secretion following pre-treatment
with the Gai inhibitor Pertussis toxin (PTX). These findings are in agreement with
previous reports from our lab which demonstrated propionate to stimulate GLP-1
release from the mouse enteroendocrine STC-1 cell line and colonic crypts via
activation of Gai (Caengprasath et al., 2020). Notably, | observed a concentration-
dependent increase in basal GLP-1 secretion following PTX treatment; this
phenomenon has previously been demonstrated in murine pancreatic B cells, which is
suggested to arise due to an increase in intracellular cAMP following PTX-mediated
inactivation of Gai-mediated inhibition of adenylate cyclase (Toyota et al., 1978; Sim
et al., 2014). The potential involvement of a Gai mechanism in driving FFAR2-
mediated GLP-1 secretion is strengthened by numerous examples of the functionality
of numerous Guai-coupled GPCRs across EEC subtypes. For example, activation of
the permeable transient receptor potential canonical (TRPC) channels TRPC4 by Gaii-
coupled adrenoreceptor a2 (Adra2) has been shown to be central to serotonin release
from mouse EECs (Bellono et al., 2017). In addition, a synthetic agonist of Gai-coupled
FFARS3, AR420626, is a significant stimulator of GLP-1 secretion from both mouse and
human EEC lines (Ducastel et al., 2020).

An outstanding limitation to my findings is that experiments only assessed the
inhibition of Gai. Given that FFARZ2 is a dual-coupled GPCR and | observed SCFA-
mediated activation of both Gai and Gaq, which | described in Chapter 3 (3.2.3) future
studies should employ inhibitors of both G-protein pathways. Importantly, a study by
Tolhurst et al. (2012) which associated SCFA-mediated GLP-1 release with elevations
in intracellular Ca?* and proposed an underlying FFAR2-Goq mechanism, a
considerable inhibition of propionate-mediated GLP-1 release was also detected after

treatment with pertussis toxin. Activation of a Gai pathway downstream of FFAR2
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might mediate the intracellular Ca?* flux linked to hormone release in L-cells, such as
by a mechanism described above for Adra2, which might explain the contrasting
findings from previous studies (Tolhurst et al., 2012; Caengprasath et al., 2020). My
findings on SCFA-mediated mobilisation of intracellular calcium (3.2.3) did not assess
the effect of pertussis toxin, which will be a valuable starting point for assessing the
possibility and functional implications of such a non-canonical FFAR2-Gai-Ca?*
cascade in the human L-cell. The action of FFARZ2 in regulating insulin sensitivity in
adipocyte tissue has been linked to the activity of the receptor’'s Gy subunit (Kimura
et al., 2013). In NCI-H716 cells, GBY-mediated signalling cascades have been linked
to the stimulation of GLP-1 secretion downstream of the human bitter taste receptor
hTAS2R50 (Lee et al., 2023). Uncovering the synergy between Gai-dependent and
potential Gai-independent pathways involved in FFAR2-mediated L-cell hormone

release might uncover novel pharmacologically-targetable axes.

Enteroendocrine L-cells cells exhibit marked proximo-distal variation in the repertoire
of hormones found co-expressed with GLP-1; this should be considered when
reasoning the ‘GLP-1-bias’ | observed in the acute secretory profiles of NCI-H716 cell
line (Habib et al., 2012, 2013; Billing et al., 2019; Burclaff et al., 2022). The origin of
the NCI-H716 cell line is the ascites fluid of carcinoma specifically localised to the
cecum (Park et al., 1987). Notably, previous characterisation of NCI-H716 cells by
Kuhre et al., reported that neither CCK or GIP were expressed in this cell line, both of
which have been found to be enriched in L-cell subclusters in the upper small intestine
and proximal colon in mice (Habib et al., 2012; Billing et al., 2019). On the other hand,
scRNA-seq analysis has reported PYY to predominate in colonic and not small
intestinal L-cells in mice, and PYY expression has also been found to increase
longitudinally from ascending to descending colon in humans (Habib et al., 2012;
Burclaff et al., 2022). Due to inconsistency in the expression of PYY in NCI-H716 cells
amongst reports, neither a distal colon-like nor proximal colon-like L-cell identity is
agreed upon for this cell line (Kuhre et al., 2016). Given the well-characterised
heterogeneity of L-cells along the Gl tract, the use of region-specific primary L-cell
cultures based on the hormone product in question, might be most suitable for future
studies on nutrient-sensing GPCRs.
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Contrasting to my findings on GLP-1 in NCI-H716 cells, | was unable to detect PYY in
supernatants or lysates by radioimmunoassays in this cell line. Indeed, previous
studies in this cell line have also failed to detect PYY by radioimmunoassay yet the
use of ELISAs has been successful in some instances (Kim et al., 2014; Kuhre et al.,
2016; Larraufie et al., 2018; Wang et al., 2022). This disparity might derive from the
laborious handling required for performing radioimmunoassays that could elicit
random errors. However, | did successfully measure basal PYY secretion of NCI-H716
cells, by use of ELISA assays, albeit in ~5 fold lower abundance than GLP-1.
Moreover, PYY secretion did not appear to be enhanced by acute stimulation with
SCFAs or the cAMP elevating agent Forskolin. SCFA-mediated FFARZ2 activation has
been implicated in driving the co-secretion of both GLP-1 and PYY from mouse L-cells
(Psichas et al., 2015). Moreover, previous reports have visualised a subcellular co-
localisation of both these hormones in human L-cells by conventional microscopy
techniques. Notably, ultrastructural characterisations of L-cells by electron microscopy
have indicated that their secretory granules range from ~80 to ~300nM in size
(Bottcher et al., 1986; Dobbins & Austin, 1991; Nishimura et al., 2013). Therefore,
considering the ~200nm resolution limit of conventional confocal microscopy
techniques, it is possible that a separate compartmentalisation of GLP-1 and PYY
granules, particularly at the lower end of this size range, might be masked. GLP-1 and
PYY granules were visualised in NCI-H716 cells by the use of super-resolution
confocal microscopy. A low degree of overlap was evident between GLP-1 and PYY
granules in NCI-H716 cells. This spatial distribution may underlie the selective release
of a single hormone from L-cells upon acute nutrient stimulus which | observed in my
own findings and has also been reported in a number of previous studies (; Bottcher
et al., 1984; Nilsson et al., 1991; Pironi et al., 1993; Anini et al., 1999; Gerspach et al.,
2011; Habib et al., 2013).

In summary, this chapter explored the roles of SCFAs as acute secretagogues of the
peptide hormones GLP-1 and PYY in a human colonic L-cell model. SCFAs and a
selective FFAR2-Gai agonist promoted the acute secretion of GLP-1, and a FFAR2-
Gai axis was also implicated in driving propionate-mediated GLP-1 acute release was
also suggested. In contrast to GLP-1, PYY secretion was not promoted by similar
acute stimuli in this system. Super-resolution immunofluorescence analyses were able

to uncover a subcellular separation in the distribution of GLP-1 and PYY granules,
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further suggesting the existence of distinct regulatory mechanisms driving their

secretion.
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5. Non-canonical actions of short chain fatty

acids on human EECs
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5.1 Introduction

The intestinal epithelium is completely turned over every 4-5 days, fuelled by the
continuous proliferation of Lgr5* intestinal stem cells (ISCs) that reside at the base of
crypts of Lieberkihn (Barker et al., 2007). ISCs give rise to transit amplifying (TA) cells
which further differentiate to absorptive or secretory intestinal epithelial cell (IEC) fates
as they migrate up along the crypt-villus axis (Cheng & Leblond, 1974). As such,
homeostasis along this epithelial ‘conveyor belt' necessitates a stringent balance
between maintaining stemness via ISC populations for self-renewal and repair, and
achieving specialised functions via lineage-specific differentiation of IEC populations
(Cheng & Leblond, 1974). Commitment of mature |IEC to specific lineages is mediated
by a complex network of transcriptional regulators and juxtracrine signalling
mechanisms (Sanchez, Enriquez & Wells, 2022). The NOTCH pathway is responsible
for mediating cell fate commitment and spatiotemporal patterning in developing and
several adult tissues (Kageyama & Nakanishi, 1997). Early stages of enteroendocrine
differentiation require an inhibition of Notch signalling in secretory progenitors,
releasing the hairy/enhancer-of-split (Hes7)-mediated repression of proendocrine
bHLH transcriptional factor cascades (Jensen et al., 2000). Gene inactivation studies
in mice and single cell transcriptomics have identified sequential gene expression
cascades which drive enterohormone transcription and specify maturation of EEC

precursors into hormone-secreting enteroendocrine subtypes (Gehart et al., 2019).

The intestinal lumen is laden with nutrient and non-nutrient signals which can reflect
exogeneous macronutrient intake, as well as endogenous metabolite production by
the gut microbiome. There is much interest in understanding how behaviours along
the intestinal epithelial ‘conveyor belt’ adapt maintain gut homeostasis in response to
various dietary factors (Wang et al., 2022). For example, Cheng et al., 2019 have
reported opposing Notch-mediated effects of ketogenic diets and glucose-rich diets in
mice in favouring ISC proliferation or differentiation respectively. Notably, expansion
of enteroendocrine L-cell populations in the rodent intestine in vivo has been shown
to increase following ingestion of fermentable carbohydrates (Kaji et al., 2011; Brooks
et al., 2017). SCFAs themselves have also been shown to increase the expression of

markers specific to L-cell differentiation in human colonic cell lines and organoids in
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vitro (Petersen et al., 2014; Larraufie et al., 2018; Pearce et al., 2020; Grouls et al.,
2022). Importantly, a decreased intestinal density of GLP-1- and PYY-positive cells is
signature of morbidly obese individuals, yet has been found to be reversible with
bariatric surgery (Wolnerhanssen et al., 2017). In addition, transcriptomic analyses
have identified aberrations specific to Notch-sensitive L-cell differentiation cascades
in the intestinal biopsies of obese individuals with and without T2D (Wdlnerhanssen et
al., 2017; Osinski et al., 2021). These include reduced expression of the L-cell specific
differentiation factors NeuroD1 and Pax6, and increased expression of the inhibitor of
EEC cell fate, Hes1 (Wolnerhanssen et al., 2017; Osinski et al., 2021). As such,
enhancing the abundance of anorectic gut hormone-secreting EECs is emerging as a
novel, but likely powerful, therapeutic avenue in treating metabolic disease
(Wolnerhanssen et al., 2017; Osinski et al., 2021).

In this chapter, | explore the effect of SCFAs in NCI-H716 cells on morphology and
gene expression of transcription factor cascades that regulate markers of L-cell
differentiation. At millimolar concentrations, comparable to the endogenous luminal
environment, butyrate exhibited particularly prominent effects on enterohormone
repertoire, morphological parameters and Notch-regulated markers of L-cell
development that suggested the induction of differentiation to a ‘PYY-bias’ mature L-
cell phenotype. Finally, mouse colonic organoid systems were employed to investigate
the effects of butyrate on Notch activity across heterogeneous intestinal epithelial cells

types, and the maintenance or inhibition of ‘stemness’ in immature I1SCs.
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5.2 Results

5.2.1 SCFAs upregulate the gene expression of PYY but not GCG in
human EECs

Apart from being potent GLP-1 and PYY secretagogues, SCFAs have also been
implicated in the transcriptional regulation of genes involved in the nutrient-sensing
functions of L cells (Larraufie et al., 2018; Petersen et al., 2014; Shackley et al., 2020).
To assess whether SCFAs might affect the expression of Pyy and GLP-1 precursor
(Geg), NCI-H716 cells were treated for 24 hours with 2mM of each SCFA; a
physiologically relevant concentration at which SCFAs activate FFAR2 (> EC50) and
exerts transcriptional effects (Larraufie et al., 2018). The abundance of Geg and Pyy
mMRNA transcripts was compared in SCFA-treated and untreated NCI-H716 cells.
Trypan Blue staining confirmed cell viability after chronic SCFA treatment (data not
shown) but revealed extensive cell death after incubation with NaCl. As such, 24-hour
treatments with NaCl were excluded from subsequent assays.

The addition of short chain fatty acids stimulated a decrease in Gcg expression in NCI-
H716 cells (Figure 5.1A). This effect was specific with butyrate and propionate,
stimulating a ~4- and ~2-fold decrease respectively, whereas expression of Gcg in
acetate-treated was not different to untreated control. In contrast, Pyy mRNA
abundance was robustly upregulated after incubation with all three SCFAs, and this
effect was positively correlated with chain length (C2 < C3 < C4) (Figure 5.1B).
Butyrate induced a large increase (~122 mean fold) in transcript level, while acetate
and propionate both upregulated expression by ~7 fold. Next, cells were treated with
a combined treatment of all three SCFAs, formulated to mimic the 60:20:20
physiological ratio of the gut lumen, at a concentration which was still tolerable by cells
(6mM C2: 2mM C3, 2mM C4). GCG and PYY responses to the SCFA cocktail were
not significantly different to butyrate-mediated effects in NCI-H716 cells(Figure 5.1A;
Figure 5.1B).
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Figure 5.1 Chronic SCFA treatments affect the expression of Gcg and Pyy in NCI-H716
cells. Relative gene expression of (A) Gcg or (B) Pyy in NCI-H716 cells treated with 2mM of
C2,C3, C4 or C2:C3:C4 (6mM C2, 2mM C3, 2mM C4) for 24h. RNA was extracted from treated
and untreated cells and converted to cDNA. Gcg or Pyy transcript levels were detected
alongside Rpl/12 housekeeping gene by RT-qPCR. Relative gene expression was determined
using the 2--ACt method. Data are mean + SEM, n=3 and conditions were run in at least
triplicate per independent experiment. Unpaired t-test vs untreated (UT): (*p<0.01; #p<0.05).
One-way ANOVA: C2 vs C3 vs C4 (*p<0.05). Unpaired T-Test: C4 vs C2:C3:C4.

5.2.2 Butyrate upregulates Pyy expression via FFAR2-Gai signalling at

the plasma membrane

Dietary supplementation with non-digestible carbohydrates have been reported to
increase mouse colonic populations of PYY™* cells in an FFAR2-dependent manner
(Brooks et al., 2017). | next questioned whether the pronounced effect of butyrate on
PYY expression in NCI-H716 cells might mechanistically involve the activation of
human FFAR2 expressed in these cells. 1uyM of GLPG0974 was confirmed to inhibit
the G-protein signalling capabilities of butyrate across 1nM-10mM (Figure 5.3A).
When cells were pre-treated with 1uM GLPG0974 prior to measuring butyrate-
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mediated upregulation of Pyy expression, the antagonist caused a ~ 57% reduction in
response compared to vehicle, indicating an important contribution of FFAR2 (Figure
5.3B).

Next, | assessed whether these FFAR2-dependent effects on Pyy were mediated
downstream by a Gai pathway, considering butyrate is a stronger activator of Gai than
Gagq in NCI-H716 cells (Chapter 3). Pre-treatment with 500ng/ml of pertussis toxin
(Ptx) effectively inhibited butyrate-mediated Gai signalling (Figure 5.3C), and
significantly blunted butyrate-mediated Pyy upregulation by over 50% (Figure 5.3D).
In contrast, pre-treatment with inhibitors of Gaq (YM-254890) or dynamin-dependent
internalisation (Dyngo 4a) did not produce any significant inhibitory effects on butyrate-
mediated Pyy regulation (Figure 5.3E). Together, these findings suggest that butyrate-
mediated effects on Pyy mRNA expression are partially mediated by an FFAR2- Gaii

rather than a Gaq pathway which operates primarily at the plasma membrane.
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Figure 5.2 Butyrate upregulates Pyy expression via activation of a FFAR2-Gai pathway
at the plasma membrane. (A) NCI-H716 cells were incubated with FFAR2-specific
antagonist GLPG0974 (green) (1uM, 15 min) or DMSO vehicle (black) prior to treatment with
IBMX (500uM, 5 min) , and then forskolin (3uM, 5 min) or a combination of forskolin (3uM, 5
min) and C4 (1nM-100mM, 5 min). Intracellular cAMP levels were measured in cell lysates
and expressed as a % of the forskolin response. Data are mean + SEM, n=3 and conditions
were run in at least triplicate per independent experiment. (B) Pyy transcript levels determined
in cells treated with GLPG0974 (1uM, 15 min) or DMSO vehicle prior to incubation with C4
(2mM, 24h). Relative Pyy expression was determined using the 2--ACt method using Rp/12

housekeeping gene. Data are mean + SEM, n=3 and conditions were run in at least triplicate
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per independent experiment. (C) Inhibition of FSK-mediated cAMP accumulation by butyrate
in NCI-H716 cells pre-treated with Pertussis toxin (Ptx) (500ng/ml, 20h) or H20 vehicle. Data
are mean * SEM, n=3 and conditions were run in at least triplicate per independent
experiment. (D) Pyy transcript levels determined in cells treated with Ptx (500ng/ml, 20h) or
H20 vehicle prior to incubation with C4 (2mM, 24h). Relative Pyy expression was determined
using the 2--ACt method using Rp/12 housekeeping gene. Data are mean + SEM, n=3 and
conditions were run in at least triplicate per independent experiment. Unpaired T Test C4 +
DMSO vs C4 + Ptx (*p<0.05). (E) Relative Pyy expression in cells pre-treated with DMSO
vehicle (Vh) or GLPG0974 (1uM, 15 min) or PTX (500ng/ml, 20h) or YM-254890 (10uM, 15
min) or Dyngo-4a (50uM, 15 min) followed by C4 (2mM, 24h). Data are normalised as a % of
change of C4 + inhibitor / C4 + DMSO vehicle response. Data are mean + SEM, n=3 and
conditions were run in at least triplicate per independent experiment. Unpaired T Test C4 +
inhibitor vs C4 response (100%) (*p<0.05).

