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PHOSPHORYLATION AND SIGNALING OF THE LONG SPLICE ISOFORM OF 

FREE FATTY-ACID RECEPTOR 4 (FFA4) 

Under the direction of Dr. Nader H. Moniri 

 

ABSTRACT 

The G protein-coupled receptor Free-fatty Acid Receptor 4 (FFA4) is expressed 

ubiquitously throughout the human body where it plays role in modulation of endocrine, 

inflammatory, and metabolic processes. FFA4 has become a very attractive drug target 

because it has shown great promise in alleviating systemic inflammation as well as 

managing malfunctions in diseases resulting from inflammation such as obesity and type 

2 diabetes. Humans contain a unique splice variant of FFA4 which has not been found in 

any other mammals investigated. This variant contains an additional 16 amino acid insert 

and thereby divides the receptor into FFA4-Short (FFA4-S) and FFA4-Long (FFA4-L) 

isoforms. Although FFA4-S is found throughout the entire body, FFA4-L has only been 

found in colorectal tissue, a site where FFA4 expression and signaling has been strongly 

linked to tumorigenesis. More interestingly, although FFA4-L reacts to the same ligands 

as FFA4-S, FFA4-L has been demonstrated to possess an intrinsic bias towards β-arrestin 

signaling rather than coupling to G proteins. Due to the fact that there are currently many 

efforts to develop therapeutic agonists for FFA4 systemically, it is important to decipher 

signaling differences between the two receptors to help shed light on what outcomes may 

result from systemic agonist of both isoforms.   
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Given that β-arrestin signaling is dependent on receptor phosphorylation, the first 

objective of this study was to determine whether a difference existed in the kinases which 

recognize and phosphorylate FFA4-S and FFA4-L, or whether their individual residues 

composing the “barcode” of phosphorylation were different. Using siRNA-mediated 

knockdown, PCR-driven mutagenesis, pharmacological inducers, inhibitors, and 

autoradiography, we demonstrate that GRK6 mediates homologous phosphorylation of 

both isoforms, while PKC mediates heterologous phosphorylation of both isoforms. 

However, their individual sites of phosphorylation proved to be different, although all sites 

were localized to the same region of their C-terminal tails. 

The second objective was to see whether the additional 16 amino acid insert 

differentiating FFA4-L from FFA4-S could rescue β-arrestin signaling in the absence of 

the C-terminal phosphosensor. Using Bioluminescence Resonance Energy Transfer 

(BRET) measuring direct β-arrestin recruitment to the receptors in real time, in live cells, 

we demonstrate that the loss of the C-terminal phosphosensor abolishes β-arrestin signaling 

in both FFA4-S and FFA4-L 

The final objective was to determine whether downstream signaling differences 

could be detected as a result of differential phosphosensors between FFA4-S and FFA4-L. 

We demonstrate via time-response immunoblotting that ERK1/2 activation via FFA4-L is 

exclusively mediated through β-arrestin and is sustained over 60 minutes, while ERK1/2 

activation through FFA4-S is mediated through both Gαq/11 and β-arrestin resulting in a 

transient signal, confirming a major functional signaling difference between the isoforms.
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CHAPTER 1 

G PROTEIN-COUPLED RECEPTORS 

Introduction 

The cell represents the smallest self-sustaining building block for any eukaryotic 

organism. At its foundation, the average human body is composed of roughly 3.72 × 1013 

cells (Bianconi 2013). These cells differentiate to fit specific roles and compose the higher 

order organs and tissues which then play their corresponding roles in maintaining vitality. 

By design, cells contain membranes to separate themselves from the extracellular 

environment to avoid environmental stress, toxins, and invading organisms. However, 

mechanisms for sensing changes in the extracellular environment, as well as receiving and 

sending communication to neighboring or satellite cells are required to sustain a living 

organism. In order to communicate with their extracellular environment, cells express a 

wide variety of complex receptor proteins embedded in their membranes which are tailored 

to respond to specific stimuli. The most well-characterized class of cell surface receptors 

is the G protein-coupled receptor (GPCR) superfamily. Due to their structural variability, 

GPCRs modulate cellular responses to a wide variety of signals ranging from hormones 

and neurotransmitters, down to smaller molecular signals such as individual ions and 

photons. GPCRs are responsible not only for basic senses such as taste, olfaction, and 

vision, but are also profoundly involved with maintaining normal physiological function. 

This is especially evident when taking into consideration the plethora of disease states
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 demonstrated to result from malfunctioning GPCRs such as Nephrogenic Diabetes 

Insipidus (NDI), Hirschsprung’s disease, and familial hypoparathyroidism, among many 

others (Insel 2007). In fact, it has been demonstrated that a single amino acid change within 

a GPCR can manifest as a disease in the example of treatment-resistant heart failure 

induced by an arginine substituted by a glycine in the β1 Adrenergic receptor (Liggett 

2006). In light of their profound role in pathophysiology, GPCRs have become a major 

focus for biomedical research. As of November 2017, approximately 700 GPCRs are being 

targeted by 138 approved drugs in the United States or European Union, accounting for 

roughly 35% of all approved drugs on the market (Sriram and Insel 2018).  

As is true with any protein, the function of a GPCR is closely tied to its structure. 

The basic structure of all GPCRs begins with an extracellular N-terminus, which traverses 

the cell membrane resulting in 7 α-helical transmembrane (TM) segments with the C-

terminal tail facing the inside of the cell (Figure 1). As the protein passes through the cell 

membrane, hydrophobic residues are stabilized within the membrane, while hydrophilic 

residues remain on the extracellular and intracellular loops. The three extracellular loops 

(ECL) comprise the binding pocket for ligands, while the intracellular loops (ICL) provide 

recognition sequences which promote interaction with intracellular signaling machinery 

for the purpose of signal transduction. With the recent sequencing of the human genome, 

analysis has revealed over 800 unique GPCRs which can be grouped into 5 distinct families 

based on their sequence similarities within their 7 TM segments: rhodopsin family (700 

members), frizzled/taste family (24 members), adhesion family (24 members), glutamate 

family (15 members), and the secretin family (15 members) (Fredriksson et al, 2003). Due 
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to its relevance to the work in this project, the rhodopsin family will be covered in more 

detail. 

Rhodopsin-like GPCRs 

Containing more than 700 members, the Rhodopsin superfamily of GPCRs 

represents approximately 80% of all known GPCRs (Krishnan 2012). Due to the diverse 

nature of ligands, the most structural diversity among GPCRs can be found in the 

extracellular loops which make up the ligand-binding region. For example, the second 

extracellular loop (ECL2) of rhodopsin forms a β-sheet (Okada 2004), while the ECL2 

region of the β2 adrenergic receptor (β2AR) contains a short α-helix (Rosenbaum 2007), 

and the adenosine A2a receptor lacks any predominant secondary structure in its ECL2 

region (Jaakola 2008), despite all belonging to the same GPCR superfamily. Rhodopsin-

like receptors contain distinguishing conserved features including highly conserved amino 

acid residues of D/ERY/M (glutamic acid/aspartic acid-arginine-tyrosine/methionine) and 

NPXXY (asparagine-proline-X-X-tyrosine, where X is any amino acid) (Figure 1).  

 

 

Figure 1. General structure of Rhodopsin-like GPCRs. Rhodopsin-like GPCRs include seven α-helices spanning 

the cell membrane with an extracellular N-terminus and intracellular C-terminus. Conserved residues 

shown and their influence on structure and signaling are described in the text. 
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The D/ERY/M sequence is characteristically located in transmembrane 3 (TM3) at 

the transition into the second intracellular loop (ICL2) (Figure 1). The basic arginine 

residue contributes heavily to the intramolecular stability of the receptor through 

interaction with neighboring aspartic acid or glutamic acid (Ballesteros 1998, 2001). 

Studies mutating residues in the D/ERY/M motif demonstrate its essential role in GPCR 

function. Interestingly, consequences of inducing point mutations in these residues does 

not always yield predictable results because the effects differ based on the receptor. Studies 

on the histamine H2 receptor demonstrate that mutation of the aspartic acid residue results 

in increased constitutive activity and agonist induced signal transduction, while mutation 

of the arginine residue decreases agonist induced signal transduction (Alewijnse 2000). 

Literature reviews indicate the majority of rhodopsin-like GPCRs, including the α1b 

adrenergic, vasopressin type II (V2R), β2AR, and µ-opioid receptors all increase in 

constitutive activity in response to the same mutations (Rovati 2007). In contrast, mutation 

of the aspartic acid/glutamic acid residues in the α2a adrenergic receptor (Chung 2002), 

the muscarinic M5 (Burstein 1998), gonadotropin-releasing hormone (GnRH) (Arora 

1997), and vasopressin V1A receptor (Hawtin 2005) does not induce increased constitutive 

activity. The integrity of the D/ERY/M motif directly contributes to receptor function. 

Despite this motif being highly conserved, deviant receptors do exist. Most notable in 

reference to this project, Free-Fatty Acid Receptor 4 (FFA4) contains an ERM (glutamic 

acid-arginine-methionine), and a similar deviation is also present in the Free-fatty Acid 

Receptor 1 (FFA1) as GRY (glycine-arginine-tyrosine) (Fredricksson 2003). 

The NPXXY sequence is characteristically located in TM7 at the transition into the 

intracellular space at the beginning of the C-terminal tail (Figure 1). In the prototypical 
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rhodopsin receptor, studies show this motif is responsible for conformational changes 

resulting in inactive, active, and meta states of the receptor (Fritze 2003). This motif also 

acts as a multistate conformational switch in the serotonin 5HT2C receptor (Prioleau 2002) 

and type 1 angiotensin II receptor (Hunyady 1995). Additionally, the NPXXY motif can 

govern receptor internalization and desensitization as demonstrated by studies on the α1b-

Adrenergic receptor (Wang 2003), vasopressin type 2 receptor (V2R) (Bouley 2003), and 

B2 bradykinin receptor (Kalatskaya 2004). In summary, the conserved motifs demonstrate 

that even minute changes to conserved regions of rhodopsin-like GPCRs can result in a 

wide variety of physiological changes that differ from receptor to receptor.  

G Protein-Coupled Receptor Signaling 

GPCRs were originally named for their ability to transduce signals in response to 

extracellular stimuli through activating one or more members of a highly homologous 

family of heterotrimeric intracellular guanosine binding-proteins (GTP-binding proteins, 

G proteins), which in turn modulate activity of other specific effector proteins such as 

enzymes and ion channels (Marco 2017). More recently, it has been demonstrated that 

GPCRs are capable of signal transduction resulting in physiological effects through other 

effector proteins with little or no involvement of G proteins (Violin 2014). The 

extracellular stimuli which bind GPCRs are referred to as ligands. Due to the 

multifunctional properties of receptors, ligand efficacy is always given in terms of the 

signaling pathway being examined.  An agonist is a ligand capable of fully activating the 

receptor, a partial agonist activates the receptor but cannot achieve maximum responses 

relative to a “full” agonist despite saturating concentrations, inverse agonists inhibit basal 

activity, and antagonists have no effect on basal activity but block the activity of other 
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agonist ligands (Kenakin 2002). Regardless of which signaling pathway is triggered upon 

agonist stimulation, GPCRs undergo agonist-induced movement in their TM domains that 

results in a conformational change of the receptor, which promotes receptor interaction 

with cytosolic effector proteins (Majoney 2016). First demonstrated using crystal 

structures of activated β2AR, TM6 moves outward while TM5 extends inward into the 

cytoplasm to expose a cleft of residues for G protein binding (Rasmussen 2011). 