To further investigate the involvement of a Gai mechanism in the transcriptional
regulation of Pyy, NCI-H716 cells were incubated with the FFAR2-selective Gai biased
allosteric agonist, AZ-1729. Interestingly, 24-hour treatment with 1TuM of AZ-1729
induced a ~2-fold increase in Pyy expression relative to baseline (Figure 5.3A).
However, the effect of butyrate-mediated upregulation of Pyy was increased by ~2 fold
when cells were treated with a combination of TuM AZ-1729 and butyrate, suggesting

a synergistic response involving FFAR2-Gai (Figure 5.3B).
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Figure 5.3 The biased FFAR2-Gaiactivator AZ-1729 enhances the effect of butyrate on
Pyy expression. (A) Relative PYY expression in NCI-H716 cells treated with C4 (2mM, 24h),
FFAR2 biased agonist AZ-1729 (1uM, 24h) or a combination of C4 (2mM, 24h) and AZ-1729
(1uM, 24h). Relative PYY expression was determined using the 2--ACt method using Rp/12
housekeeping gene. (B) Relative Pyy expression normalised as a % change of C4 + AZ/ C4
response. Data are mean = SEM, n=3 and conditions were run in at least triplicate per
independent experiment. Unpaired T Test C4 + AZ-1729 vs C4 (100%) (***p<0.001).

5.2.3 SCFAs appear to downregulate the gene expression of Gcg in

human EECs in an FFAR2-independent manner

Given that SCFAs have previously been shown to stimulate GLP-1 secretion by
FFAR2-dependent mechanisms in EECs (Psichas et al., 2015; Caengprasath et al.,
2020), that SCFAs did not support the transcriptional activation of proglucagon was
surprising. However, aberrant regulatory mechanisms of proglucagon expression, in
which the proglucagon gene promoter is functionally redundant, have been previously
reported in NCI-H716 cells (Cao et al., 2003). As | previously characterised that SCFA-
induced signalling responses are selectively mediated by FFAR2 in NCI-H716 cells
(3.2.4), it was important to ascertain the role of FFAR2 in mediating these changes in
gene expression. Cells were pre-treated with an FFAR2 antagonist GLPG0974, at a
concentration (1uM) which effectively inhibits the Gai and Gaq responses of all three
SCFAs (3.2.4). Preliminary data indicated that GLPG0974 pre-treatment did not affect
SCFA-mediated decreases compared to vehicle, suggesting an FFAR2-independent
mechanism (Figure 5.4A). Gcg expression was also measured following treatment
with AZ-1729. Interestingly, AZ-1729 did not stimulate any significant changes in Gcg
transcript levels compared to vehicle, suggesting a mechanistic pathway independent
of FFAR2-Gai (Figure 5.4B). C4-mediated downregulation of Gcg was not enhanced
by co-incubation with C4 and AZ-1729.
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Figure 5.4 SCFAs appears to downregulate Gcg expression in an FFAR2-independent
manner. (A) NCI-H716 cells were pre-treated with FFAR2-specific antagonist GLPG0974
(1uM) or DMSO vehicle for 15 minutes. Subsequently, cells were incubated with respective
SCFAs (2mM, 24h). Relative expression of Gcg in SCFA-treated cells compared to untreated
cells was determined using the 2--ACt method using rp/712 housekeeping gene for both DMSO
(white bars) and GLPG0974 (black bars) conditions. Data are mean + SEM, n=2 and
conditions were run in at least triplicate per independent experiment. (B) Gcg transcript levels
were measured in NCI-H716 cells treated with C4 (2mM, 24h), FFAR2 biased agonist AZ-
1729 (1uM, 24h) or a combination of C4 (2mM, 24h) and AZ-1729 (1uM, 24h). Relative Gcg
expression was determined using the 2--ACt method using Rp/712 housekeeping gene. Data
are mean * SEM, n=3 and conditions were run in at least triplicate per independent
experiment. (C) Relative Gcg expression normalised as a % change of C4 + AZ/ C4 response.
Data are mean + SEM, n=3 and conditions were run in at least triplicate per independent

experiment.
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5.2.4 Butyrate might selectively enhance PYY secretory tone in NCI-H716

cells

To understand whether butyrate’s prominent transcriptional effects on hormone gene
expression would also be reflected in enhanced cellular secretory capacity, NCI-H716
cells were pre-treated with butyrate for 24 hours and changes in basal PYY and GLP-
1 secretion were measured in supernatants by ELISA and radioimmunoassays
respectively. Preliminary ELISA data suggests that cells pre-treated with butyrate
exhibited a mean ~1.3-fold increase in basal PYY secretion compared to wild-type,
however no change in PYY peptide content was observed (Figure 5.5A, 5.5B). When
GLP-1 secretion was measured by radioimmunoassay, a mean ~1.4-fold increase was
observed following chronic butyrate treatment, with the caveat of variability between
biological repeats. As | previously reported in 2.2.2, variation in signalling responses
between passage numbers and/or age is not uncommon in NCI-H716 cells. GLP-1
content between butyrate-treated and untreated cells was not significantly different
(Figure 5.5C).

Having previously characterised GLP-1 secretion in NCI-H716 in response to acute
SCFA treatment, | sought to investigate whether these acute responses might differ
after cells were pre-treated with butyrate for 24 hours (Figure 5.5E). Elevated GLP-1
secretion in response to acute treatment with C2 and C4 as well as NaCl negative
control was apparent in cells pre-treated for 24h with butyrate. Although no significant
trends were evident, the data did suggest that chronic pre-treatment with butyrate
might in fact saturate basal GLP-1 secretion such that the effect of acute stimulation
with potent GLP-1 secretagogues (ie C3 and C4) is equivalent to weaker stimuli (ie
NA and C2), however significance is again limited by biological variability.
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Figure 5.5 Chronic SCFA treatments may induce distinct effects on PYY and GLP-1
production and secretion. (A) PYY secretion in supernatants or (B) PYY content in lysates
in NCI-H716 cells treated with C4 (2mM, 24h) or untreated (UT). Data is also represented as
C4 fold change over UT. Symbols represent the mean + SEM of two independent experiments
(n=2) run in technical duplicates per experiment. (C) GLP-1 secretion and content (D)
measured by radioimmunoassay (RIA) in NCI-H716 cells treated with C4 (2mM, 24h) or
untreated (UT). Coloured symbols represent the mean + SEM of each independent experiment
(n=3) run in triplicates. (E) GLP-1 secretion in supernatants measured by RIA in response to
acute NaCl or SCFA treatment (1mM, 2h) in cells pre-treated with C4 (green) (2mM, 24h) or
not (black). Data represent the mean + SEM of each independent experiment (n=3) run in

triplicates.
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5.2.5 Butyrate causes cells to adopt a spindle-like shape characteristic of

colonic EECs

A drastic change in the morphology of NCI-H716 cells was observed following chronic
incubation in butyrate. In bright-field images, there was a prominent increase in length
and change from spherical to spindle-shape in almost all cells when treated with
butyrate (Figure 5.6A). These observations were also apparent with propionate,
however ‘transformed’ cells represented a smaller fraction of the population, which
was largely occupied by cells with the expected spherical shape of NCI-H716. Acetate-
treated cells did not appear different to untreated cells. Native EECs have long been
described to exhibit a bottle-like shape, possessing apical cytoplasmic processes that
allow for close proximity with the gut lumen (Buffa et al., 1978). However, a specific
anatomic difference has been reported for PYY-positive L-cells in the ileum and the
colon, with the latter adopting an elongated spindle-shaped morphology akin to my
observations (Figure 5.6B) (Bohorquez et al., 2011). Prolonged incubation with C2,
C3 or C4 did not appear to increase cell count compared to untreated conditions (data

not shown).
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Figure 5.6 Chronic incubation with propionate and butyrate cause unique
morphological changes characteristic of colonic L-cells. (A) Observations by Brightfield
microscopy, captured by a smartphone, of untreated (UT) NCI-H716 cells or cells following
incubation with respective SCFA (2mM, 24h). (B) Cartoon of the unique spindle shape of PYY-
positive L-cells in the colon characterised by (Bohérquez et al., 2011).

Next, | investigated these morphological changes via confocal microscopy. Cellular
morphologies were visualised by staining with HCS CellMask™ Deep Red Stain which
labels the cytoplasm (Figure 5.7A). Cells were also co-stained for GLP-1, which
exhibited a uniform vesicular and ubiquitous distribution in both SCFA-treated and
untreated cells that was also indicative of cellular shape. In order to quantify SCFA-
mediated morphological changes, binary masks were generated from thresholded
images in which the outline of individual cells were represented as separate ROls.

Using this methodology, the area, feret diameter (defined as the longest distance
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between any two points along the ROl also known as the caliper length) and circularity
of cells could be measured and compared in untreated and SCFA-treated cells.

Butyrate treatment caused a significant ~2- fold and ~1.8-fold increase in cell area and
feret respectively (Figure 5.7B, 5.7C). Moreover, circularity (Perimeter?/4n x Area)
measurements, recorded on a scale of 0.0-1.0 with 0.0 representing a polygonal shape
and 1.0 representing a perfect circle, indicated a slight reduction of “roundness” in
butyrate-treated cells (Figure 5.7D). In comparison to butyrate, 24h treatment with
acetate did not induce any significantly different effects on cell size or shape from wild
type cells. Propionate-treated cells did in fact display increased areas and ferets, and

reduced circularity, though these effects were more modest than with butyrate.

A

Phase contrast GLP-1 Cell Mask
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Figure 5.7 Chronic incubation with butyrate increase cell area and feret diameter. (A)
Images of untreated (UT) NCI-H716 cells or after treatment with respective SCFA (2mM, 24h)
by phase contrast microscopy and confocal microscopy. Cells were fixed and permeabilised
before primary antibody labelling with anti-GLP1 antibody followed by labelling with Alexa
Fluor 488 secondary antibody. Subsequently, cells were stained with HCS CellMask™ Deep
Red Stain and DAPI. Scale bar= 10um. Conditions were imaged in at least quadruplicates
across 3 independent experiments. (B) Measurements of Area, (C) Feret Diameter, and (D)
Circularity obtained by automatic particle analysis on thresholded images by ImagedJ. Data
represent the mean + SEM of n=120 cells collected across 3 independent experiments. One-
way ANOVA: UT vs C2 vs C3 vs C4 (****p<0.0001; ***p<0.001; **p<0.01).

5.2.6 PYY granules are enriched in the cytoplasmic processes of cells

chronically treated with butyrate

Considering the ‘PYY-bias’ in transcriptional and secretory effects of chronic butyrate
treatment, | next compared PYY and GLP-1 expression by immunofluorescence in
SCFA-treated and untreated cells. Co-staining with anti-PYY and anti-GLP1
antibodies revealed PYY™ cells were in much lower abundance than GLP-1* cells,
even after SCFA treatment (Figure 5.8). Notably, PYY™ cells in untreated conditions
were spherical, whereas butyrate-treated PYY + cells were exclusively spindle-shaped.

PYY staining also demonstrated presence of the hormone in secretory granules, and
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enrichment exclusively in the extending pseudopods of butyrate- but not propionate-
treated cells. 100% of PYY™ cells were also positive for GLP-1 across all conditions
(PYY* cell = PYY* GLP~ cell).

GLP-1

Figure 5.8 PYY granules are enriched in the cytoplasmic processes of cells chronically
treated with butyrate. Representative confocal images of untreated (UT) NCI-H716 cells or
after treatment with respective SCFA (2mM, 24h). Cells were fixed and permeabilised before
primary antibody labelling with anti-GLP1 and anti-PYY antibodies, followed by labelling with
Alexa Fluor 488 and 647 secondary antibodies and staining with DAPI. Scale bar= 10um. Inset
scale bar= 2um. Conditions were imaged in at least triplicates across 5 independent

experiments.
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5.2.7 Chronic butyrate treatment may not stimulate secretion of
intestinotrophic GLP-2

Glucagon peptide-like 2 (GLP-2) is a proglucagon-derived peptide hormone secreted
by EECs, with distinct functions from GLP-1. GLP-2 behaves as a paracrine
intestinotrophic factor, stimulating cell proliferation and anti-apoptotic effects in the
intestinal epithelium (Drucker et al., 1996). Given the upregulatory effects of butyrate
on parameters of cell size that | had observed, | questioned a mechanistic involvement
of upregulated GLP-2 secretion. As per previous reports, acute stimulation with
glucose and forskolin were first investigated as positive controls for GLP-2 secretion,
measured by ELISA assays, in NCI-H716 cells (Kuhre et al., 2016) (Figure 5.9A).
Forskolin was chosen as a positive control for subsequent assays, with acute forskolin
stimulation inducing a mean ~ 1.8-fold increase over basal (Figure 5.9A). Next, |
investigated the effect of prolonged butyrate treated on basal GLP-2 secretory tone as
well as on acute responses to forskolin. Preliminary data suggests that chronic
treatment with butyrate may not enhance basal nor acute forskolin-stimulated GLP-2
secretion in NCI-H716 cells (Figure 5.9B).
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Figure 5.9 Chronic SCFA treatments may not affect GLP-2 secretion. (A) GLP-2 secretion
measured in supernatants NCI-H716 cells by ELISA at baseline (basal) or following acute
stimulation with glucose (10mM, 2hr) or FSK (50uM, 2hr). Data are also represented as fold
change over basal. Data represent the mean + SEM across three independent experiments
run in duplicates. One-sample t-test to 1 (*p<0.05). (B) Acute GLP-2 secretion measured by
ELISA following treatment with DMSO vehicle (2hr) or FSK (50uM, 2hr) without (UT) or with

C2, C3 or C4 pre-treatment (2mM, 24h). Data are also represented as fold change of acute
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vehicle or FSK response in SCFA pre-treated cells over the correlating acute response in cells
without pre-treatment. Data represent the mean £ SEM across two independent experiments

run in duplicates.

5.2.8 SCFAs modulate the gene expression of markers of L-cell
differentiation in NCI-H716 cells

Apart from modulating the endocrine functionalities of EECs within the intestinal milieu,
SCFAs have also been shown to influence the differentiation of EECs (Petersen et al.,
2014; Brooks et al., 2017; Wang et al., 2022). My observations thus far had implicated
chronic butyrate in NCI-H716 cells in promoting an EEC-like morphology and
enhancing several parameters of L-cell function. In considering that butyrate might be
re-programming NCI-H716 cells towards an exaggerated L-cell like identity, |
interrogated the gene expression of key regulators of cell fate checkpoints along the
differentiation pathway of L-cells from ISCs.

The canonical pathway by which Lgr5* intestinal stem cells differentiate into EECs
comprises of a Notch-sensitive and highly choreographed cascade of the basic helix-
loop-helix transcription factors Atoh1, Neurog3 and NeuroD1 (Figure 5.10A)
(Schonhoff et al., 2004). Atoh1, or Math1, is the master transcriptional factor in
promoting cell cycle exit and differentiation of multipotent Lgr5+ stem cells in intestinal
crypts to a secretory rather than an absorptive lineage (Yang et al., 2001; Kim &
Shivdasani, 2011). 24-hour incubation with propionate or butyrate induced a modest
decrease in Atoh1 expression in NCI-H716 cells whereas no change was observed
with acetate (Figure 5.10B). Downstream of regulation by Atoh1, secretory progenitors
can divergently progress into Paneth cell, goblet cell or EEC cell fates. (Yang et al.,
2001). The transcription factor Neurog3 is transiently expressed in common secretory
progenitors, guiding differentiation into early EEC precursors (Jenny et al., 2002).
Butyrate induces a modest ~25% decrease in Neurog3 expression (Figure 5.10B). No
conclusive trends can be observed in Neurog3 expression in acetate- or propionate-
treated cells and this target consistently demonstrated a high-degree of inter-
repeat/inter-passage variation in basal and SCFA-treated conditions. Next, |

investigated the effect of chronic butyrate on the expression of NeuroD1, the
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downstream target of Neurog3 which has been implicated in the terminal differentiation
into specific enteroendocrine lineages (Naya et al., 1997; Gehart et al., 2019). Notably,
NeuroD1 expression was significantly increased by ~4 fold in butyrate-treated cells
compared to untreated cells, however no changes were observed with acetate or
propionate treatment (Figure 5.10B). No significant differences in gene expression of
the Atoh1-Neurog3-NeuroD1 cascade between C4 and C2:C3:C4 treatment were

evident.