G protein signaling 

Classical GPCR pharmacology contributes the initiation of signal transduction 

through a GPCR to its interaction with a G protein. The G protein-mediated signaling 

system involves a receptor, a heterotrimeric G protein, and an effector. This complex 

system provides opportunities for regulation at each component involved through 

convergence and divergence of the components, through other independent proteins or 

soluble mediators, and through transcriptional regulation. The heterotrimeric G proteins 

are composed of three distinct subunits: α, β, and γ. Initially, the G protein is an inactive 

heterotrimer with the three subunits bound together and the Gα subunit bound to guanosine 

diphosphate (GDP), effectively sequestering the Gβγ subunits, which make up an 

undissociable complex (Hamm 1998). Agonist-induced conformational changes in the 

receptor expose key intracellular sequences of the GPCR leading to the receptor acting as 

a guanine-exchange factor (GEF) for the G protein, facilitating the exchange of GDP for 

GTP in the Gα subunit. Once GTP is bound, the Gα subunit dissociates from the GPCR 

and the Gβγ subunits, who in turn are also released into the cytosol. Both the Gα and Gβγ 

subunits will independently continue signal transduction by modulating activity of 

effectors such as enzymes and ion channels. To avoid chronic activation, the Gα subunit 
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contains intrinsic GTPase activity which hydrolyzes the terminal GTP phosphate, thereby 

returning itself to a GDP-bound state. In this state, the Gα subunit loses affinity to its 

effector and increases its affinity for the Gβγ complex, once again sequestering it and 

thereby terminating the signal (Cabrera-Vera 2003) (Figure 2). 

 

 

 

 

Figure 2: G protein-mediated signal activation. Agonist binding results in GEF activity exchanging GDP for 

GTP in the Gα subunit, resulting in dissociation of the G protein into independently functioning Gα and 

Gβγ subunits. Intrinsic GTPase activity of the Gα subunit hydrolyzes a phosphate from GTP, returning it to 

its GDP-bound state. The Gα unit loses its association with its effectors and resequesters the Gβγ subunit, 

returning to G protein to its inactive state. 

 

The functional versatility of G protein-mediated signaling can be attributed to the 

numerous subtypes of G proteins and the fact that most receptors are able to activate more 

than one G protein subtype. G proteins are often divided based on their α-subunit isoforms. 

Four major families exist: Gαs, Gαq/ Gα11, Gαi/ Gαo, and Gα12/ Gα13. Additionally, 

variations of the Gβγ complex of mammalian G proteins are assembled from five β-subunit 
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isoforms and twelve γ-subunit isoforms. While the Gβγ complex is implicated in regulation 

of downstream signal mediators such as ion channels, adenylyl cyclase, phospholipase C, 

G protein receptor kinases, and phosphoinositide-3-kinases, different Gβγ combinations 

typically do not dramatically differ in their effector functions (Clapham 1997). Meanwhile, 

the Gα subunits do show dramatic differences in their effector functions and will be 

covered in more detail (Figure 3). 

The Gαs subunit couples most receptors to effector enzyme adenylyl cyclase, 

resulting in activation of the enzyme and subsequent formation of intracellular 3’,5’-cyclic 

adenosine monophosphate (cAMP). This classical second messenger activates cAMP-

dependent protein kinase (PKA), which then leads to physiological responses (Schmitt 

2002). Gαs coupling and subsequent intracellular accumulation of cAMP can lead to 

different physiological responses depending on receptor and cell type. For example, Gαs 

coupling due to agonism of β2AR in the smooth muscle cells of the lungs leads to airway 

relaxation, allowing asthmatic patients to breathe easier, and this serves as the mechanistic 

basis for utilization of short and long-acting beta agonists in the treatment of asthma and 

chronic obstructive pulmonary disease (COPD) (Goncharova 2012). Meanwhile, Gαs 

coupling due to agonism of histamine H2 receptor in the gastrointestinal tract leads to 

gastric acid secretion, and this serves as the mechanistic basis for the utilization of 

histamine H2R antagonists in the treatment of acid reflux (Shim 2017). In summary, Gαs 

activation by GPCRs can produce variable responses across multiple receptors and cell 

lines. 

The Gαi/o subunits are responsible for receptor-dependent inhibition of various 

types of adenylyl cyclases (Sunahara 1996), essentially working in an opposing manner 
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compared to Gαs. An example in human physiology would be the opposing effects of the 

Gαs coupling via β1AR agonism resulting in cardiac muscle contraction, and its opposing 

Gαi coupling via muscarinic M2 agonism resulting in cardiac muscle relaxation (Salazar 

2007). While both Gαi and Gαo are widely expressed, the Gαo subunit is more abundant in 

the nervous system (Wettschureck 2005). As previously mentioned for the Gαs subunits, 

the physiological consequences of Gαi coupling can vary depending on receptor and cell 

type. For example, Gαi coupling due to agonism of adrenergic α2 receptor in the central 

nervous system leads to inhibition of synaptic neurotransmitter release, which manifests as 

a decrease in blood pressure, and this serves as the mechanistic basis for the use of α2 

agonist clonidine in treatment-resistant hypertension (Kanagy 2005).  

The Gαq/11 subunits couple receptors to β-isoforms of phospholipase C, which upon 

activation initiate the lipolysis of membrane protein phosphatidylinositol 4,5-bisphosphate 

(PIP2). The result of this lipolysis is the generation of the second messengers inositol 

phosphate (IP3) and diacylglycerol (DAG) (Rhee 2001). IP3 acts on its cognate receptor on 

the endoplasmic reticulum resulting in release of non-mitochondrial Ca2+ into the 

intracellular space. Interestingly, dysregulation of the IP3 receptor has been implicated in 

various human diseases such as ataxia, neuronal degeneration, and heart disease 

(Mikoshiba 2015). Meanwhile, DAG acts on a separate set of ion channels resulting in Ca2+ 

influx, and along with this increased intracellular calcium, DAG activates Ca2+-dependent 

protein kinase (PKC), which can trigger a variety of physiological responses by 

phosphorylating target proteins (Eichmann 2015). Gαq signaling is heavily implicated in a 

multitude of physiological functions, such as thromboxane A2-mediated platelet activation 
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(Offermanns 1994) and FFA1-mediated insulin secretion from pancreatic β-cells (Itoh 

2003). 

The last main class of α subunits are the Gα12/13. These G proteins are commonly 

activated by receptors who couple to Gαq/11, but induce a separate set of downstream signal 

effectors. Since receptors coupling to Gα12/13 also couple to other G proteins, experiments 

designed to delineate which functions are mediated through Gα12/13 typically utilize 

constitutively active mutants, and this makes it difficult to attribute specific physiological 

functions to these particular G proteins in vivo. Functions discovered thus far include 

increasing the activity of GTPase RhoA, phospholipase A2, and Na+/H+ exchanger, leading 

to physiological changes including modulation of cell growth, migration, and contractility 

(Dhanasekaran 1996) (Fromm 1997) (Plonk 1998). 

 

 

Figure 3. Effects of G protein-mediated signal transduction along with their known secondary messengers. 
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Receptor Phosphorylation and Desensitization 

GPCR signaling employs a complex system responding to varying degrees of 

stimulation in order to maintain homeostasis. High levels of stimulation results in measures 

taken by the cell to reduce the ability to be stimulated in the future (desensitization), and 

low levels of activation can result in measures taken to increase the capacity for 

stimulation. The consequence of this system is that a particular agonist may give different 

responses based on prior degree of activation of the system. An example of physiological 

consequences of desensitization includes the phenomenon of tolerance development in 

response to repeated opioid use. In fact, oliceridine is a µ-opioid receptor agonist developed 

to purposely avoid desensitization pathways, and it demonstrated a lack of tolerance 

induction in vivo (Altarifi 2017). The two classical systems of desensitization include 

activation-dependent regulation of receptors by their agonists (homologous 

desensitization), and activation-independent regulation of receptors by other 

receptors/signaling systems (heterologous desensitization). Both of these methods of 

desensitization are dependent on phosphorylation, a specific post-translational 

modification of the receptor which modifies particular residues of the ECL3 or C-terminal 

tail of the receptor which results in inhibition of G protein signaling due to physical 

uncoupling as a result of increased net negative charge. The phosphorylated receptor is 

subsequently bound by a member of the arrestin family protein, which contains four 

members: two visual arrestins (arrestin 1, 4), and two nonvisual arrestins (arrestin 2, 3). 

Importantly, arrestins require receptors to be both activated and phosphorylated for the 

interaction to form (Vishnivetskiy 1999, Krasel 2005). The increased net negative charge 

resulting from receptor phosphorylation increases affinity towards arrestin recruitment and 
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the stability of receptor-arrestin interaction (McDowell 2001). The two nonvisual arrestins 

2 and 3 are also commonly referred to β-arrestin 1 and β-arrestin 2, respectively, due to 

their associated discovery with the β2 adrenergic receptor. These two β-arrestins are 

ubiquitously expressed and regulate the vast majority of GPCRs. The coupling of β-

arrestins to a phosphorylated GPCR results in steric hinderance that further inhibits G 

protein interaction at ICL2 and ICL3, which arrests second messenger pathways, thereby 

terminating the G protein signal transduction (Smith 2016). Both the homologous and 

heterologous pathways of desensitization will be covered in further detail below. 

Homologous Desensitization 

As mentioned previously, homologous desensitization is dependent on receptor 

activation, and can also be referred to as agonist-dependent desensitization. An activated 

GPCR, in addition to serving as an activator of G proteins, also becomes a substrate for 

phosphorylation of specific serine/threonine residues by the GPCR kinase (GRK) family 

of protein kinases, which are able to distinguish between inactive and activated GPCRs 

based on recognition sites exposed during the conformational changes induced by receptor 

activation (Claing 2002). There are seven known GRK subtypes, which based on sequence 

and function, can be classified into three families: GRK1/7, GRK2/3, and GRK4/5/6 

(Pitcher 1998). GRK1/7 are exclusively visual, while GRK4 is primarily expressed in the 

testes, leaving GRK2, GRK3, GRK5, and GRK6 as the most likely to be involved in 

regulating homologous desensitization of GPCRs throughout the human body as they are 

ubiquitously expressed (Gainetdinov 2000). As mentioned previously, the Gβγ complex, 

after being freed from the α-subunit as a result of receptor activation, cooperates with PIP2 

to activate GRKs (Gainetdinov 2004). Activated GRKs recognize and phosphorylate 
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particular serine/threonine residues on receptors which vary based on receptor and GRK 

isoform. (Figure 4). 

 

 

Figure 4. Homologous Desensitization and β-arrestin Recruitment.  Initiation of homologous 

desensitization and β-arrestin recruitment. Gβγ subunit activity triggers GRK resulting phosphorylation of 

an activated GPCR resulting in termination of the G protein signal. β-arrestin recognize and bind 

phosphorylated GPCR. 

 

As mentioned previously, the phosphorylated receptor will be bound by a β-

arrestin, resulting in loss of the G protein interaction and its subsequent signaling pathways. 

In addition to termination of the G protein signal, arrestins also play a role in internalization 

of inactivated receptors by serving as scaffolding proteins and binding clathrin adaptor 

protein AP2, as well as clathrin itself, to initiate internalization in a dynamin-dependent 

fashion (Laporte 1999). Other protein regulators involved in the scaffold include n-ethyl-

maleimide-sensitive fusion protein (McDonald 1999) and ADP-ribosylation factor 6 

(Claing 2001). Internalized receptors are trafficked into tubulovesicular early endosomes, 

from which they can either enter recycling endosomes to be returned to the cell membrane, 
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or be trafficked to lysosomes for degradation via multivesicular late endosomes (Kang 

2014) (Figure 5). Importantly, internalization of receptors leaves less receptor density on 

the surface, thereby blunting the peak response to a repeated dose of agonist. 