Downstream of the Afoh1-Neurog3-NeuroD1 cascade, other transcription factors
participate in specifying the differentiation into EEC sub-lineages (Figure 5.10A). The
activity of the homeodomain transcription factors Pax4, Arx and Pax6 have specifically
been mapped to the production of GLP* and/or PYY* EECs in vivo and in vitro (Hill et
al., 1999; Beucher et al., 2012; Brooks et al., 2017; Gehart et al., 2019). Prolonged
butyrate treatment significantly downregulated the expression of Arx but more so
Pax4, whereas data suggested acetate might upregulate levels of these both
transcripts (Figure 5.10C). In contrast, expression of the transcription factor Pax®,
which has previously been characterised as a direct downstream target NeuroD1, was
significantly upregulated ~10 fold by butyrate (Marsich et al., 2003). A much more
modest increase in Pax6 expression, ~ 2-fold, was observed in propionate-treated
cells, and no change could be measured with acetate. Incubation with C2:C3:C4
induced similar effects to butyrate on Arx and Pax6 expression however did not
decrease Pax4 transcript abundance (Figure 5.10C).
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Figure 5.10 Chronic butyrate treatment affects the expression of L-cell differentiation
markers. (A) Schematic depicting the pathways underlying the differentiation of intestinal
Lrg5* stem cells to absorptive or secretory lineages. (B) Relative gene expression of master
regulators of enteroendocrine (EEC) cell differentiation, Atoh1, Neurog3 and NeuroD1 or (C)
regulators of L-cell specific differentiation, Pax4, Arx, and Pax6, in NCI-H716 cells treated with
C2, C3, or C4 (2mM, 24h) or C2:C3:C4 (6mM C2, 2mM C3, 2mM C4, 24h) determined by the
2--ACt method using Rpl/12 housekeeping gene. One-way ANOVA: C2 vs C3 vs C4 vs
C2:C3:C4 (**p<0.01; *p<0.05). Unpaired t-test vs UT: (*p<0.01; #p<0.05). (D) Relative gene
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expression of Pyy, Pax6, NeuroD1, Pax4, Neurog3, Arx, Gcg and Atoh1 in NCI-H716 cells
incubated with C4 (2mM) measured from 3h-24h after ligand treatment. Relative gene
expression was determined by the 2--ACt method using Rp/12 housekeeping gene Data are
mean + SEM, n=3 (B) and conditions were run in at least triplicate per independent
experiment. (E) Relative gene expression of NeuroD1, Pax6 and Pyy in NCI-H716 cells
incubated with varying of concentrations of C4 (0.1-5mM) for 24h. Relative gene expression
was determined by the 2--ACt method using Rp/12 housekeeping gene. Data are mean *

SEM, n=2 and conditions were run in at least triplicate per independent experiment.

Next, butyrate-mediated transcriptomic changes on markers of master EEC
differentiation, in addition to L-cell specific markers were temporally characterised
(Figure 5.10D). Butyrate appeared to upregulate the expression of NeuroD1, Pax6
and Pyy in a time-dependent manner whereas no prominent trends were apparent in
the temporal profiles of other differentiation markers. In addition, butyrate-mediated
downregulation of GCG transcript levels increased over time. The upregulation of
butyrate on NeuroD1, Pax6 and Pyy was also assessed at varying concentrations of
the SCFA (Figure 5.10E). My preliminary findings suggested a concentration-
dependency in the effects of butyrate on all three genes.
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Overexpression of the canonical stem cell marker Lgr5 is characteristic of human
colorectal cancers and has been implicated in the proliferative behaviours of CRC cells
in primary tumour growth (de Sousa e Melo et al., 2017; Hirsch et al., 2014; B. G. Jang
et al., 2018). Unsurprisingly, Lgr5 is also expressed in several CRC cell lines, including
NCI-H716 (Uhlén et al., 2015). Given that | had observed a significant modulation of
the expression of key transcription factors involved in the ISC to EEC differentiation
cascade by butyrate, it was important to assess whether the SCFA might also affect
Lgr5 expression in this cell line (Figure 5.11). Lgr5 transcripts were detected in NCI-
H716 cells; butyrate did cause a mean ~ 6-fold increase in Lgr5 gene expression
however significance was limited due to biological variability.

32

16

Relative gene expression

LGRS

Figure 5.11 Butyrate upregulates the gene expression of Lgr5in NCI-H716 cells. Relative
LGR5 expression in NCI-H716 cells treated with C4 (2mM, 24h). Relative gene expression
was determined using the 2--ACt method using rp/12 housekeeping gene. Data are mean +

SEM, n=3 and conditions were run in at least triplicate per independent experiment.
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5.2.9 The FFAR2-Gai agonist AZ-1729 upregulates Pax6 expression in
NCI-H716 cells

Next, | questioned whether AZ-1729 might recapitulate the upregulatory effects of
butyrate | had observed on NeuroD1 and Pax6. AZ-1729 induced a significant
upregulation of Pax6 but not NeuroD1 (Figure 5.12A). Moreover, co-treatment with C4
and AZ-1729 appeared to have a synergistic effect on Pax6 expression, significantly
enhancing the response of C4 (Figure 5.12B). These findings suggested an
involvement of the FFAR2-Gai axis in the transcriptomic regulation of Pax6 in NCI-
H716 cells.
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Figure 5.12 AZ-1729 upregulates the gene expression of Pax6 but not NeuroD1 in NCI-
H716 cells. (A) Relative NeuroD1 and Pax6 expression in NCI-H716 cells treated with FFAR2
biased agonist AZ-1729 (1uM, 24h), C4 (2mM, 24h), or a combination of C4 (2mM, 24h) and
AZ-1729 (1uM, 24h). Relative gene expression was determined using the 2--ACt method using
Rpl12 housekeeping gene. Unpaired t-test vs untreated (UT): (**p<0.01; #p<0.05). (B)
Relative gene expression normalised as a % change of C4+ AZ / C4 response. Data are mean
+ SEM, n=3 and conditions were run in at least triplicate per independent experiment.
Unpaired T Test C4 + AZ-1729 response vs C4 response (100%) (*p<0.05).
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5.2.10 Monitoring butyrate-mediated Notch activity using Hes1-GFP

mouse colonic organoids

My in vitro findings thus far show that butyrate exerts significant effects on the gene
expression of transcription factors which have been implicated in Notch-sensitive EEC
differentiation cascades in vivo. However, the NCI-H716 cell line is undoubtedly
disadvantaged in its physiological relevance to the human colon due to a) its
cancerous origin b) its immortalised nature. In comparison, organoid cultures grown
from isolated colonic ISCs promise a more relevant representation of the colon due to
their retention of cellular heterogeneity and function, as well their 3D structures which
resembles in vivo tissue architecture (Corrd, Novellasdemunt & Li, 2020). Next, |
investigateD the effects of butyrate on intestinal epithelial secretory lineage
differentiation in colonic organoid models. Organoids were to be established from a
previously described Notch reporter mouse, Hes1-GFP (Fre et al., 2011). The
expression of GFP in this model under the control of the endogenous promoter of the
Notch-target gene Hes1, thereby allowing the detection of transcriptional activity of
Notch in situ. Briefly, Hes17 is highly expressed in ISCs and is important in maintaining
their proliferative status (Fre et al., 2011; Ueo et al., 2012). In addition, Hes1
antagonises secretory lineage differentiation in ISCs and proliferating transit-
amplifying (TA) cells with ‘high-Notch’ activity by directly repression of Atoh1
expression. Notch activation suppresses the production of cell surface Notch ligands,
and thereby the juxtacrine activation of Notch in neighbouring cells, known as lateral
inhibition (Sancho, Cremona & Behrens, 2015). The de-repression of Atoh1 in ‘low-
Notch’ neighbours permits NEUROG3-mediated secretory lineage commitment.

First, | aimed to validate the expression of Hes7 across the mouse large intestinal
epithelium at single-cell resolution using the publically-available Tabula Muris
database (Tabula Muris Consortium, 2018; Hao et al., 2024). Data was categorised
into five pre-defined cellular ontology classes (Figure 5.13A) which were visualised by
gene expression enrichment of classical markers; Lgr5 and Mki67 in the epithelial
class, Slc26a3 in enterocytes, Dclk1 in brush cells, Spdef in goblet cells, and Chga in
EECs (Appendix 1) (Tabula Muris Consortium, 2018). Hes 1 expression was ubiquitous

amongst the epithelial cell class as well as enterocytes, and low amongst the secretory
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lineages, EEC and brush cells. Hes7-positive cells were counted and separated by

cell ontology identities (Figure 5.13B, C). Hes1 expression was also computed as %

of cells positive per ontology class. ~20% of brush and EEC populations were positive

for Hes1, whereas Hes1 expression was detected in ~70% and ~90% of enterocytes

and epithelial cells respectively (Figure 5.13D). Surprisingly, ~80% of goblet cells were

positive for Hes-1. Notably, non-canonical Hes1 expressing goblet cells specific to the

colonic epithelium have recently been characterised (Nystrom et al., 2021).
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Figure 5.13 Employing a Hes1-GFP reporter mouse model. Uniform Manifold
Approximation and Projection (UMAP) visualisation of the Large Intestine Tabula Muris single-
cell RNA-seq (scRNA-seq) dataset with cells coloured by (A) ontology class; Brush (red),
Enterocyte (khaki), EEC (turquoise), Epithelial (blue), Goblet (pink) or (B) log2CPM-
normalised Hes1 expression level. (C) Violin plot depicting log.CPM-normalised Hes1
expression between cell ontology classes. Data points represent individual cells. (D)
Percentage of cells per ontology class with log2CPM-normalised Hes1 expression > 0. Distinct
symbol shapes represent mean % per cell ontology class in individual mice, n=7 mice. (E)
Representative brightfield (BF), GFP channel and merged images (at 4x and 20x) of isolated
crypts from Hes1-GFP mice imaged live on a fluorescent microscope. Scale bar = 100um. (F)
Schematic of pipeline of establishment of Hes1-GFP organoid cultures. (G) Representative
images of Hes1-GFP organoids at passage 2 (P2) imaged live on a fluorescent microscope.

Scale bar = 200um. n=100 organoids from n=3 mice captured.

Isolated Hes1-GFP colonic crypts exhibited a mosaic-like GFP expression at both the
ISC-rich crypt base, and the upper-crypt where differentiated IEC populations reside
(Figure 5.13E). Crypts were grown in Matrigel and within a week formed a mixture of
two organoid populations with distinct morphologies typical of mouse intestinal
organoid cultures were observed; ‘cystic’ population and a ‘budding’ population (Figure
5.13F). “Cystic” organoids consist of a lumen surrounded by a thin epithelial monolayer
of stem cells akin to populations of continuously dividing ISCs at that occupy the base
of crypts and support homeostatic renewal in the intestinal stem cell niche (Figure
5.13G) (Barker et al., 2007). Mature “budding” organoids consist of projections of
crypt-base-like domains, enriched in proliferative stem cells, which are separated from
upper-crypt-like domains in which late-stage progenitors and mature differentiated
cells of both absorptive and secretory lineages reside (Figure 5.13G). As such,
budding organoids recapitulate the in vivo architecture and functional
compartmentalisation of stem cell and differentiated zones in the intestinal colonic
crypt (Dou et al., 2022; Sato, Stange, et al., 2011). As scRNAseq analysis indicated
that Hes1 is expressed across stem and some differentiated populations in the mouse
colonic epithelium, the patterns of GFP expression observed in crypts, cystic and
budding organoids was affirming.
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To confirm the validity of the Hes1-GFP reporter system and measuring GFP
fluorescence as a readout of Notch activity, organoids were pulse-treated with a
diazepine inhibitor of Y-secretase (DBZ) (Figure 5.14). Within 48 hours of DBZ
treatment, GFP signal was completely depleted from the cellular domains of both
cystic and budding organoids indicating successful blockade of Notch activity.

Baseline 48h Baseline 48h

Figure 5.14 A Y-secretase inhibitor diminished GFP fluorescence in Hes1-GFP reporter

GFP

Merge

mice. Representative brightfield (BF), GFP channel and merged images of a cystic (left) and
a budding (right) organoid at baseline, and 48h after a 3hr pulse-chase treatment with 5uM of
the diazepine DBZ inhibitor DBZ imaged live on a fluorescence microscope. n=10 cystic and

budding organoids captured from n=2 mice. Scale bar = 50um.

To investigate the effects of butyrate on Notch-dependent differentiation in the
intestinal epithelium, Hes1-GFP organoid cultures were incubated with 2mM butyrate
for 72 hours and GFP fluorescence was monitored periodically on a single organoid
basis. Mean GFP-fluorescence of cystic untreated organoids significantly increased in
a time-dependent manner across 0 to 72 hours (Figure 5.15A). In contrast, no
significant change in mean fluorescence from baseline was measured in butyrate-
treated organoids. When fluorescent changes over time are mapped per organoid
(Figure 5.15B), three outcomes summarise trends in untreated cystic populations; (a.)
a decrease in fluorescence which accompanied a tendency to transition to a budding
morphology (b.) a moderate fold ~1.2-1.3 change increase in fluorescence or

200



morphology or the most common outcome (c.) which was a large (> 1.5) fold change
increase in fluorescence and no change from cystic morphology (Figure 5.15C). In
contrast, the most common outcome in butyrate-treated cystic organoids was a (d.)
time-dependent decrease in fluorescence to as low as ~ 0.2 fold change over baseline,
followed by a (e.) moderate ~0.8 fold change decrease or no change from baseline,
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and thirdly (f.) a moderate time-dependent increase in fluorescence which does not

exceed ~1.5 fold change over baseline (Figure 5.15D).

A

GFP fluorescence fold change

Area (um?)

a. --

600+

500+

100+

Baseline

24h

o e 0 o

o e o o

=} ..

o [ ]

, o © Y
.*vg °

ﬁﬂ' % °

ut c4

3.0
Baseline

24h
48h
72h

2.5

2.0

GFP fluorescence
fold change
-
o

0.5

0.0

Baseline
24h
48h
72h

o ® 0 o0

D

48h 72h
-- d.

Baseline
24h
48h
72h

% area GFP-negative

uT

Baseline

100+

80+

60

40

20+

24h

48h 72h

c4

© Baseline
® 24h
@ 48h
o 72h
X
% & oo
) 00
o b3
og
E 0
(=]
00
o
O
C

202



Figure 5.15 Butyrate modulates the GFP fluorescence and area of Hes1-GFP cystic
organoids. Individual cystic organoids were imaged by a fluorescence microscope across 0
to 72h in untreated (UT) conditions and following treatment with 2mM butyrate (C4) at 24hrs;
Baseline/Oh (grey), 24h (blue), 48h (navy), 72h (white). Individual organoids represented by
individual symbols. Data are represented as mean + SEM of total n=19 organoids at each time
point per condition which were established from n=4 mice. Two-way ANOVA: Oh vs 24h vs
48h vs 72h in UT or C4 conditions (*p<0.05; ***p< 0.001; ****p<0.00001). (A & B) GFP
fluorescence represented as fold change over baseline on an individual organoid basis. Lines
in B represent time-dependent trends of individual organoid fluorescence. Representative UT
outcomes (a. b. & c) and C4-treated outcomes (d. e. and f) are indicated in (C) and (D)
respectively. Brightfield (BF), GFP channel (GFP) and merged images are shown per
organoid. Scale bar= 50um. (E) Area per organoid and (F) area GFP-negative represented as

a % of area per organoid are shown.

Moreover, area per organoid was measured for individual organoids at each time point
and was not significantly different in untreated cystic populations, however butyrate
significantly increased organoid area 72h after treatment (Figure 5.15E). In parallel to
the observed trends in fluorescence fold changes, untreated organoids exhibited a
time-dependent decrease in mean % negative area, which was significant at 48 and
72h, however no significant changes were evident in butyrate-treated cystic
populations (Figure 5.15F).

Next, corresponding analyses were carried out on budding organoids. The mean
fluorescence fold change over basal was not significantly different in untreated
organoids at any time-point, however it significantly decreased in time-dependent
manner in butyrate-treated budding organoid populations (Figure 5.16A). Three time-
dependent trends were observed amongst the untreated budding population of
organoids (Figure 5.15B); (a) a modest decrease to ~0.8-fold change over baseline or
no change from baseline b. a moderate ~1.2-fold change increase or c. a large ~1.5-
fold change increase (Figure 5.15C). In contrast, most butyrate-treated budding
organoids exhibited a decrease in fluorescence fold change from baseline which was
d. large (dropping to ~0.2-fold change over baseline) or e. moderate (dropping to ~0.7-
0.8 fold change over baseline), or exhibited (f.) next to no change from baseline (Figure
5.16D). No qualitative or quantitative differences in morphology or area measurements
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respectively were evident between untreated-
populations (Figure 5.15E). However, % GFP-negative area significantly increased in

and butyrate-treated budding

a time-dependent manner in butyrate-treated but not untreated budding organoids
(Figure 5.15F).
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Figure 5.16 Butyrate downregulates the GFP fluorescence of budding Hes1-GFP
organoids in a time-dependent manner. Budding organoids were imaged by a fluorescence
microscope across 0 to 72h in untreated (UT) conditions and following treatment with 2mM
butyrate (C4) at 24hrs; Baseline/Oh (grey), 24h (blue), 48h (navy), 72h (white). Individual
organoids represented by individual symbols. Data are represented as mean + SEM of total
n=18 organoids at each time point per condition which were established from n=2 mice. Two-
way ANOVA: Oh vs 24h vs 48h vs 72h in UT or C4 conditions (*p<0.05; ***p< 0.01). (A & B)
GFP fluorescence represented as fold change over baseline on an individual organoid basis.
Lines in B represent time-dependent trends of individual organoid fluorescence.
Representative UT outcomes (a. b. & c¢) and C4-treated outcomes (d. e. and f) are indicated
in (C) and (D) respectively. Brightfield (BF), GFP channel (GFP) and merged images are
shown per organoid. Scale bar= 50uM. (E) Area per organoid and (F) area GFP-negative

represented as a % of area per organoid are shown.