GPCR trafficking through clathrin-dependent endocytic pathway leads to 

classification of the receptor into two categories, Class A and Class B. β-arrestins are 

involved in the desensitization and trafficking for both receptor classes (Oakley 2000). In 

class A interactions, the receptors bind to β-arrestin 2 with greater affinity than β-arrestin 

1 and once internalized, remain in membrane vesicles at the cell surface prior to losing 

their interaction with arrestin. In class B interactions, receptors bind to both β-arrestins 

with equal affinity, and form a long-lived complex with their arrestin resulting in 

trafficking to endosomes. The classification of the receptor into either class is dependent 

on the differential phosphorylation profiles of GRKs or other kinases involved (Zidar 

2009). 

 

   

Figure 5. GPCR trafficking. Upon interaction with its GPCR, β-arrestin scaffolds AP2 and clathrin to 

initiate endocytosis in a dynamin-dependent manner. Upon internalization, GPCRs are sorted into early 
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endosomes where they either are recycled or trafficked further to late endosomes for fusion with lysosomes 

for degradation. 

Heterologous Desensitization 

GPCRs undergoing heterologous desensitization do not require activation by an 

agonist. Instead, activation of one GPCR generates cross talk in signaling pathways, 

resulting in inhibition of a second GPCR. This is generally mediated through second 

messenger-activated kinases such as Protein Kinases A and C (PKA and PKC), which also 

target distinct serine/threonine residues, in a manner similar but not identical to GRKs, 

resulting in loss of G protein signaling (Figure 6). An example of this includes the 

activation of PKC via agonism of chemoattractant receptors, which results in 

phosphorylation of platelet-activated factor (PAF) receptors, inhibiting their coupling to G 

proteins and mobilization of calcium stores (Richardson 1996). Importantly, studying the 

attenuation of receptor mediated signaling both in absence and continued presence of 

ligand has consequences on exploiting receptor signaling for therapeutic purposes. 

Therefore, understanding mechanisms of receptor desensitization is a vital portion of 

developing it as a possible drug target. 
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Figure 6. Heterologous Desensitization.  Heterologous Desensitization results from secondary messenger 

kinase driven phosphorylation and subsequent signal inhibition of one receptor triggered by the agonism 

of a separate receptor. 

 

Arrestin-mediated Signaling 

 Although GPCRs have been demonstrated to engage in several G protein-

independent modes of signaling, β-arrestins are the most characterized among them and 

have been implicated in unique cellular, physiological, and pathophysiological 

consequences. Arrestins are semi-bisymmetric soluble proteins that are capable of 

interacting with multiple intracellular effectors with weak affinity to allow dynamic 

temporal scaffolding (Smith 2016). This allows for multiple signal mediators to be present 

in proximity to one another, facilitating interaction among them. A major structural 

difference between the two β-arrestins is that β-arrestin 2, but not β-arrestin 1, contains a 

nuclear export sequence on its C-terminus, which promotes its accumulation in the nucleus 

(Scott 2002). Both β-arrestins accumulate in the cytoplasm. In addition to receptor 

trafficking described earlier, β-arrestins have been demonstrated to regulate a number of 

vital signaling pathways, such as the transactivation of epidermal growth factor receptors 

by GPCRs via activation of transmembrane matrix metalloproteases (Noma 2007), 

inhibition of cell survival regulator nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-κB) via stabilization of its inhibitor partner IκBa (Gao 2004), and even 

influence epigenetic regulation of chromatin structure by directly interacting with histone 

acetylases and deacetylases in the nucleus (2005.) 

Additionally, β-arrestins are known to scaffold mitogen-activated protein kinases 

(MAPKs), which are highly conserved serine/threonine kinases involved in regulation of 
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the cell cycle, motility, differentiation, metabolism, and survival (Cargnello 2011). Notably 

among the MAPKs, β-arrestins have been demonstrated to regulate extracellular signal-

regulated kinases (ERK1/2) and c-Jun N-terminal kinases (JNKs), both of which have been 

heavily studied as they show profound involvement in cell cycle regulation, inflammatory 

responses, tumorigenesis, and response to growth factors, cytokines, and carcinogens 

(Peterson 2017). Interestingly, both G proteins and β-arrestins have been demonstrated to 

regulate ERK1/2 signaling. Due to its relevance to this work, ERK1/2 will be covered in 

further detail. 

ERK1/2 Signaling  

 Due to its involvement in the numerous processes mentioned earlier, it is no 

surprise that mutations in the ERK1/2 signaling  pathway have been demonstrated to result 

in several types of cancer, with specific dysfunction-inducing point mutations discovered 

in up to 30% of all human cancers (Santarpia 2012). ERK1 and ERK2 are commonly 

grouped together (ERK1/2) due to an 85% sequence homology and significant overlap in 

their mechanisms of activation and substrate profile (Cargnelo 2011). In its inactive state, 

unphosphorylated ERK1/2 remains bound in a complex with proteins kinases Raf and 

MEK, which is anchored in the cytoplasm. The complex undergoes a chain 

phosphorylation cascade ultimately phosphorylating ERK1/2 on specific tyrosine residues 

(Tyr204 and Tyr202), converting it to an active form and allowing its dissociation from the 

complex and subsequent interaction and phosphorylation of substrates (Eishingdrelo 