Preliminary immunostaining analyses indicated an upregulation of PYY in butyrate-
treated budding organoids (Figure 5.17). PYY-immunoreactivity was predominantly
localised to GFP-negative regions. These findings suggest that butyrate might
promote the differentiation of intestinal epithelial cells to PYY-positive ‘low-Notch’ cell

fates in the mouse colon.
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Figure 5.17 Butyrate appears to upregulate the expression of PYY in mouse Hes1-GFP

Merge

colonic organoids. Representative confocal images of untreated (UT) mouse colonic
organoids, or after 48h treatment with 2mM C4. Organoids were fixed onto chamber slides,
permeabilised and labelled with primary anti-PYY antibody. Secondary antibody labelling
was carried out with Alexa Fluor 647 in the presence of Hoescht 33342 stain. Glass
coverslips were mounted using ProLong Gold AntiFade Mountant. Scale bar= 20um. 6

organoids were imaged per condition, n=1 independent experiment.

5.2.11 Butyrate downregulates the expression of Lgr5 in Lgr5

lineage-tracing mouse colonic organoids

Since | had observed significant butyrate-driven changes in the Notch activity of cystic
organoids, which are enriched in ISCs, my next experiment aimed to isolate the effects
of butyrate on Lgr5+ ISCs in particular. Organoids were established from primary
crypts of an Lgr5 lineage tracer mouse (Lgr5*, Rosa26-tdTomato*"); in this model,
treatment with 4-OH tamoxifen (4-OHT) induces recombination and permanent
tdtTomato labelling of all Lgr5+ stem cells and their progeny within 24h. Organoids
were treated with butyrate, and then treated with 4-OHT 24 hours later to label Lgr5-
positive cells (Figure 5.17A). Labelling with 4-OHT revealed that 40-80% of the area
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(excluding the lumen) of untreated organoids were positive for Lgr5 (Figure 5.17B). In
comparison, butyrate-treated exhibited a significantly lower Td-tomato positive-area
per organoid on average, however there was an indication of two kinds of responders;
half of the butyrate-treated population exhibited 20% or less of Lgr5-positive labelling,
whereas the other half mirrored the results of the untreated population with >40%
labelling. These results suggest that butyrate might encourage a loss of stemness and

potentially subsequent initiation of differentiation in a subset of Lgr5+ ISCs.
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Figure 5.18 Butyrate decreases the abundance of Lgr5+ cells in cystic organoids.
Organoids were established from a Lgr5-lineage tracer mouse. Organoids were treated with
2mM butyrate (C4) was added for 48 hours, or left untreated (UT), and 4-OH tamoxifen was
added to the culture medium at 24 hours. (A) Representative brightfield (BF), RFP channel
(RFP) and merged (merge) images of Lrg5-lineage tracer organoid imaged on a fluorescence
microscope. Scale bar = 50um. (B) % of area tdTomato-positive in untreated (UT) or butyrate-
treated (C4) cystic organoids 24 hours after tamoxifen treatment. Data represent mean + SEM
of n=18 organoids per condition derived from n=1 mouse. Symbols represent individual
organoids. t-test: UT vs C4 (**p<0.01).
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5.3 Discussion

In this chapter, | explored the effects of SCFAs on EEC differentiation in the intestinal
stem cell niche using two model systems. In NCI-H716, | demonstrated unique effects
of SCFAs and the pharmacological FFAR2-Gai agonist AZ-1729 on the expression of
enterohormone, markers of EEC differentiation, and on cellular morphology. In mouse
colonic organoids, | assessed the effect of butyrate on the differentiation of both
immature (ISC) and mature (differentiated) cell-types, focusing particularly on
transcriptional activity of Notch, using a Hes1-GFP reporter line, and the expression
of Lgr5, using a Lgr5-lineage tracing line.

5.3.1 NCI-H716 cells

The effects of prolonged SCFA incubations on Pyy and Gcg expression in NCI-H716
cells were strikingly different to the respective secretory profiles induced by acute
SCFA stimulation in Chapter 4. In contrast to their potency as acute GLP-1
secretagogues, propionate and butyrate in fact downregulated Gcg mRNA expression.
In comparison, all three SCFAs stimulated a significant increase in PYY gene
expression, in contrast to their ineffectiveness as acute PYY secretagogues. A
previous report by Cao et al. have demonstrated a downregulatory effect of canonical
GLP-1 secretagogues such as forskolin on Gcg expression in this cell line. Despite
detecting the expression of several transcription factors that modulate Gcg
transcription, Cao et al. observed a total transcriptional inactivity of promoter
sequences implicated in the control of Geg expression in NCI-H716 cells; it is possible
that the regulation of Gcg expression in NCI-H716 cells may not be reflective of
mechanisms in the healthy colon. Butyrate stimulated the largest decrease and
increase in Gcg and Pyy expression respectively out of all 3 SCFAs. For both
enterohormones, co-incubation with all three SCFAs (C2:C3:C4) at concentrations to
mimic the physiological luminal ratio (60:20:20, C2:C3:C4) did not significantly
outperform butyrate treatment, further emphasising the role of butyrate in these

effects.

208



The ‘PYY-bias’ of transcriptional effects following prolonged butyrate treatment was
also reflected in secretory profiles; my preliminary ELISA findings suggested an
upregulation in basal PYY secretion of NCI-H716 cells following 24h of butyrate
treatment, however no significant effect of this treatment was evident on basal or acute
ligand-induced profiles of RIA-detected GLP-1 secretion. Beyond its functionality as a
ligand of FFAR2, butyrate has been widely shown to affect gene expression in several
cell types via histone deacetylase (HDAC) inhibition (Rada-Iglesias et al., 2007; Ozkan
et al., 2023; Chriett et al., 2019; Bridgeman et al., 2021; Davie, 2003). Notably, a
previous study in the NCI-H716 cell line has reported that class | and || HDAC inhibitors
(HDAC:I) such as trichostatin A and valproic acid recapitulate the strong upregulatory
effect of butyrate on Pyy expression (Larraufie et al., 2018). However, this study also
reported a partial inhibitory effect of CRISPR/Cas9-mediated FFAR2-depletion in NCI-
H716 cells on butyrate-mediated Pyy upregulation, suggesting a mechanistic
involvement of the receptor (Larraufie et al., 2018). In my findings, exposure to the
FFAR2-selective antagonist GLPG0974 induced 50% reduction in butyrate-mediated
Pyy upregulation which is comparable to the inhibitory effect of FFAR2 knockout
reported by Larraufie et al., (2018). However, the concentration of antagonist
employed inhibited ~80% of the Gai signalling response, which may suggest that at
millimolar concentrations of the SCFAs some residual FFAR2 activity still remains.
Further studies could employ a higher concentration of the antagonist in order to
achieve complete inhibition of receptor activity and investigate FFAR2-dependence in
butyrate-mediated Pyy transcriptional upregulation as well as secretion of the

hormone.

This is the first report to uncover the involvement of an FFAR2-Gai axis in regulation
of gut hormone expression in EECs. | observed a significant reduction in the butyrate-
mediated Pyy response with the Gai inhibitor, Pertussis toxin, but not with inhibition of
Gaq by YM-254890. Notably, butyrate is a more potent and efficacious activator of Gai
(pIC50= -3.660 + 0.298) over Gaq (pEC50= -2.814 + 0.354) signalling (3.2.2). My
previous findings (3.2.8) also suggested a plasma-membrane, rather than an
intracellular localisation, of butyrate-mediated Gai and Gaq activation. This spatial
dimension in butyrate-FFAR2-Gai signalling was also reflected by the insensitivity of

butyrate-mediated upregulation of Pyy expression to the dynamin inhibitor Dyngo-4a.
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Nevertheless, as the FFAR2 antagonist and Gai inhibition only partially impacted
butyrate-mediated increases in Pyy, the mechanistic involvement of butyrate HDACI
action still cannot be discounted. The involvement of an FFAR2-Gai axis in the
regulation of PYY mRNA expression was further corroborated by use of the selective
FFAR2 Gai biased allosteric agonist AZ-1729, which induced a synergistic effect with
butyrate. Butyrate-mediated upregulation of Pyy mRNA expression did occur in a time-
dependent manner. However, it will be valuable to compare these findings to the
temporal profile of AZ-1729-mediated effects in order to precisely map potential
FFAR2-dependent and FFAR2-independent mechanisms.

My preliminary findings indicate that SCFA-mediated downregulation of Gcg occurs
via an FFAR2-independent mechanism. Notably, a previous study has reported a
selective FFAR2-dependence in increasing the density of PYY- but not GCG-positive
EEC in vivo following supplementation with the fermentable fiber inulin (Brooks et al.,
2017). It is possible that FFAR2 may mediate acute secretion of both GLP-1 and PYY
from L-cells, which has been indicated by previous reports and by my findings in 4.2.2,
however activation of the receptor on a longer timescale might exert unique effects on
the transcription and production of PYY (Tolhurst et al., 2012; Psichas et al., 2015;
Caengprasath et al., 2020). Further characterisation and comparison of the signalling
pathways activated downstream of acute or prolonged stimulation FFARZ2 with
SCFA(s), including the spatial regulation of these pathways, will be valuable.

Butyrate has been shown to exert prominent effects on the overall morphology of the
intestinal mucosa; oral supplementation with butyrate significantly increases the villus
height to crypt depth ratio in several juvenile animal models including chicks, calves
and piglets (Bartholome et al., 2004; Y. Han et al., 2022; Koch et al., 2019; Kotunia et
al., 2004; H. Zhao et al., 2022). In addition, several in vivo studies investigating either
the effects of direct SCFA supplementation or increased intestinal or fecal SCFA
content as a result of a high-fibre diet, have reported SCFA-mediated increases in the
rates of crypt cell proliferation (Mathers, Kennard & James, 1993; Lupton & Kurtz,
1993; Zhang & Lupton, 1994; Ichikawa et al., 2002; Sakata & Engelhardt, 1983;
Sakata, 1987; Edwards et al., 1992). However, in contrast to these studies, butyrate
has been shown to specifically inhibit the proliferation of several CRC cell lines by
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HDACi-mediated upregulation of negative cell cycle regulators (Archer et al., 1998;
Donohoe et al., 2012; Gamet et al., 1992; S. Hu et al., 2011; Oncel et al., 2024; Orchel
et al., 2005; Siavoshian et al., 1997; Tailor et al., 2014; Xi et al., 2021). In fact, the
protective effect of dietary fiber consumption in decreasing the risk of colorectal cancer
(CRC) which has been widely reported across epidemiological studies, is often
attributed to this tumor-suppressive effect that butyrate has on CRC cells (Ma et al.,
2017; Arayici et al., 2022; Dahm et al., 2010; Schwingshackl et al., 2018; Oh et al.,
2019; Liu et al., 2021. The NCI-H716 cell line does originate from a human colorectal
adenocarcinoma (Park et al., 1987). Notably, | did not observe any changes in the
rate of proliferation of NCI-H716 cells, assessed by Trypan blue staining, following 24
hours of acetate, propionate or butyrate treatment (data not shown). However, |
observed a prominent elongation in NCI-H716 cells following prolonged incubation
with butyrate that | confirmed by quantitative measurements of cellular area and feret
distance, that significantly differed from the ‘normal’ lymphoblast-like morphology of
this cell line (Reimer et al., 2001). A similar yet less potent effect was observed with
propionate. To my knowledge, this is the first report of intestinal SCFA-mediated
morphological effects on EECs and/or EEC-committed cells at a single-cell resolution.
It is important to note that multiple lines of evidence have demonstrated significant
effects on the morphology of butyrate on cancer cell lines of diverse tissue origins in
vitro (Kim et al., 1980; Amoédo et al., 2011; Klepinina et al., 2021; Kruh, 1981; Mori et
al., 1979; Hargreaves et al., 1989; Zhang et al., 2007; Witt, Sand & Pekrun, 2000; Witt
et al., 2001). Some reports have mechanistically associated these effects with the
induction of cellular differentiation to more benign and functionally mature phenotype
by butyrate (Witt, Sand & Pekrun, 2000; Witt et al., 2001; Amoédo et al., 2011;
Klepinina et al., 2021; Kruh, 1981). In addition, butyrate-mediated morphological shifts
have also been linked to regulation of various parameters of cellular mechanics and
metabolism including: the regulation of cytoskeletal elements, glycolipid biosynthesis,
and activation of MAPK cascades which could be explored further in future studies
(Kim et al., 1980; Witt, Sand & Pekrun, 2000; Witt et al., 2001; Hargreaves et al., 1989).

In contrast to the anorexigenic effects of GLP-1 which continue to gain sprawling
pharmaceutical interest, its proglucagon-derived peptide counterpart GLP-2 has long
been recognised as an intestinotrophic mediator (Drucker, 2019; Drucker et al., 1996;
Brubaker et al., 1997). Exogeneous GLP-2 administration has been shown to
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significant increase the length of villi in both normal and injured intestinal epithelium in
vivo via a mechanism that involves downstream mediators such as insulin-like growth
factor-1 (IGF-1) and its cognate receptor, intestinal epithelial insulin-like growth factor-
1 receptor (IE-IGF-1R) (Drucker, 2002; Chen et al., 2022; Fesler, Mitova & Brubaker,
2020; Markovic & Brubaker, 2019). | considered the possibility that the morphological
effects | had observed following SCFA treatment might stem from stimulation of GLP-
2 secretion. In fact, SCFAs have previously been shown to enhance intestinal structure
and absorptive functions in rats following bowel resection via upregulated secretion of
GLP-2 (Tappenden et al., 1998). Although basal GLP-2 secretion was detected in
NCI-H716 cells, preliminary findings suggested that neither basal nor acute forskolin-
induced GLP-2 secretion were enhanced by prolonged SCFA treatments.

Interestingly, | observed an enriched localisation of PYY granules at the elongated
cytoplasmic processes of butyrate-transformed’ cells compared to cells treated with
other SCFAs or left untreated. These findings, in combination with the aforementioned
studies on differentiation, raise the question of whether morphological changes by
butyrate in NCI-H716 cells were reflective of cellular differentiation into a ‘PYY-biased’
phenotype. The classical view on the polarised flask-like morphology of
enteroendocrine L-cells, comprising of a broad base and a single apical-facing
cytoplasmic extension, is specific to immunohistochemical examinations of GLP-1-
positive EECs in the small intestine (Buffa et al., 1978). In contrast, equivalent studies
on PYY-immunoreactivity reported the existence of PYY-positive EECs enriched in the
distal intestine of humans and rodents which possessed both apical- and basal-facing
cytoplasmic processes (Bottcher et al., 1984; El-Salhy et al., 1983; Lundberg et al.,
1982; Sjolund et al., 1983; Buffa et al., 1978). Although NCI-H716 cells lack the
polarised configuration of EECs in vivo, incubation with butyrate stimulated the
formation of long and tapering PYY-rich processes and a striking resemblance to such
PYY-positive EECs. In the recent decade, these characteristic basal processes of
PYY-EECs have been termed ‘neuropods’ due to their anatomical similarity to axonal
boutons and facilitate a direct physical and functional connectivity between EECs and
nerve fibers innervating the colon in vivo (Bohorquez et al., 2011, 2014, 2015;
Kaelberer et al., 2018). The occurrence and functionality of neuropod EECs in the
human colonic epithelium are yet to be characterised and might represent a unique
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paradigm of gut-brain communication by specific EEC subtype(s) and/or
enterohormones that is under the regulation of luminal SCFAs.

My findings in this chapter uncovered distinct transcriptional effects of SCFAs on the
transcript levels of three hierarchical bHLH transcription factors (TFs) that are
imperative to EEC differentiation across various EEC subtypes; Atoh1, Neurog3 and
NeuroD1 (Yang et al., 2001; Jenny et al., 2002; Beumer et al., 2020; Rindi et al., 1999).
Importantly, comprehensive single-cell RNA-seq (scRNAseq) data sets in recent years
have provided invaluable temporal resolution to developmental TF cascades of EEC
lineages which | will frequently refer to in this discussion (Appendix 2) (The Tabula
Sapiens Consortium* et al., 2022; Elmentaite et al., 2021; Wang et al., 2020; Burclaff
et al., 2022; Gehart et al., 2019).