2013). Therefore, studies probing the presence or absence of ERK1/2 activity measure the 

ratio of phosphorylated ERK (pERK) to total ERK (tERK) present in the sample.  
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Classically, ERK1/2 signaling is known to be triggered in response to activated 

growth factor receptors, which are typically members of the receptor tyrosine kinase (RTK) 

family of cell surface receptors (Zhang 2002). However, GPCRs are also capable of 

activating ERK1/2 signaling pathways through both G protein and β-arrestin dependent 

manners (Figure 7). G protein-mediated ERK1/2 activation has been demonstrated through 

the Gαs, Gαi/o¸ and Gαq pathways (Leeroy 2007). Additionally, pharmacologic inhibition 

of PKA by H89 and PKC by GF109203X were shown to inhibit G-protein-dependent 

activation of ERK1/2, further characterizing the importance of the G protein signaling 

cascade in ERK1/2 activation (Mochizuki 1999, Gesty-Palmer 2006). The Gβγ subunit 

activity also contributes to ERK1/2 activation through a known signaling pairing to 

established ERK1/2 upstream activator Ras (Inglese 1995). As demonstrated for the 

classical β2 adrenergic receptor, Gαs-mediated cAMP accumulation results in a quick, 

transient ERK1/2 activation that loses more than 75% of its peak response within the first 

10 minutes (Friedman 2002). In contrast, β-arrestin induced ERK1/2 activity in a G protein-

inhibited model remained sustained through 30 minutes (Shenoy 2006). More recently, a 

study demonstrated that although β-arrestins can modulated ERK1/2 activation, their 

activity depends on the presence of functional G proteins, where a receptor in a system 

devoid of G proteins available for interaction can recruit arrestin, but cannot induce 

ERK1/2 signaling, suggesting one-directional collaborative requirement for β-arrestin-

mediated ERK signaling (Grundmann 2018). However, conflicting data exists 

demonstrating G protein-independent, arrestin-mediated ERK1/2 activation in β2AR 

(Shenoy 2006). 
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Activated ERK1/2 can stay in the cytoplasm and phosphorylate cytoplasmic 

effectors, or it can be translocated to the nucleus where it phosphorylates transcription 

factors resulting in triggered gene expression of proteins involved in a variety of biological 

outcomes. Interestingly, physiological consequences of ERK1/2 signaling seem to be 

linked to the frequency and duration of ERK1/2 activation. For example, G protein-

mediated upregulation of cAMP in melanocytes leads to transient activation of ERK 

resulting in differentiation of the cells (Busca 2000), while sustained ERK activation in 

melanocytes triggered by synergistic action of multiple growth factors resulted in cell 

proliferation (Bohm 1995).  To expand on this theory, Ryu et al. demonstrated that it is 

possible to direct the biological consequence of ERK1/2 signaling in PC-12 cells from a 

heterogeneous mix of proliferation and differentiation to exclusively differentiation by re-

triggering the ERK1/2 network with repeated pulsing doses of growth factors (Ryu 2015). 

Notably from these two studies, while growth hormones induced sustained ERK activity 

in melanocytes, certain growth hormones only induced transient ERK1/2 activity in PC-12 

cells, demonstrating how signal transduction varies based on agonist, cell line, and 

receptors involved. For ERK1/2 signaling, these phenomena have been attributed to the 

plethora of internal and external feedback loops, responding to intrinsic and extrinsic 

effectors, which regulate ERK1/2 signaling (Arkun 2018). 
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Figure 7. GPCR-mediated ERK1/2 Activation. GPCR-mediated ERK1/2 activation can be triggered by both 

the Gα and Gβγ subunit activity, as well as by β-arrestin. Phosphorylated ERK dissociates from its complex 

with Raf and MEK and can remain in cytosol to modulate cytosolic protein activity, or be translocated to the 

nucleus where it modulates transcription.
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CHAPTER 2 

FREE-FATTY ACID RECEPTOR 4 (FFA4): EXPRESSION, SIGNAL 

TRANSDUCTION, AND THERAPEUTIC POTENTIAL 

Introduction 

A free fatty acid (FFA) is unbound or non-esterified to larger lipid species such as 

triglycerides or phospholipids. Its general structure is a carboxylic acid linked to an 

aliphatic chain of variable length. Depending on the chain length, they may be short-chain 

fatty acids (SCFAs) containing 2-6 carbon atoms, medium-chain fatty acids (MCFAs) 

containing 7-12 carbon atoms, or long-chain fatty acids (LCFAs) containing greater than 

12 carbon atoms. These can be further subdivided based on the number of cis-alkenes 

present in the hydrocarbon chains. Saturated fatty acids have no cis-alkenes, 

monounsaturated fatty acids (MUFAs) contain a single cis-alkene, and polyunsaturated 

fatty acids (PUFAs) contain several cis-alkenes (Alvarez-Curto 2016). FFAs have long 

been known to serve as nutrients, energy sources, and vital components of cell membranes 

(Epand 1991). Additionally, due to health benefits observed from increased consumption 

of unsaturated fatty acids in terms of cardiovascular health (Teres 2008) and anti-

inflammatory activity (Kapoor 2006), a great deal of research is being conducted on the 

effects of dietary FFAs. Past research attempting to delineate mechanisms of action for 

FFAs attributed their physiological effects to their influence on plasma membrane fluidity. 

For example, it was found that PUFAs alter membrane fatty acid composition in a manner 
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resulting in increased inositol phosphate cycle responses to deoxycholic acid stimulation 

and increase basal turnover rate for inositol phosphate, which is a known secondary 

messenger for G protein-mediated signaling (Awad 1993). Additionally, decreased 

saturated and unsaturated long chain fatty acids in plasma membranes of cardiomyocytes 

resulted in multifold increase of voltage-gated calcium channels which results in 

irreversible cardiac damage (Huang 1991).  