Atoh1 is the primary gatekeeper for ISC commitment to a secretory (goblet, Paneth,
Tuft, EEC) rather than an absorptive lineage within the intestinal milieu (The Tabula
Sapiens Consortium* et al., 2022; Elmentaite et al., 2021; Wang et al., 2020; Burclaff
et al.,, 2022; Gehart et al., 2019; Yang et al., 2001). | observed a significant
downregulation in the mRNA expression of Afoh? in NCI-H716 cells following 24h
incubation with butyrate, but not acetate or propionate. Looking further down the
cascade, no significant effects of SCFA treatment were observed on SCFA treatment
on expression on the Afoh7-target and early EEC progenitor marker, Neurog3;
Neurog3 restricts the differentiation of multipotent secretory progenitors to an EEC,
rather than a goblet, Paneth or Tuft cell fate (Jenny et al., 2002; Gehart et al., 2019;
Lopez-Diaz et al., 2007). The final bHLH in question was the Neurog3-target
NeuroD1, which is expressed when cells progress to intermediate EEC progenitors
(Schwitzgebel et al., 2000; Gasa et al., 2008; Huang et al., 2000; Naya et al., 1997,
Gehart et al., 2019). A significant increase in NeuroD1 expression was observed
downstream of butyrate but not acetate or propionate treatment. Interestingly,
C2:C3:C4 co-incubation appeared to have a summative effect on expression of this
TF, however significance of this effect was limited by variation. It is important to note
that the expression of NeuroD1 persists in progenitor cells as they continue to
differentiate and has been detected across most mature EEC subtypes; in contrast,
the expression of Atoh1 and Neurog3 is transient and enriched in secretory and EEC
progenitors respectively, but diminishes as differentiation progresses (Appendix 2)
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(The Tabula Sapiens Consortium* et al., 2022; Elmentaite et al., 2021; Wang et al.,
2020; Burclaff et al., 2022; Gehart et al., 2019; Rindi et al., 1999). It is tempting to
speculate that the concurrent downregulation of Afoh1 and upregulation of NeuroD1
following butyrate treatment might be reflective of NCI-H716 cellular differentiation
towards a more mature EEC fate. At this juncture however, it is important to regard
the origin and cellular identity of NCI-H716 cells themselves.

NCI-H716 cells are widely regarded as a model system for EECs due to their
enrichment in EEC markers and enterohormone products, as well as nutrient-sensing
functionalities which are comparable to L-cells (Kuhre et al., 2021, 2016). However,
observations from early reports on this cell line do preclude a strict enteroendocrine
designation of this cell line (Park et al., 1987; de Bruine et al., 1993; Bruine et al.,
1992). When establishing this line in the 1980s, Park et al., described NCI-H716 cells
to ‘retain epithelial cell features’ and be representative of a ‘poorly differentiated’ line
based on their amorphous phenotype compared to other CRC lines which formed
prominent glandular or dome structures. Other studies indicated limited endocrine
properties of this cell line during routine culturing in suspension; the induction of in
vitro endocrine differentiation was strongly dependent on the presence of native
extracellular matrix (ECM) (or fibroblast feeder layers) and still only scarce in
comparison to the robust differentiation observed in vivo in tumor xenografts (de
Bruine et al., 1993; Bruine et al., 1992). Moreover, staining for Chromagranin A
(ChgA), which was used as a marker of endocrine differentiation, appeared to be
highly heterogeneous amongst ECM-cultured NCI-H716 populations and ChgA-
negative cells were evident (Bruine et al., 1992). In addition, Bruine et al., also
demonstrated increased exocrine properties such as mucin production following their
culturing on ECM, suggesting the possibility of an ‘amphicrine’ identity of this cell line.
In my own findings, | observed that growing NCI-H716 cells on Matrigel ECM substrate
for assaying, vs culturing in suspension, did not significantly affect the mRNA
expression of the enterohormones GCG and PYY, or EEC differentiation markers
(Appendix 3). It remains unclear as to which stage(s) of the in vivo EEC differentiation
cascade of EECs that NCI-H716 cells might be comparable to, and/or if they represent

an inherently abnormal epithelial identity which reflects their cancerous background.
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Chronic SCFA treatments also modulated the expression of the homeodomain
transcription factors Pax4, Arx and Pax6, which have been implicated in instructing
the differentiation of EEC progenitors specifically to an L-cell subtype (Beucher et al.,
2012; Brooks et al., 2017; Fujita et al., 2008; Hill et al., 1999). Brooks et al., specifically
implicated a role for Pax4 in the FFAR2-dependent expansion of the colonic PYY-
positive EEC density following inulin supplementation. Considering the ‘PYY-bias’ of
butyrate-mediated transcriptomic and secretory effects that | had observed in NCI-
H716 cells, it was surprising that butyrate appeared to stimulate a significant decrease
in Pax4 expression. However, another study has reported a Pax4-dependence in
driving the differentiation of small-intestinal somasostatin-positive (D cells) lineages in
vivo, which in fact operated in an antagonistic manner to the allocation of GLP-1 and
PYY-positive L-cells by Arx (Beucher et al., 2012). Notably, butyrate treatment also
appeared to stimulate a significant decrease in Arx expression in NCI-H716 cells,
whereas no significant effects were observed with the other SCFAs. The significance
of butyrate-mediated decreases in Arx and Pax4 expression in guiding EEC
differentiation in NCI-H716 cells is uncertain. The expression of Pax4 and Arx have
been mapped to Neurog3+ early EEC progenitors and intermediate EEC progenitors
respectively in vivo (Gehart et al., 2019). However, these time-resolved findings on
Pax4 and Arx, as well as on the aforementioned bHLH cascade, are from the mouse
small intestine (Gehart et al., 2019). In addition, scRNAseq analyses have mapped
the expression of both factors amongst mature human EECs in addition to EEC
progenitors, contrasting to their transient profiles observed in mice (Appendix 2) (The
Tabula Sapiens Consortium* et al., 2022; Elmentaite et al., 2021; Wang et al., 2020;
Burclaff et al., 2022; Gehart et al., 2019). Moreover, it remains unclear on the
involvement in specifically guiding the development of PYY-positive EEC subtypes in

the human colon.

Expression of the homeodomain transcription factor and downstream target of
NeuroD1, Pax6, has been shown to be particularly enriched in late-stage EEC
progenitors and mature EECs in vivo in the mouse small intestine (Marsich et al., 2003;
Gehart et al., 2019). All three SCFAs stimulated an upregulation in the transcript levels
of Pax6, with butyrate being the most potent activator, followed by propionate and then
acetate. In addition, SCFA co-incubation (C2:C3:C4 cocktail) appeared to have a
summative effect, stimulating a Pax6 upregulation of double the magnitude to that of
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butyrate. Given the ‘PYY-bias’ | had observed in the transcriptomic and secretory
effects of prolonged SCFA incubations, these findings are particularly surprising. In
vitro studies have identified Pax6 as a direct activator of proglucagon gene expression
through binding to G1 and G3 promoter elements. Moreover, Pax6 depletion has been
shown to diminish populations of proglucagon-derived-peptide-expressing EECs
across the small and large intestine of mice, without affect the abundance of PYY-
expressing EECs (Larsson et al., 1998; Hill, Asa & Drucker, 1999). As such, SCFA-
mediated upregulation of Pax6 in NCI-H716 cells is somewhat contradictory to the
downregulation of GCG transcript levels and GLP-1 secretory profiles that | observed
of Pax6 expression by the agonist AZ-1729. Aside from the upregulatory effect of AZ-
1729 on Pax6 expression by itself, AZ-1729 co-treatment with butyrate led to a
synergistic effect on the expression of this gene. Whether an FFAR2-Gai axis is
instrumental to this regulatory node in the intestinal stem cell niche e.g in switching
on Pax6 expression in late-stage EEC progenitors and guiding terminal differentiation
to L-cells, could be studied in the future in appropriate transgenic in vitro models (eg
FFAR2-knockout organoids) in complement with G-protein inhibitors (Figure 5.19).
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Figure 5.19 Schematic illustrating potential FFAR2-independent and FFAR2-Gai-
dependent pathways underlying butyrate’s effects on the maturation and endocrine
function of human L-cells based on findings in NCI-H716 cells. Butyrate might upregulate
the expression of transcription factors involved in maturation of late-stage L-cell progenitors
to mature L-cells via activation of an FFAR2-Gai pathway (eg PYY and Pax6) or via FFAR2-
independent pathways having been transported intracellularly by monocarboxylate transporter
1 (MCT1) or sodium-coupled MCT1 (MCT1). In mature L-cells, butyrate might enhance basal
PYY secretory tone; the mechanistic involvement of FFAR2 in this effect also warrants further

study.

Interestingly, small-molecule agonists of FFAR2 have directly recapitulated the effects
of SCFAs in promoting the growth of mouse intestinal organoid cultures in vitro, and
multiple lines of evidence in recent years have indicated a functionality of GPCRs in
regulating stem cell proliferation and cell fate decisions in the intestinal stem cell niche
(Park et al., 2016; Ho et al., 2024). Unlike butyrate, AZ-1729 did not affect the
expression of NeuroD1 that may indicate FFAR2-independent pathways underlying its
transcriptional regulation (Figure 5.19). Further studies should aim to provide a
comprehensive and time-resolved map of FFAR2 activity in the ISC-to-EEC
differentiation cascade by use of AZ-1729 in combination with non-G-protein biased
FFAR?2 allosteric agonists such as 4-CMTB (Schofield et al., 2018).

Butyrate exhibited differential temporal profiles in levels of the distinct genes analysed.
Considering the heterogeneity in endocrine differentiation induction of this cell line,
which | described above, the use of single-cell sequencing approaches would provide
more detail on the complexities of butyrate-mediated transcriptomic changes,
compared to the bulk approaches in my assays. Given that several of these
differentiation targets are transient in their expression, future studies might employ a
combination of sScRNAseq and lineage tracing similar to that reported by the Clevers
group whereby the use of multiple fluorescent reporters of EEC markers with varying
half-lives allows for precise transcriptional mapping of specific progenitor populations
over time (Gehart et al., 2019). Moreover, | also observed a concentration-dependent
effect of butyrate on NeuroD1, Pax6 and Pyy in my preliminary findings. In addition to
the proximal to distal gradient of butyrate concentration that exists across the intestinal

lumen, studies have reported the existence of a second butyrate gradient within
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colonic crypts; the metabolite exists in millimolar concentrations at the upper crypt,
however, is present at lower levels (50-800uM) at the crypt base (Donohoe et al.,
2012; Kaiko et al., 2016). As such, the effects of butyrate on gene expression in
differentiating EECs in vivo might vary concentration-dependently and thus positioning
of target cell(s) along the crypt. Importantly, Donohoe et al., also demonstrated a
significant concentration-dependency in dictating the effects of butyrate on the
proliferative dynamics and transcriptome of CRC cells in vitro; lower concentrations
(0.5mM) of butyrate favoured cell growth, whereas higher concentrations (2-5mM) had
a contrasting anti-proliferative effect. Not only was butyrate-mediated HDACi activity
found to increase concentration-dependently, but unique gene sets were found to be
upregulated at different concentrations (Donohoe et al., 2012). Whether a similar
concentration-dependency of butyrate’s action(s) operates in native luminal crypt
microenvironments of the human colonic epithelium is unknown and might encode

physiological and/or pathophysiological functional diversity.

In addition to butyrate acting via FFAR2 and potentially as an HDACi in modulating
the effects on EEC differentiation markers in NCI-H716 cells, butyrate is also known
to serve as a primary energy source for intestinal epithelial cells by undergoing
mitochondrial B-oxidation to acetyl-CoA, which is particularly important in the context
of CRC lines (Donohoe et al., 2011; Roediger, 1980; Roediger, 1982). Cancer cells
are notoriously recognised for preferentially favouring high rates of glycolytic
metabolism even under normoxic conditions, known as the “Warburg effect”; apart
from the catabolism of butyrate itself in fuelling ATP production, the SCFA has been
shown to also re-equilibrate this abnormal energetic profile of CRC cells in vitro
towards oxidative phosphorylation via the epigenetic modulation of crucial metabolic
enzymes (Klepinina et al., 2021; Amoédo et al., 2011; Boren et al., 2003). It will be
valuable to further investigate a mechanistic involvement of an energetic and
metabolic reprogramming by butyrate NCI-H716 cells in driving its morphological and
transcriptomic effects.

Surprisingly, the expression of the canonical stem-cell marker Lgr5 in NCI-H716 cells
was increased following prolonged treatment with butyrate. Lgr5 expression is
characteristic of ISCs but not progenitor or mature EEC populations in vivo (The
Tabula Sapiens Consortium* et al., 2022; Elmentaite et al., 2021; Wang et al., 2020;
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Burclaff et al., 2022; Gehart et al., 2019; Barker et al., 2007). As such, this finding is
somewhat paradoxical to butyrate-mediated upregulation of intermediate-stage
(NeuroD1) and late-stage (Pax6) EEC progenitor transcription factors that | had
observed in this cell line. However, expression of Lgrbd has been found to be enriched
in both human and mouse CRC cells and implicated in driving clonogenicity and
tumour progression in vitro and in vivo (Kemper et al., 2012; de Sousa e Melo et al.,
2017; Hirsch et al., 2014; Jang et al., 2018). The significance of Lgr5 expression in the

growth and/or differentiation of NCI-H716 cell line is yet to be uncovered.

5.3.2 Mouse intestinal organoid systems

Intestinal organoid culture systems recapitulate the 3D architecture and cell-type
heterogeneity of the intestinal epithelium in vivo (Sato et al., 2009; Sato, Stange, et
al., 2011). By using a variety of strategies to enrich EEC abundance in both human
and murine intestinal organoids, such as the overexpression of Neurog3 and the
manipulation of growth factors and small molecule inhibitors, previous studies have
demonstrated a strong resemblance of the development and function of EECs in
organoids with native EECs in the gut (Basak et al., 2017; Beumer et al., 2020; Gehart
et al., 2019; Ohki et al., 2020; Petersen et al., 2018; Sanchez et al., 2022). In NCI-
H716 cells, the EEC differentiation markers upon which butyrate exerted significant
transcriptional control, exhibit a direct or indirect dependence on Notch signalling in
the intestinal milieu in vivo. Atoh1 is directly repressed by the Notch effector HES1 in
ISCs and TA cells, which instructs their continuous proliferation or differentiation to an
absorptive phenotype (Sancho, Cremona & Behrens, 2015; Fre et al., 2005, 2011; Li
et al., 2012; van Es et al., 2005). As per the mechanism of lateral inhibition,
neighbouring cells with low Notch activity reciprocally express Atoh1, and can thereby
commit to the induction of secretory lineage differentiation (Sancho, Cremona &
Behrens, 2015). Li et al., have also demonstrated a direct responsiveness of early
EEC Neurog3* progenitors to Notch activation in vivo, whereby Notch favours a cell-
fate switching to enterocyte or goblet fates over EEC differentiation. Using a HES1-
GFP reporter line of colonic organoids, | observed significant modulation of butyrate
on cellular Notch activity in a time-dependent manner on distinct organoid populations.
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Prolonged incubation with SCFA in colonic organoids indicates an inhibitory effect of
butyrate on the transcriptional activity of Notch in vitro which may demonstrate the
induction of EEC differentiation. In ‘mature’ budding organoids, which harbour several
differentiated cell types and progenitor populations, | also observed a time-dependent
decrease in fluorescence following butyrate treatment. Mechanistically, these
observations in budding organoids might be explained by butyrate stimulating a
transdifferentiation of ‘Notch-high’ epithelial cell fates to ‘Notch-low’ lineages.
Numerous reports have demonstrated inherent plasticity of mature lineages in the
intestinal epithelium, such as the capacity for dedifferentiation to ISC identity
particularly under epithelial injury, as well as a transdifferentiation between mature
lineages (van Es et al., 2005; Yan et al., 2017; Li et al., 2021; Kurokawa, Hayakawa &
Koike, 2020). However, further studies are necessary to validate if the downregulation
of Notch activity by butyrate is actually indicative of the induction of EEC differentiation,
and if this is specific to a PYY-positive subtype. For example, low Hes1 expression
may also be representative of brush cell populations. In my preliminary findings, PYY
immunoreactivity appeared to be upregulated in Hes1-negative cells of butyrate-
treated organoids. Future studies could leverage the application of scRNA-seq
analysis on Hes1-GFP-positive and -negative populations sorted by flow-cytometry to

characterise the precise cellular fate of ‘butyrate-responders’.

In my findings from the Lgr5 lineage-tracing system, | reported a downregulation of
Lgr5 expression in cystic organoids following prolonged butyrate treatment. These
observations may in fact provide a causative explanation for the suppressed
fluorescence in butyrate-treated Hes1-GFP cystic organoids Butyrate may be
encouraging a loss of ‘stemness’ in ISCs, reflected by downregulation of both Lgr5
and Hes1 which are enriched in ISCs in vivo, upon which post-mitotic differentiation is
induced. Previous in vitro studies have characterised the transcriptomic effect of
butyrate on mouse and human organoid cultures and demonstrated a downregulation
of Lgr5, as well as an upregulation in markers of EEC differentiation in both human
and mouse systems. (Grouls et al., 2022; Pearce et al., 2020; Petersen et al., 2014).
A model may be proposed whereby butyrate induces EEC differentiation in the ISC
niche by acting at two regulatory nodes. The first node would comprise butyrate-
mediated effect of differentiation induction in immature ISCs; The second node could

encompass the responsiveness of progenitors and/or mature lineages to butyrate and
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restriction to an EEC-fate. It is important to consider the limitations of mouse colonic
organoid systems due to potential species-dependent nuances. For example, the
Clevers group have identified several species-dependent transcriptomic differences
between mouse and human EECs such as in hormonal repertoires, developmental
transcription factors and nutrient-sensing membrane receptors (Beumer et al., 2020).
These findings emphasise the need for high order human models, i.e human patient-
derived or iPSC-derived intestinal organoids, to characterise the influence of butyrate

on the development and function of EECs.

In summary, this chapter demonstrated significant effects of SCFAs on transcriptional
and morphological parameters of L-cell differentiation. In a human L-cell model,
butyrate in particular stimulated the transcriptional upregulation of PYY as well as
Notch-sensitive transcription factors implicated in the terminal stages of native L-cell
differentiation, and an underlying FFAR2-dependent Gai mechanism was implicated
in driving some of these effects. In parallel to these transcriptional changes, butyrate-
treated human L-cells exhibited mature morphological phenotypes that resembled
native colonic PYY-positive EECs. By use of fluorescent reporter mouse colonic
organoid cultures, butyrate-mediated modulation of Notch-sensitive differentiation was
also observed, and an effect of butyrate on the cell fate of both immature and mature

intestinal epithelial populations was uncovered.
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6. Employing a pH-sensitive fluorescent

biosensor of PYY secretion in human L-cells
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6.1 Introduction

Fluorescent protein (FP) tags have provided an avenue for the real-time tracking of
hormone exocytosis, at single-granule resolution in live cells. Studies applying this
approach have largely focused on dynamics of insulin granules in B-cells, with a
smaller number reporting GLP-1 exocytosis in intestinal L-cells (Harada et al., 2023;
Li et al., 2014; Nagamatsu, 2006; Ohara-Imaizumi et al., 2002; Ohara-Imaizumi et al.,
2004; Schifferer et al., 2017; Tsuzuki et al., 2022; Wheeler et al., 2017).

In Chapters 4 and 5, | explored the effects of SCFAs on the transcription and secretion
of PYY in NCI-H716 cells. However, measuring PYY secretion in this cell line remains
elusive because it was not detected by RIA, and its release was minimal compared to
GLP-1 when detected by ELISA (Kim et al., 2014; Kuhre et al., 2016; Larraufie et al.,
2018; Wang et al.,, 2022). In order to overcome this barrier, | designed a novel
fluorescent protein (FP)-tagged version of human PYY which | describe in this chapter.
Overexpression of this construct in NCI-H716 cells allowed for the detection of SCFA-
mediated effects on the biosynthesis and secretion of the peptide hormone which
might otherwise be masked. Finally, by leveraging the pH sensitivity of the chosen FP
tag in combination with Total internal reflection fluorescence microscopy (TIRFM),
exocytosis of the FP-tagged PYY from NCI-H716 cells could be captured at single-

event resolution.

6.2 Results

6.2.1 Cloning a pH sensitive fluorescent PYY biosensor

Previous studies engineering fluorescent protein (FP)-tagged versions of peptide
hormones, such as insulin, NPY and GLP-1, have considered the complex cascades
of post-translational processing steps bridging the production of nascent
prepropolypeptide precursors and their maturation to secretory granules, and how
insertion of an FP might compromise this (El Meskini et al., 2001; Matsuno et al., 2005;
Schifferer et al., 2017; Tsuzuki et al., 2022).The prepropeptide of human PYY
(preproPYY), is a 98 amino acid sequence that is highly conserved amongst
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mammalian and non-mammalian species and consists of: an N-terminal 29 amino acid
long signal peptide, a 36 amino acid sequence representing the mature 1-36 and 3-36
peptide forms, a Gly-Lys-Arg cleavage-amidation sequence, and 30 amino acid
propeptide sequence at its C-terminus (Tatemoto et al., 1988; Keire et al., 2002;
Eberlein et al., 1989; Tatemoto, 1982). The proposed processing of preproPYY along
the characteristic eukaryotic secretory pathway into its active PYY(1-36)-amide and
PYY(3-36)-amide forms (Figure 6.1A) is as follows; formation of the N-terminus of PYY
by co-translational targeting to the endoplasmic reticulum and action of signal
peptidase | (SPase I); formation of the C-terminus by sequential endopeptidase
processing in the Golgi and within secretory vesicles by the actions of prohormone
convertase and carboxypeptidase E; C-terminal alpha-amidation by peptidylglycine-a-
amidating monooxygenase (PAM); extracellular cleavage by dipeptidyl peptidase IV
(DPP-IV) (Keire et al., 2010).

The pH-sensitive variant of green fluorescent protein (GFP), super-ecliptic phluorin
(SEP), was chosen due to its optimal pKa value (7.6) for reporting pH change upon
fusion of exocytic vesicles with the plasma membrane (Miesenbdck, De Angelis &
Rothman, 1998). Previous studies have uncovered the indispensability of the N-
terminal signal peptide sequence of prepropeptide hormone precursors in instructing
maturation into secretory granules (Magoulas et al., 2000; Liu et al., 2012; Tsuzuki et
al., 2022; El Meskini et al., 2001). | chose to position the SEP sequence directly at the
C-terminus of the signal peptide sequence, before Tyrosine29 (Y29) of preproPYY
(Tyrosine 1 (Y1)) of mature PYY and hypothesised that this positioning would not
impede the crucial proteolytic trimming and processing of N- or C-terminal ends
(Figure 6.1B).
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Figure 6.1 Schematic of post-translational processing cascade of PYY in EECs. (A)
Diagram of the proposed post-translational processing of preproPYY along the eukaryotic
secretory pathway in EECs. (B) Diagram of the amino-acid sequence of SEP-PYY consisting
of N-Terminal signal PYY peptide (red), PYY (pink), super-ecliptic phluorin sequence (green,)
linker (grey), PYY C-terminal propeptide sequence (blue).

Next, | used the Al-powered protein structural prediction software AlphaFold2 to
produce a 3D structural prediction of the SEP-PYY construct (Jumper et al., 2021).
The computational architecture of AlphaFold, which has been trained by the genetic
sequences and determined structures of over 150,000 proteins, is able to predict the
3D coordinates of residues using the primary amino acid sequence and aligned
homologs as inputs (Jumper et al., 2021). The AlphaFold2 output for the amino acid
sequences of SEP-PYY version was confined to 3 models which were ranked based
on the average predicted local distance difference test (pLDDT) score (Figure 6.2A),
representative of a per-residue measure of confidence of local structural accuracy.
Mean pLDDT scores across all three of the top three ranked models scored above 80
(Figure 6.2B) which correspond to a model with reasonably high confidence (Varadi
et al., 2022).

In particular, per-residue pLDDT scores were highest in the regions that encode for
the conserved hairpin structure of mature PYY(1-36/3-36) (residues 276-310 of SEP-
PYY) and characteristic GFP B-barrel of SEP (residues 30-257 of SEP-PYY) (Figure
6.2C & D). The N-terminal signal peptide region (1-28) scored moderately, which
might be indicative of the highly conserved membrane-anchoring a-helix conformation
adopted by the preproPYY signal peptide (von Heijne, 1990). AlphaFold2 assigns
pLDDT scores below 50 to regions that the algorithm recognised as intrinsically
disordered. A region of low-confidence prediction (low pLDDT scores) was the C-
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terminal end of the SEP tag (258-275 of SEP-PYY), which overlaps with the
characteristically disordered but functionally important C-terminal tail of GFP (Lassalle
& Kondou, 2016). The C-terminal PYY propeptide sequence of SEP-PYY (313-342)
also exhibited low pLDDT scores. Notably, an experimentally solved PYY-specific

propeptide atomic structure, or one that is conserved across secreted proteins, has
not yet been reported.
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Figure 6.2 In silico structural predictions of SEP-PYY by AlphaFold2 (A) 2D cartoon
representation of the AlphaFold2 model of SEP-PYY structural predictions, ‘Rank 1’, which
obtained the highest average predicted local distance difference test (pLDDT) score. Cartoons
are coloured by N to C terminus, or by pLDDT score (>90 to >50). (B) Per-residue pLDDT
scores of SEP-PYY models Ranks 1-3. (C) AlphaFold2-generated cartoon of the Rank 1 3D
prediction of SEP-PYY, coloured by N to C terminus (leff) or by pLDDT score
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(right).AlphaFold2 scoring system; ‘Very high’ (pLDDT > 90) (cobalt), ‘High’ (90 > pLDDT >
70) (turquoise), ‘Low’ (70 > pLDDT > 50) (yellow), ‘Very low’ (pLDDT < 50) (Jumper et al.,
2021).
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Figure 6.3 Structures of human PYY(1-36) and SEP-PYY visualised on PyMOL. PyMOL
visualisation of the (A) NMR structure of human PYY(1-36) (PDB: 2DEZ) and the (B)
AlphaFold2 3D structural prediction of SEP-PYY. Conserved PP-fold residues are depicted as
sticks in both structures. (C) Predicted aligned error (PAE) plot of SEP-PYY prediction
computed by AlphaFold2. Residue positions run along the x- and left-y axes. Colouring from
blue to red indicates the expect distance error between a pair of residues between 0 and 30

A respectively.

The 3D structure prediction of the highest scoring ‘Rank 1" model of SEP-PYY were
visualised on Pymol (Schrédinger & DeLano, 2020). Endogenous human PYY (PYY(1-
36) and (3-36) possesses a stable 3D structure in solution common to other PP family
members, which have previously been established by X-ray crystallography and NMR,
formed of an N-terminal polyproline helix connected via B-turn to a C-terminal
amphipathic a-helix (Figure 6.3A) (Nygaard et al., 2006; Langley et al., 2022).This is
known as the PP-fold and involves three conserved proline residues (P2,P5,P8) folded
back down the length of the a-helix with their pyrrolidine rings interdigitating with side
chains of a hydrophobic stretch of residues (L17, Y20, L24, Y27) in the a-helix.
Importantly, the PP-fold was not compromised in AlphaFold2-predicted structures of
SEP-PYY (Figure 6.3B & C). The average distance between the rings of P2, P5 and
P8 and the sidechains of the aforementioned hydrophobic residues was computed as
a surrogate measure of structural consistency to the structure of endogenous PYY(1-
36) structure. Average distances were within 0.5 A of each other (5.14 A for PYY(1-
36); 5.15 A for SEP-PYY). The residues of interest within the PP-fold also scored low
prediction alignment error scores (PAE) in AlphaFold2 outputs (Figure 6.3B & C).

Finally, the SEP-PYY sequence was inputted into the signal peptide prediction
software SignalP5.0 to verify SPase | cleavage sites (CS) alongside the sequence of
preproYY as a reference (Almagro Armenteros et al., 2019) (Figure 6.4). The
predicted location of SPase | cleavage was after the last signal peptide residue (A28)
of SEP-PYY, with high but slightly lower probability than preproPYY (SEP-PYY
p=0.8003;; preproPYY p=0.9501). In the analysis of the SEP-PYY sequence, there
was an unexpected increase in CS and ‘other’ scores from L22-A24 of the sequence.
However, this was overlooked given the comparatively low values to the desired A28

cleavage interface. Based on the results from the aforementioned bioinformatics
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analysis, | anticipated SEP-PYY to undergo similar post-translational processing to
endogenous PYY, and faithful targeting to secretory vesicles.
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Figure 6.4 In silico predictions of signal peptide cleavage sites in endogenous
preproPYY and SEP-PYY by SignalP5.0. Predictions of the signal peptidase | (SPase (l)
cleavage site of (A) preproPYY sequence and (B) SEP-PYY sequence computed by the
SignalP5.0 server. x- and y-axes indicate amino acid residue position and probability of signal

peptide likelihood (red), SPase | cleave (green) or likelihood of a non-signal peptide sequence

230



region (yellow). Predicted location of cleavage site is indicated by an arrow (grey) with

cleavage probability also printed.

6.2.2 SEP-PYY exhibits a granular structure in NCI-H716 but not HEK-
293 cells

After successful cloning of SEP-PYY, the construct was transfected into both HEK-
293 cells and NCI-H716 cells in equimolar quantities, and expression was
subsequently probed by flow cytometry by measurement of GFP fluorescence (Figure
6.5A). A functional SEP-tagged LHR construct (SEP-LHR), previously characterised
by our group, was used as a positive control for protein expression and detection
(Sposini et al., 2017). In HEK-293 cells, both the % of GFP+-gated cells (Figure 6.5B)
and GFP fluorescence intensity (Figure 6.5C) were lower in SEP-PYY transfected cells
compared to cells transfected with SEP-LHR. In contrast, SEP-PYY-transfected NCI-
H716 cells exhibited higher % gating and GFP fluorescence intensity than SEP-LHR-
positive NCI-H716 populations. Next, confocal microscopy was used to visualise SEP-
PYY expression in both cell lines. SEP-PYY appeared diffusely distributed in the
cytoplasm of transfected HEK-293 cells. However, SEP-PYY appeared as distinct
vesicular structures in NCI-H716 cells which closely resembled that of endogenous
peptide hormone granules in this cell line (5.2.6). These findings suggested that SEP-
PYY might undergo similar processes of maturation and targeting to secretory vesicles
to endogenous PYY, and that this is cell-dependent i.e might depend on L-cell specific
machinery which are present in NCI-H716 but not HEK-293 cells.
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Figure 6.5 SEP-PYY may be packaged into secretory granules in NCI-H716 but not HEK-
293 cells. HEK-293 or NCI-H716 cells were transiently transfected with 1ug of SEP-PYY or
SEP-LHR for 48 hours. (A) Representative flow cytometric histograms of
untransfected/empty’ cells (grey), SEP-PYY-transfected (purple), or SEP-LHR-transfected
(blue) HEK-293 or NCI-H716 cells. (B) Measurement of SEP-PYY protein expression by
detection of % cells gated for GFP-expression, and the mean fluorescence intensity (MFI) in
the GFP-positive gate. MFl is represented as a fold change over GFP-positive MFI amongst
empty cells. Data represent mean + SEM of duplicates, n=3 independent experiments. (C)
SEP-PYY-transfected HEK-293 or NCI-H716 cells were fixed and mounted onto glass slides
before imaging by confocal microscopy. Scale bar = 50pym. Images shown are representative

of n=10 cells taken across 2 independent experiments.

6.2.3 Chronic butyrate treatment upregulates the production and
secretion of SEP-PYY in NCI-H716 cells

Having observed prominent effects of SCFA on PYY mRNA expression (5.2.11
questioned whether the production of FP-tagged hormone SEP-PYY might be
sensitive to prolonged SCFA treatments. Interestingly, 24-hour treatment with
butyrate, but not acetate or propionate, significantly enhanced the mean GFP
fluorescence intensity of SEP-PYY-transfected cells, suggesting upregulated
production of the fusion protein (Figure 6.6A & B). Butyrate also increased the % of
cells within the GFP-positive region, indicating that the SCFA might stimulate
production and expression of the SEP-PYY above a detectable threshold (Figure
6.6C). Interestingly, co-incubation with all three SCFAs to represent the 3:1:1
physiological ratio (6mM C2, 2mM C3, 2mM C4) also increased both parameters but
not to a greater extent than butyrate alone (Figure 6.6B & C). Butyrate-mediated
upregulation of SEP-PYY production was also confirmed by confocal microscopy.
Fluorescent granules were much more abundant after butyrate treatment in SEP-PYY-
transfected cells (Figure 6.6D). Moreover, the previously described effects of chronic
butyrate treatment on NCI-H716 morphology (5.2.5) was evident in SEP-PYY-
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transfected cells, and fluorescent granules appeared to be enriched in cellular
pseudopods similar to the distribution pattern of endogenous PYY (5.2.6).
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Figure 6.6 Chronic butyrate treatment enhances the production of SEP-PYY in NCI-H716
cells. NCI-H716 cells transiently-transfected with 1ug of SEP-PYY were treated with either
2mM acetate (C2), 2mM propionate (C3), 2mM butyrate (C4), 6mM acetate, 2mM propionate
and 2mM butyrate (C2:C3:C4) or left untreated (UT) for 24 hours. (A) Measurement of SEP-
PYY protein expression by detection of % cells gated for GFP-expression, and (B) mean
fluorescence intensity (MFI) in the GFP-positive gate normalised to untransfected cells across
untreated and SCFA-treated conditions Data represent mean + SEM of duplicates, n=3
independent experiments. One-way ANOVA; UT vs C2/C3/C4/C2:C3:C4 (*p<0.05, **p<0.01).
(C) Confocal images of SEP-PYY transiently-transfected cells treated with 2mM butyrate for
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24h, fixed and mounted onto glass slides. Images are representative of n=17 cells imaged

across n=3 repeats, scale bar=10um.