More recently, it was discovered that FFAs can serve as ligands to a family of four 

Rhodopsin-like GPCRs termed Free Fatty-Acid Receptors (FFA1-FFA4) resulting in their 

deorphanization. FFA2-3 were found to be agonized by short-chain fatty acids (Brown 

2003), while FFA1 and FFA4 were found to be agonized by medium to long-chain fatty 

acids (Briscoe 2003, Hirasawa 2005). Interestingly, there was initially some debate on 

whether FFAs could be considered the true endogenous agonists for these receptors due to 

their established potencies ranging from high mircomolar to low millimolar concentrations, 

whereas typical pharmaceutical ligands have nanomolar ranges (Smith 2012). However, it 

has been established that FFA concentrations can reach millimolar levels in both the gut 

and plasma (Cummings 1987, Pouteau 2001). With research focusing on isolating the 

physiological contribution of FFA receptor signaling, FFA1 and FFA4 received a great 

deal of focus due to the already known beneficial effects of PUFAs. Despite having low 

sequence homology of 19% (Costanzi 2008), both FFA1 and FFA4 have significant 

overlap in their ligand profiles. Although this project focuses on FFA4, FFA1 will be 

granted a brief introduction due to shared ligands and overlap in physiological activities. 

Free-Fatty Acid Receptor-1 (FFA1) 
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 FFA1 is found to be expressed in taste buds, enteroendocrine L, K, and I-cells, and 

on pancreatic islets (Albarez-Curto 2016). Briscoe et al. originally demonstrated using a 

gene reporter assay, without the need for exogenous and promiscuous chimeric G proteins, 

that FFA1 can couple both to Gαq/11 and Gαi/o. However, the known Gαi/o inhibitor pertussis 

toxin (PTX) had no observable effect on FFA1 signaling in their models, leading to the 

conclusion that FFA1 only signaled via Gαq/11 (Briscoe 2003). FFA1 is known to partner 

with β-arrestin 2 for canonical clathrin-mediated internalization (Qian 2014).  It was found 

that in the MCF-7 breast cancer cell line, LCFA stimulation of FFA1 was inhibited by 

pertussis toxin, suggesting G i/o involvement in some cells (Yonezawa 2004). Additionally, 

it was found that siRNA-mediated knockdown of FFA1 in MDA-MB-231 breast cancer 

cells inhibited their proliferation, suggesting that FFA1 may play a role in tumorigenesis 

(Hardy 2005). In intestinal L-cells, this receptor is coexpressed with FFA4 where it 

modulates incretin secretion in response to intestinal FFA concentrations via Gαs and Gαq 

signaling (Hauge 2015). On pancreatic islets, it has particularly dense expression on β-

cells, where it regulates glucose-stimulated insulin secretion (Itoh 2003). In a follow-up 

study, it was shown that specific Gαq/11 inhibitor YM-254890 greatly induced FFA1-

mediated glucose stimulated insulin secretion from pancreatic β-cells, further confirming 

Gαq/11 coupling to this receptor (Takasaki 2004). Notably, FFA1 was targeted for drug 

development to exploit its property of inducing glucose-stimulated insulin secretion as it 

would avoid hypoglycemia, which is a common side effect of other insulin secreting agents 

on the market. The resulting drug, fasiglifam, demonstrated an impressive ability to lower 

glycated hemoglobin (HbA1c) in type II diabetics by 1.2-1.4%, with no associative weight 

gain or hypoglycemia. Unfortunately, Phase III clinical trials had to be terminated early 
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due to an associated liver toxicity.  It is believed that off target inhibition of hepatobiliary 

transporters contributed heavily to the observed toxicities (Otieno 2018). 

Free-Fatty Acid Receptor-4 (FFA4) 

FFA4, previously known as GPR120, was originally shown to have therapeutic 

potential due to its expression in the lower gut, where it responded to unsaturated fatty acid 

stimulation by promoting release of incretin glucagon-like peptide-1 (GLP-1), thereby 

modulating glucose-stimulated insulin release in a manner similar to FFA1 (Hirasawa 

2005).  Since then, a great deal of research has demonstrated a vital role for FFA4 in 

maintaining metabolic homeostasis. For example, FFA4 knockout (FFA4-/-) mice 

displayed glucose intolerance, insulin resistance, and decreased skeletal muscle compared 

to their wild type (WT) counter-parts (Oh 2010). This association was confirmed in a later 

study where researchers found similar observations in FFA4-/- mice and additionally noted 

FFA4 overexpression in obese humans and discovered a mutant version of the receptor 

(R270H) with inhibited function resulting in increased inflammation, hepatic steatosis and 

association with development of obesity in a European population, cementing the value of 

this receptor in metabolic disease (Ichimura 2012). 

In addition to metabolic homeostasis, FFA4 has shown promising potential for 

modulation of systemic inflammation. Although acute inflammatory signaling is necessary 

for properly functioning immune responses, chronic inflammation has been associated with 

promoting progression of major diseases such as obesity, hyperlipidemia, and type 2 

diabetes (T2D) (Khovidhunkit 2004). Macrophages are known to both promote 

inflammation and tissue dysfunction, as well as play an essential role in its resolution. Over 

many years of research, evidence has accumulated showing macrophage involvement in 
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activation of basal chronic inflammatory states, and it seems to result from improper 

response to endogenous inflammatory stimuli due to extended exposure to metabolic stress 

and changes in macrophage phenotypes via epigenetic dysregulation (Oishi 2016).  FFA4 

expression has been found in macrophages where agonism by omega-3 (n-3) fatty acid 

docosahexaenoic acid (DHA) suppressed formation of pro-inflammatory cytokine IL-1β 

via suppression of inflammasome activation, an effect which is lost upon siRNA 

knockdown of FFA4 expression (Williams-Bey 2014). Additionally, DHA agonism of 

FFA4 in macrophages also suppresses expression and activity of pro-inflammatory enzyme 

cyclooxygenase-2 (COX-2), but not its homeostatic housekeeping variant COX-1 (Li 

2013). Importantly, a study comparing high fat diets with and without n-3 FA 

supplementation in WT and FFA4-/- mice found reduced in vivo migration of inflammatory 