Next, the secretion of SEP-PYY was quantified by measuring the fluorescence
intensity of cell culture medium, Culture supernatants were collected and fluorescence
intensity was measured. Supernatant fluorescence intensity of SEP-PYY-transfected
cells was equivalent to that of untransfected cells (Figure 6.7A). However, chronic
butyrate pre-treatment significantly upregulated the levels of fluorescence in the
culture medium of SEP-PYY-transfected cells by ~ 2.5-fold and preliminary data
suggested that this might occur in a time-dependent manner (Figure 6.7B).
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Figure 6.7 Chronic butyrate treatment promotes SEP-PYY secretion in NCI-H716 cells.
NCI-H716 cells transiently transfected with 1ug SEP-PYY for 48 hours were (A) pre-treated
with 2mM butyrate (C4) for 24 hours (SEP-PYY + C4) or left untreated (SEP-PYY). Cell
supernatants were collected, centrifuged to pellet and separate from remaining cells, and GFP
fluorescence was read. Fluorescence intensity is normalised as fold change to untransfected
(Empty) cells. Data represent mean + SEM of duplicates, n=4 independent experiments. One-
way ANOVA; Empty vs SEP-PYY vs SEP-PYY + C4 (**p<0.01). (B) Transfected cells were
treated with 2mM butyrate (C4) for 6, 12, 18 or 24 hours and cell supernatants were collected,
centrifuged and assayed for GFP fluorescence at respective timepoints. Fluorescence
intensity is normalised as fold change to untransfected/empty cells. Data represent mean +
SEM of triplicates, n=2 independent experiments. (C & D) Transfected cells were treated with
2mM butyrate for 24 hours or left untreated before 2-hour incubation with Vehicle (DMSO) or
‘FIG’ (10uM Forskolin, 10uM IBMX, 10mM glucose). Fluorescence intensity is normalised as
fold change to untransfected/empty cells. Data represent mean + SEM of triplicates, n=3
independent experiments. (D) Supernatant fluorescence of FIG-treated cells normalised to

supernatant fluorescence of Vehicle-treated cells.

| also assessed whether SEP-PYY secretion might be responsive to a cocktail of the
cAMP elevators forskolin and IBMX, and glucose (FIG) which has been shown to
acutely stimulate the secretion of PYY release from mouse and human EECs:
(Larraufie et al., 2018; Billing et al., 2018). No significant effect of acute FIG treatment
was observed in SEP-PYY transfected cells. However, in cells pre-treated with
butyrate, acute treatment with FIG promoted a significant ~1.2-fold change in
fluorescence intensity over basal only in cells. These data suggests that prolonged
incubation with butyrate enhances both basal and acute ligand-induced SEP-PYY
secretion in NCI-H716 cells.
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6.2.4 Chronic butyrate treatment stimulates SEP-PYY exocytosis

observed by total internal reflection fluorescence microscopy
(TIRFM)

The bimodal excitation spectra of wild-type green fluorescent protein (GFP) absorb
light at both 395nm and 475nm due to the protonation and deprotonation of a
conserved tyrosine residue (Y66) within the fluorophore (Ward, 1981). SEP represents
an optimised variant of GFP for pH measurement, whereby introduction of specific
amino acid substitutions within the local proton-relay network of Y66 endowed a loss
of 475nm fluorescence at pH values <6.0 (Miesenbdck, De Angelis & Rothman, 1998).

The expression of SEP-tagged PYY provides a tool for capturing PYY secretion at
single event resolution in real time, as the exocytic fusion of the acidic interior of
secretory granules (pH ~5.2 — 5.5) with the slightly alkaline (pH ~7.3-7.4) extracellular
environment is concomitant with an increase in the phluorin brightness (Figure 6.8A)
(Paroutis, Touret & Grinstein, 2004; Miesenbock, De Angelis & Rothman, 1998).
TIRFM exploits the properties of an evanescent field that selectively illuminates
fluorophores within a restricted distance (less than ~100nm) from the solid-liquid
interface (Axelrod, 1981). Therefore, TIRFM is a ideal tool in capturing membrane-
associated dynamics at single-event resolution (Burchfield et al., 2010). Flash events
were measured by TIR-FM in SEP-PYY-transfected cells and were significantly.. in
butyrate-treated conditions (Figure 6.8B). Flash events were ~ 1000 ms long on
average (Figure 6.8C) and all flash events consisted of a elevation in fluorescence of
at least ~2.5 fold change magnitude from basal (Figure 6.8D). These findings further
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substantiate the effect of butyrate in the basal secretion of endogenous PYY in NCI-
H716 cells that | reported in 5.2.4.
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Figure 6.8 Visualisation of SEP-PYY exocytosis with single event resolution by TIR-FM.
(A) Schematic of a characteristic single-vesicle exocytic fusion event at the plasma membrane
imaged by TIR-FM in real time. (B & C) NCI-H716 cells transiently-transfected with SEP-PYY
were pre-treated with butyrate (2mM) or left untreated (UT) for 24 hours. Cells were imaged
by TIR-FM at 100ms intervals for 5 minutes in Krebs secretion buffer (B) The number of fusion
events per cell (/5min). t-test; UT vs C4 **p<0.01). Pink, orange and yellow symbols represent
the mean + SEM of each biological repeat. Faded hexagons represent individual cells,
coloured according to respective repeat. n=22-24 cells imaged per condition across n=3
independent experiments (C) The length of each fusion event. Symbols represent individual
cells. n=22-24 cells imaged per condition across n=3 independent experiments. (D)
Representative TIR-FM images of SEP-PYY-expressing NCI-H716 cells (scale bar=10um,
inset = 1um) and sequential images (1um x 1um) of single-vesicle fusion events captured at
100ms intervals. (E) Intensity traces of single-vesicle fusion events were also plotted from
measurements of fluorescence in sequential images taken every 100ms and normalised to

background.

6.3 Discussion

In this chapter, | have reported the a) successful design of a novel pH-sensitive
fluorescently tagged PYY construct that functionally recapitulates its endogenous
counterpart and b) its utility in reporting the effects of nutrient-sensing stimuli,
particularly butyrate, on enterohormone production and secretion in human

enteroendocrine L-cells in vitro.
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To validate that addition of the FP would not compromise the folding and post-
translational processing of the peptide construct, | ran a series of in silico analyses.
My results from structural predictions of SEP-PYY by AlphaFold2 achieved high
confidence scores, and also exhibited high similarity to the atomic structure of PYY
when visualised on PyMOL. The revolutionary impact that computational prediction
methods such as AlphaFold2 have had on speed, cost and ease in the field of protein
structural biology cannot be overemphasised (Bertoline et al., 2023). Despite this,
such methods also have limitations which should be considered. For example,
AlphaFold2 is limited in the prediction of novel structures, due to its template-based
modelling approach, which is based on multiple sequence alignments (MSA)
(Bertoline et al., 2023). Moreover, intrinsically disordered regions or proteins, which
exhibit low conservation across orthologs, are predicted by AlphaFold2 with limited
accuracy (Ruff & Pappu, 2021). The AlphaFold2 output of the SEP-PYY construct
scored lowest confidence in the C-terminal pro-peptide region (of SEP-PYY, of
endogenous PYY). Previous studies have identified precise motifs in the sequences
of other hormone propeptides and prohormone convertase (PC 1/3) that specify
cleavage, however structural determinants remain unknown (Holst, 2022; Ozawa,
Peinado & Lindberg, 2010; Hoshino et al., 2011). As of now, published structures of
PYY are limited to the 36-residue-long region which encodes the conserved PP-fold
of the hormone (Langley et al., 2022; Nygaard et al., 2006) As such, it is important to
note that the in silico analyses of SEP-PYY could only be partially validated by
experimentally-solved data and would profit from structure-based functional studies
on the full-length peptide hormone form in the future.

Certainly, the findings in this chapter should be interpreted with caution due to the
recombinant nature of the SEP-PYY transfection model. However, the striking
difference in the distribution of the SEP-PYY protein that | observed between HEK-
293 and NCI-H716 cells by fluorescence microscopy was affirming. The HEK-293 cell
line lacks the integral prohormone processing machinery such as prohormone
convertase 1/3 (PC1/3) and carboxypeptidase E which are predominant in
neuroendocrine and endocrine systems (Ji et al., 2017; McGirr, Guizzetti &
Dhanvantari, 2013; Stijnen et al.,, 2016). SEP-PYY resembled distinct granular
structures in NCI-H716 but not HEK-293 cells, which is likely indicative of prohormone
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maturation along the regulated secretory pathway in the former system. However,
faithful packaging of SEP-PYY into granules could be further validated in future studies
by assessing co-localisation with canonical secretory granule markers such as tissue-
plasminogen activator (tPA) (Harada et al., 2018; Oya et al., 2013; Tsuzuki et al., 2022)

My previous findings (5.2.4) suggested that chronic butyrate treatment upregulated
the basal secretion, but not content, of PYY in NCI-H716 cells. However, flow
cytometric measurements of GFP expression in SEP-PYY transfected cells in this
chapter indicated a significant upregulation of SEP-PYY content in butyrate-treated
but not acetate- or propionate-treated populations. This disparity between ELISA-
detected PYY and flow cytometry-detected SEP-PYY could be due to the low
concentrations of the endogenous hormone that were detected (5.2.4) which have
previously been reported to be characteristic of this cell line (Kuhre, Albrechtsen, et
al., 2016). Notably, the SCFA rank potency of upregulation of SEP-PYY content
mirrors that of SCFA-mediated regulation of endogenous PYY transcripts in NCI-H716
cells (5.2.1). Moreover, SEP-PYY cells pre-treated with butyrate did appear to be
enriched in SEP-PYY granules when visualised by fluorescence microscopy, which
further suggested an underlying upregulation and faithful packaging of SEP-PYY vs
an unspecific upregulation of the fluorescent tag. Although | did not assess the effect
of butyrate on the gene expression SEP-PYY, itis possible that the boosted production
of the FP-construct might indeed be an after effect of a positive transcriptional
regulation by butyrate which operates similarly on SEP-tagged and endogenous PYY.
Alternatively, the SCFA might exert a distinct regulatory mechanism on translation of
the peptide. Notably, the activation of a number of GPCRs including the a1a adrenergic
receptor (ADRA1A) and FSHR has been linked to enhanced phosphorylation and
subsequent assembly of the rate-limiting translational effector, the eukaryotic initiation
factor 4F complex (elF4F) (Musnier et al., 2012; Leodn et al., 2014; Musnier et al.,
2010). Future studies might assess the possibility of a FFAR2-dependence, as |
identified in the gene expression of PYY (5.2.2),, or an FFAR2-independence in the

potential effects of butyrate on PYY production.

In a recent study, Tsuzuki et al., described a novel method of quantification of the
secretion of fluorescently tagged GLP-1 that involved direct measurement of cellular

supernatant fluorescence, importantly, canonical GLP-1 secretagogues stimulated
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fold change increases in FP-tagged GFP fluorescence in supernatants that were
equivalent to their respective fold changes in endogenous GLP-1 secretion detected
by ELISA. A similar protocol has previously been validated for fluorescence-based
quantification of HIV particle release (Hermle et al., 2010). When | quantified SEP-
PYY exocytosis in a similar manner, | observed a significant increase in supernatant
fluorescence of SEP-PYY in butyrate-treated compared to untreated SEP-PYY-
transfected cells. The magnitude of this effect (~2.5-fold change over basal) was
considerably higher than the effect elicited by butyrate on endogenous PYY secretion
(~1.5-fold change over basal) in preliminary ELISA assays (cite section). Although the
SEP-PYY system was invaluable in that it aided to overcome the low abundance of
PYY in this NCI-H716 cells, ultimately it is a system of overexpression which does

thwart its direct comparability to endogenous secretion.

| also explored the impact of a previously characterised PYY secretagogue cocktail,
‘FIG’, on SEP-PYY secretion (Billing et al., 2018; Larraufie et al., 2018). Interestingly,
acute treatment with FIG significantly increased supernatant fluorescence only in SEP-
PYY-transfected cells pre-treated with butyrate. Indeed, it could be concluded that
chronic incubation with butyrate has a selective endocrine ‘priming’ effect on NCI-
H716 cells, whereby both the basal PYY secretion as well as responsiveness of PYY
secretion to acute stimuli is augmented. Mechanistically, these findings might simply
be explained by the larger pool of available PYY mRNA and translated protein
following butyrate treatment. However, prior to the exocytosis of secretory vesicles at
the plasma membrane is a cascade of tightly regulated trafficking and priming steps
that attend to newly-synthesis hormone vesicles in the Golgi (Park & Loh, 2008).
Several studies have identified essential roles of isoforms of the Soluble N-
ethylmaleimide-sensitive factor activating protein receptor (SNARE) vesicle-fusing
proteins in mediating GLP-1 secretion from intestinal L-cells (Campbell et al., 2020;
Gustavsson et al., 2011; Li et al., 2014; Biancolin et al., 2020; Wheeler et al., 2017).
Interestingly, comprehensive analyses of the (-cell phosphoproteome have identified
the phosphorylation dynamics of SNAREs and other secretory pathway effectors to be
directly modulated by the insulin secretagogues glucose and GLP-1 (Tang et al.,,
2017). Phosphoproteomic analyses in butyrate-treated NCI-H716 cells might uncover
novel pharmacological targets for harnessing endogenous PYY secretion from
intestinal L-cells. Numerous studies support the involvement of distinct GPCR
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signalling modes, beyond increases in Gag-mediated Ca?* and Gas-mediated cAMP,
in modulating secretory vesicle exocytosis. For example, unique pathways comprising
of GPy-mediated regulation of SNARE complex activity have been identified
downstream of GPCRs on neuronal and endocrine cells (Bauer et al., 2007; X.-K.
Chen et al., 2005; Ferdaoussi et al., 2012; Photowala et al., 2006; Rives et al., 2018;
Yim et al., 2021; Yoon et al., 2007; Zhao et al., 2010; Zurawski et al., 2017, 2019). In
addition, an allosteric agonist of Gai- and Gag-coupled FFAR1, called ‘Compound A’,
has been shown to potentiate GSIS from human islets by stimulating promiscuous
coupling to Ga12/13 (Rives et al., 2018). The precise role of Ga12 in insulin secretion
is unclear yet has previously been linked to Protein kinase D (PKD) activation in 3
cells; PKD mediates actin depolymerisation which is central to the mobilisation of
intracellular vesicle pools to the plasma membrane (Rives et al., 2018; Ferdaoussi et
al., 2012; Kalwat & Thurmond, 2013; Siehler, 2007). Interestingly, a ligand of the bitter
taste TAS2R receptor, quinine, has been shown to specifically hinder GLP-1
exocytosis from mouse enteroendocrine L-cells by stimulating actin polymerisation at
the plasma membrane (Harada et al., 2018). In future studies, it will be highly
informative to unravel the allocation of FFAR2-dependence and —independence to
specific stages along the enterohormone maturation pathway in intestinal L-cells.

The use of TIR-FM in the last two decades has provided immense spatiotemporal
resolution to the dynamics of neurotransmitter and hormone exocytosis in neurons and
endocrine cells respectively (Lu et al., 2019; Ohara-Imaizumi et al., 2004; Steyer et
al., 1997; Tsuzuki et al., 2022). Fluorescent tags with pH sensitivity have provided a
further specificity in discerning exocytic events at the plasma membrane (Miesenbdck,
De Angelis & Rothman, 1998). To my knowledge, this is the first report of a fluorescent
pH-sensitive biosensor of PYY and real-time imaging of its exocytosis at single-event

resolution.

TIR-FM-captured fusion events in SEP-PYY transfected cells were greater in butyrate-
treated cells compared to untreated conditions. Notably, the magnitude of this
butyrate-mediated secretory effect (~2.5-fold change over untreated), agrees with that
observed by fluorometric measurements of culture supernatants. Although the pH-
sensitivity of SEP is highly advantageous in reporting the dynamics of hormone
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granule exocytosis, SEP is limited in the visualisation of pre-exocytic docking steps
due to its lower fluorescence in the acidic pH environment of vesicles. In B-cells ,
previous studies have reported the availability of two separate intracellular pools of
insulin granules with distinct dynamics that mechanistically underlie the biphasic
profile of GSIS; pre-docked (‘old face’) insulin granules which immediately fuse with
the plasma membrane upon glucose stimulation underlie the first phase, whereas the
second phase predominantly derives from the secretion of more-distantly located
granules that are and recruited, docked and fused at the plasma membrane upon
stimulation (‘resting’ newcomer’) (Ohara-Imaizumi et al., 2007). Defects in the first
phase of insulin secretion are a hallmark of T2D, and several T2D pharmacological
agents, such as DPP4 inhibitors and GLP-1 receptor agonists, do exhibit direct
improvements on the first-phase response (Di Giuseppe et al., 2023; Del Prato &
Tiengo, 2001). However, this abnormal 3-cell first-phase response has been shown to
only be partially reversed in T2D patients in ‘remission’ and thus a more phase-
selective approach of pharmacological inhibition may help to fully recover B-cell
function (Zhyzhneuskaya et al., 2020). The availability and dynamics of functionally
distinct intracellular pools of GLP-1 and PYY granules in human L-cells is yet to be
uncovered. Future studies might benefit from use of a novel red pH-sensitive FP to
tag enterohormone constructs, known as pHmscarlet, with optimised pH sensitivity
that facilitates the detection of docking as well as fusion events by TIRFM (Liu et al.,
2021). Ultimately, the characterisation of L-cell hormone dynamics and their potential
pathophysiological regulation in metabolic disease may be promising in the
development of high-selective and efficacious therapeutic agents.

In summary, this chapter has demonstrated the successful use of a novel pH-sensitive
fluorescent construct, SEP-PYY, to report the regulatory mechanisms of PYY in
human L-cells. The design of SEP-PYY accounted for the post-translational
processing cascades undertaken by preproPYY in native L-cells, and the construct
appeared to recapitulate the maturation of endogeneous PYY into granular
structures. In addition, the induction of a ‘PYY-bias’ phenotype by butyrate which |
reported in Chapter 5 was mirrored by an upregulatory effect of the SCFA on both the
production and secretion of SEP-PYY was upregulated by butyrate. Finally, the use of
TIR-FM enabled the detection of SEP-PYY exocytosis at single-event resolution.
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7. General Discussion
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This thesis aimed to decode the signalling profiles of the GPCR FFAR2 elicited by
short-chain fatty acids in human enteroendocrine L-cells, and their functional
implications in regulating key paradigms of cellular development and endocrine
function(s). The main findings are: i) SCFA-activated signalling pathways of human
FFAR2 (hFFAR2) in human enteroendocrine L-cells display ligand- and context-
dependent complexities and are spatially regulated, ii) the effects of SCFAs on the L-
cell enterohormone products GLP-1 and PYY are not equal, iii) a hFFAR2-Gai axis
mediates SCFA-mediated secretory functions in a human L-cell model; iv) the SCFA
butyrate drives human EEC differentiation towards a ‘PYY’ biased phenotype which is
reflected in the transcriptional modulation of Notch-sensitive differentiation cascades
and striking morphological changes, and this may also be conserved in mouse colonic
organoids.

To my knowledge, the findings in this thesis are the first to report a dependence of
hFFAR2-Gaq responses on receptor internalisation. In contrast, our lab has previously
demonstrated an intracellular compartmentalisation of propionate-mediated FFAR2-
Gai signalling in mouse EECs (Caengprasath et al., 2020); SCFA-activated Gai
responses did not demonstrate a dependence on receptor internalisation in human L-
cells. Previous transcriptomic and peptidomic characterisations of mouse and human
EECs have highlighted significant differences in their nutrient-sensing repertoires
including GPCRs (Roberts et al., 2019; Beumer et al., 2020). Future analyses might
illuminate species-dependent differences in the downstream effectors that instruct the
distinct spatial regulatory mechanisms of mouse and human FFAR2-Gai responses in
EECs.

The findings in this thesis uncovered temporal complexities of the effects of SCFAs on
the endocrine functions of human enteroendocrine L cells. Acute treatments with
SCFAs appeared to stimulate effective GLP-1 but not PYY secretion in NCI-H716
cells. In contrast, an upregulation in the transcriptional and secretory responses of
PYY but not GLP-1 was evident after prolonged SCFA incubations. Mechanistically,
activation of an FFAR-Gai axis was implicated in both GLP-1 and PYY release by
acute and prolonged treatment with the selective FFAR2-Gai agonist AZ-1729

respectively. Previous studies by our lab have also characterised an underlying
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FFAR2-Gai pathway in driving propionate-mediated GLP-1 release from mouse EECs
(Caengprasath et al., 2020) . However, future experiments should employ a wider set
of receptor agonists and G-protein inhibitors to further validate if this pathway is
conserved in human EECs.

This thesis also identified a novel pathway of sustained FFAR2-Goaq activation in
human EECs which is localised to the early endosome. Although a role of the Gaii
functionality of this receptor was demonstrated for both acute and chronic secretory
profiles in this system, the functional implications of its Gaq counterpart, and its
intracellular localisation, remains unclear. As evidenced by the analgesic benefits of
targets antagonists of the sustained endosomal responses of GPCRs on nociceptors,
the prolonged nature of this response might also be pharmacologically harnessed to
provide sustained clinical efficacy. (Jensen et al., 2017; Jimenez-Vargas et al., 2018;
Hegron et al., 2023; Jiménez-Vargas et al., 2022; Jimenez-Vargas et al., 2020; Latorre
et al., 2022). With the cryo-EM structure of FFAR2 successfully published earlier this
year, there is much opportunity for structure-based functional characterisation and
drug development in the future (Zhang et al., 2024). A recent study has illuminated a
protective role of EECs in relaying the nutritional status of the intestinal lumen to crypt
ISCs via modulation of ISC metabolic profiles (McCauley et al., 2023). The intracellular
mechanisms in EECs and specific paracrine factors that might mediate this response
have not yet been characterised; the activation of prolonged hFFAR2-Gaq responses
downstream of luminal SCFA sensing may stimulate a sustained production of
appropriate metabolites and/or peptides by EECs that maintain homeostasis in the

intestinal stem cell niche.

This study focused on FFAR2 as a candidate GPCR for SCFA-mediated effects on
human EECs, as FFAR2 was the primary SCFA-responsive receptor in our human L-
cell model, and that prior published data has supported a role for FFAR2 in acute gut
hormone secretion (REFS). Although Gai responses in this system were effectively
inhibited by FFAR2 antagonist GLPG0974, FFAR3 mRNA was detected. Moreover,
the functionality of this receptor in mediating GLP-1 release from this cell line has
previously been demonstrated by use of an FFAR3-selective agonist (Ducastel et al.,
2020). As butyrate acts at hFFAR2 and hFFAR3 with equal potency, it is plausible that
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the partial inhibition of butyrate-mediated transcriptional effects by GLPG0974 is
indicative of co-activation of both FFAR2 and FFAR3 in mediating this response.
Moreover, a previous in vitro study by Ang et al., have characterised the formation of
FFAR2/FFARS3 heterodimers in human leukocytes with enhance signalling capacities
to their respective monomers. The occurrence of this phenomenon in human EECs
warrants further study and might underlie specificities in SCFA-mediated FFAR2
signalling profiles.

Apart from FFARS3, the expression of three other SCFA-binding GPCRs have been
characterised in EECs thus far. One is the Gai-coupled receptor GPR109A that
recognises butyrate in addition to ketone-body metabolites such as 3-OHB and the B
vitamin niacin (Mao et al., 2023; Wallenius et al., 2020). The two other SCFA-binding
candidates on EECs are the olfactory receptors OR51E1 (mouse OIfr558) which also
exhibits a SCFA preference for butyrate and OR51E2 (mouse OIfr78) which is
activated by acetate and propionate but not butyrate (Wang et al., 2023; Nishida et al.,
2021; Han et al., 2018; Fleischer et al., 2015; Bellono et al., 2017). In fact, each of
these three GPCRs has previously have been implicated in GLP-1 and/or PYY release
from L-cells in vitro (Wang et al., 2023; Nishida et al., 2021; Kotlo et al., 2020; Han et
al., 2018). The inherent diversity of the macronutrient and micronutrient composition
of the human diet is complex and is amplified by the multitude of postprandial
digestive- and microbiome-derived metabolites that it can produce. As such, a ‘one
ligand: one GPCR’ model of L-cell-mediated anorectic peptide hormone release may
not be representative of the interactions between the extensive complement of
nutrient-sensing machinery on the surface of L-cells and their nutrient-rich
microenvironment in vivo. There is an immense potential for crosstalk between nutrient
sensing GPCRs on EECs in co-ordinating postprandial hormone release in response
to complex luminal stimuli: a number of these synergies have already been reported
e.g. between GPR84 and FFAR4, and between GPR119, FFAR1 and GPBAR1 (Peiris
etal., 2022; Hauge et al., 2017). FFAR2 and other nutrient-sensing GPCR(s) in human
EECs may synergistically converge at the level of the receptor, G-proteins and/or
secondary messengers. To investigate this further, future studies might employ
appropriate pharmacological inhibitors of candidate GPCRs for FFAR2 crosstalk, in
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combination with bioluminescence resonance energy transfer (BRET) based
approaches to measure direct receptor-receptor interactions in live cells.

This thesis demonstrates the prominent transcriptional effects of SCFAs on
hierarchical EEC differentiation cascades in human L-cells. In particular, the effects of
butyrate on these targets were observed to be more efficacious compared to acetate
and propionate. In addition, butyrate also stimulated the induction of mature EEC-like
morphological phenotypes in human L-cells. Whether the differentiation and/or
morphology of native L-cells in the human colonic epithelium are tonically or
postprandially regulated by SCFAs is not known and might be a clinically relevant area
of study in the future. Moreover, the ‘PYY-bias’ phenotype observed in NCI-H716 cells
might be indicative of a selective fine-tuning in EEC lineage differentiation in vivo.
These PYY-rich EECs might exert unique metabolic functions in the colonic
epithelium. This may include neuronal-like properties that facilitate direct synaptic
transmission with neighbouring nerves and rapid communication with central appetite
centres, which has previously been described for similarly elongated and PYY-positive
EECs in the mouse colon (Bohorquez et al., 2011, 2014, 2015; Kaelberer et al., 2018).
Moreover, characterising the influence of SCFAs on the differentiation of L-cells might
illuminate novel strategies to replenish depleted L-cell abundance which is a patient
characteristic in a number of metabolic and gastrointestinal diseases e.g., obesity,
T2D and irritable bowel syndrome (IBS) (EI-Salhy, Hatlebakk & Hausken, 2020;
Osinski et al., 2021; Wolnerhanssen et al., 2017).

In comparison to the growing interest in GLP-1 RAs as weight-loss agents, PYY-based
assets in the anti-obesity pipeline are scarce. Beyond its similar anorectic actions to
GLP-1, PYY exerts several other beneficial gastrointestinal effects that are yet to be
therapeutically harnessed. For example, PYY functions to optimise the dynamics of
postprandial nutrient absorption by modulating the mechanics of digestion (Karra,
Chandarana & Batterham, 2009). Moreover, PYY has been shown to exert several
intestinotrophic effects in stimulating colonic epithelial proliferation (Mannon et al.,
1999; Mannon & Mele, 2000). Selectively targeting PYY release from colonic L-cells
in vivo might deploy some of these benefits, whilst simultaneously reducing the
incidence of gastrointestinal side effects that could potentially occur with co-release of
both GLP-1 and PYY due to overstimulation of central and peripheral pathways.

249



The findings in this thesis also explored butyrate-mediated effects on EEC
differentiation in the mouse colonic organoids, from which two conclusions can be
deduced; firstly, butyrate induces a loss of ‘stemness’ in colonic ISCs, and secondly
that butyrate restricts the differentiation of post-mitotic colonic progenitor populations
towards ‘Notch-low’ lineage(s). Further studies are warranted to characterise the
identity and functionality of enriched ‘Notch-low’ populations in butyrate-treated
organoid cultures. However, considering these findings in combination with the Notch-
sensitivity of butyrate-regulated L-cell developmental cascades in NCI-H716 cells
might be indicative of a conserved action of butyrate in inducing EEC differentiation in

the mouse and human colonic epithelium.

Future studies could interrogate the stage-specific and/or blanket underlying
intracellular mechanisms that mediate the interactions of SCFAs with developing
EECs. This includes the study of GPCR-independent axes modulated by SCFAs in
EECs, such as HDACi and mitochondrial energy metabolism, which were beyond the
scope of this project. In addition, transcription analyses indicated a significant
regulatory effect of AZ-7129 on the late-stage marker of L-cell differentiation, PAX6.
These findings could be indicative of FFAR2-Gai involvement in the terminal
differentiation of late-stage EEC-committed progenitors into a mature L-cell phenotype
in vivo. Future studies could explore this hypothesis further by employing
CRISPR/Cas9-mediated knockdown of the receptor in NCI-H716 cells and/or human
organoid models.

Previous studies on FFAR2 in the intestinal stem cell niche are limited to the functional
characterisation of the receptor in EECs (Lu, Gribble & Reimann, 2018). However,
multiple sc-RNAseq analyses in recent years have shown that FFAR2 expression is
in fact evident in secretory progenitor stem cell populations in the mouse and human
colonic epithelium (Smillie et al., 2019; Dominguez Conde et al., 2022; EImentaite et
al., 2021; Wang et al., 2020; The Tabula Sapiens Consortium* et al., 2022; Schaum
et al.,, 2018). Several approaches could be employed to further delineate the
function(s) of FFAR2 in EEC differentiation in vivo. The first could involve the
development of an appropriate FFAR2 reporter mouse line e.g. FFAR2-GFP; this

approach would allow for discriminate transcriptomic and/or proteomic profiling of
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intestinal epithelial cells enriched in the expression of FFAR2 at the protein level, via
flow cytometric sorting of GFP-positive and negative populations. In addition,
employing in situ hybridisation in mouse and/or human colonic tissues will provide a
spatial resolution to FFAR2 expression along the crypt axis, which might also be
indicative of its role(s) in differentiation of various progenitor populations located along

the intestinal epithelial ‘conveyor belt’.

As of now, no genetic variants of human FFAR2 have been related to the incidence or
prognosis of obesity. However, the relative abundance of FFAR2-expressing EECs
compared to the total EEC population has been shown to be inversely correlated with
BMI in obese and morbidly obese individuals (Burclaff et al., 2022). Moreover, further
investigations into the precise influences of FFARZ2 in mediating the development and
functions of human L-cells in vivo might emphasise its potential as an anti-obesity
target. Currently, two agonists of L-cell-localised nutrient-sensing GPCRs are already
in phase Il clinical trial, however their precise targets remain undisclosed
(Clinicaltrials.gov, 2023).

In addition, future anti-obesity therapeutic strategies might consider the possibility of
enhancing the abundance of hormone-producing L-cells by manipulating the
expression of transcription factors implicated in their development. Previous studies
have indicated a downregulation of EEC-generic and/or L-cell specific developmental
transcription factors in patients with obesity; these factors might serve as novel targets
for the development of anti-obesity gene therapies (Wodlnerhanssen et al., 2017;
Osinski et al., 2021). SCFAs themselves might also emerge as anti-obesity agents;
the specific delivery of orally supplemented SCFAs to the colon has been achieved by
their conjugation to fermentable dietary fibre (Chambers et al., 2015; Frost, 2018).
Thus far, an inulin-propionate (iPE) has demonstrated clinical efficacy in improving
weight gain, appetite and blood glucose control; the iPREVENT trial has investigated
the long-term effects of iPE across a 12-month period, and its results are expected to
be released later this year (Frost, 2018). Based on the findings in this thesis, a novel
SCFA-based therapeutic approach can be proposed. A pre-treatment phase of
butyrate, such as with a inulin-butyrate ester or colon-targeted drug delivery system
such as EUDRATEC® COL, might be benefical in ‘priming’ the endocrine
functionalities colonic L-cells (Evonik, 2018). This approach might promote a longevity
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in the effects of subsequent treatment with iPE and/or commercial GLP-1 RAs. A
current bottleneck in anti-obesity therapies like GLP-1 RAs are the reversibility of
effects; following treatment withdrawal, weight re-gain and declining metabolic
functions are common to patients. It will be interesting to investigate whether the
effects of butyrate administration on PYY hormonal profiles are more long-lasting,
particularly if a modulation of cellular differentiation is evident. As we enter the era of
personalised medicine, we can also expect the emergence of precision probiotics as
anti-obesity agents (Veiga et al., 2020). Dysregulations in microbiota composition have
been mapped to a number of pathophysiological conditions, and a downregulation of
butyrate-producing strains in particular is evident in obese individuals (Brahe, Astrup
& Larsen, 2013). By leveraging in-depth metagenomic sequencing approaches, the
development of probiotics will effectively replenish and/or maintain specific
microbiome-derived functions with personalised physiological and pathophysiological

value.

In conclusion, this thesis uncovers the functions of the microbial metabolites SCFAs
in modulating the endocrine profiles of enteroendocrine L-cells, as well as in regulating
crucial cell-fate checkpoints implicated in native L-cell differentiation in the intestinal
stem cell niche. The activity of the SCFA-binding GPCR FFAR2 was central in
mediating these diverse effects, and a functional diversity in cellular outcomes was
encoded by ligand- and spatial-bias in receptor signalling profiles. Together, the
findings in this thesis could galvanise the development of novel pharmacological and
non-pharmacological approaches, such as dietary regimes and/or probiotic
supplementation, which leverage the myriad effects of SCFA-mediated FFAR2

activation in human colonic L-cells.
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8. Appendix

8.1 Appendix 1. Marker genes of pre-defined Cell ontology

classifications in the sc-RNAseq database ‘Tabula Muris’
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Hest 9 i . ; —_—— —————
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Dekl 91 —=pF=— | ; : |
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Chga 127 . | g 1 )
Spdef 97 | | ! | —_—
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Plot generated by the ‘Seurat ‘package on R (Hao et al., 2024).
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8.2 Appendix 2. Expression of candidate transcription factors
from scRNA-seq datasets of the human ‘Large Intestine’ or

‘Colon’ grouped by publication
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Data downloaded from the CELLXGENE platform.
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8.3 Appendix 3 — Expression of L-cell differentiation markers in

NCI-H716 cells in suspension and following plating on

extracellular matrix (ECM) substrate.
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mMRNA transcript levels were quantified by RT-qPCR and normalised to expression
of rp/12 housekeeping gene.
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