macrophages into adipose tissues along with decreased expression of pro-inflammatory 

genes including IL-6 and tumor necrosis factor alpha (TNFα), and increased expression of 

anti-inflammatory genes including IL-10 and DNA mismatch repair gene MMR, an effect 

which was absent in FFA4-/- mice (Oh 2010). Additionally, FFA4 is endogenously 

expressed in adipose tissue where it plays a vital role in adipocyte differentiation and 

adipogenesis (Gotoh 2007), and microarray data mining showed macrophage infiltration 

in human adipose tissue inhibited FFA4 expression (Trayhurn 2012). Finally in 2015, a 

study demonstrated that dietary n-3 and n-9 PUFA reversed tissue inflammation and insulin 

resistance in obese mice in a FFA4-dependent manner (Oliveira 2015). These studies serve 

to demonstrate the link between macrophage dysfunction, inflammation, and metabolic 

dysfunction, as well as the critical role FFA4 plays in regulation of these processes. FFA4 

continues to show promise as a target for managing diseases of systemic inflammation in 
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several other tissues as well. FFA4 expression has been demonstrated in the liver (Cornall 

2011), and data from FFA4-/- models show these mice develop hepatic steatosis due to 

enhanced hepatic lipogenesis (Ichimura 2012). Interestingly, macrophage-like Kupffer 

cells residing within the liver show the highest concentration of FFA4 expression, and it 

was demonstrated that FFA4 agonism through these cells reduced inflammatory signaling 

seen by NF-κB and JNK signal inhibition (Raptis 2014). In the human pancreas, FFA4 

expression is correlated with lower HbA1c and the expression was found significantly 

lower in patients with T2D compared to non-diabetic controls (Taneera 2012). In bones, 

FFA4 agonism results in apoptosis of osteoclasts and subsequent inhibition of bone 

resorption (Kim 2016). In summary, FFA4 is a receptor which is ubiquitously expressed 

and is deeply rooted in maintaining normal physiology. Due to such a profound volume of 

promising data suggesting therapeutic potential, efforts into manipulating FFA4 signaling 

for therapeutic purposes are currently underway.  

FFA4 Structure and Alternative Splice Variants 

The gene for FFA4 was originally shown to contain 1134 nucleotides encoding for a 

377 amino acid protein (Hirasawa 2005). Interestingly, humans can express two different 

gene products as a result of alternative splicing in exon 3 of the coding region for FFA4, 

resulting in either a shorter transcript of 1086 nucleotides resulting in a 361 amino acid 

variant (FFA4-Short, FFA4-S), or the longer 377 amino acid protein (FFA4-Long, FFA4-

L) (Moore 2009). Importantly, FFA4-L contains an additional 16 amino acid insert within 

ICL3, which as mentioned previously, is a domain important for GPCR signaling (Figure 

8). To date, expression of the long isoform of FFA4 has only been found in humans, as it 

was absent in rodents and non-human primates (Moore 2009). Interestingly, although 
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FFA4-S is ubiquitously expressed throughout the human body, FFA4-L has only been 

found in human colorectal tissue and colorectal cancer cell lines (Galindo 2012, Kim 2015). 

This is of particular interest because Q Wu et al (2013) found that FFA4 expression in 

human colorectal cancer tissues (CRC) is positively correlated with clinicopathologic 

characteristics. Assaying both malignant and nonmalignant human colorectal cell lines, 

immunohistochemistry (IHC) analysis of 90 patient sample tissues of malignant and 

nonmalignant surrounding tissue revealed elevated FFA4 expression in 65 of 90 CRC 

samples, whereas all 90 normal tissue samples contained low expression yielding a 

statistically significant increase of FFA4 expression in CRC tissues with P < 0.001. 

Additionally, tumor-lymph node-metastasis (TNM) staging demonstrating a positive 

correlation with high levels of FFA4 expression with a P < 0.001 (Wu 2013). Furthermore, 

FFA4 has been found to be expressed in, and contribute to tumorigenesis, in pancreatic 

(Fukushima 2015), breast (Serna-Marquez 2017), and bone cancer samples and cell lines 

models (Takahashi 2017). Notably, none of these studies differentiated which isoform of 

FFA4 was expressed. In light of this data, it is of utmost importance to determine 

differences between FFA4-S and FFA4-L signaling as the majority of research focuses on 

the shorter isoform, and creating a systemic agonist will invariably activate both receptors 

throughout the body. 
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Figure 8. Snake diagram of FFA4-S and FFA4-L. Numbers signify amino acid residues relative to initiating 

methionine. The FFA4-L additional insert can be found on ICL3. Arg99 covered in text is highlighted in 

blue. Aromatic residues critical for FFA ligand binding are highlighted in green. 

FFA4 Ligand Binding 

 While there is no crystal structure for ligand bound or unbound FFA4 to date, 

mutational analysis focusing on the short isoform has revealed multiple residues critical 

for ligand binding. Since the ECL domains for FFA4-S and FFA4-L are identical, the data 

obtained on FFA4-S may also apply to FFA4-L. For the short isoform, Arg99 residue in 

ECL1 has been shown to be critical in coordinating binding for FFA4 agonists containing 

a carboxylate pharmacophore, which includes all FFA endogenous agonists. Mutation of 

this residue to an inert alanine was shown to abolish binding of n3 FA α-linolenic acid 

(ALA) and synthetic FFA1/FFA4 agonist GW9508 (Watson 2012), as well as selective 

FFA4 agonist TUG891 (Hudson 2014). In the same study, Hudson et al additionally 

revealed five aromatic residues: F115, F211, W207, W277, and F304, which likely 

contribute to π-stacking with aromatic moieties of ligands, as mutation of a single one of 

these residues abolished agonism (Hudson 2014). 
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FFA4 Ligands 

 Endogenous agonists for FFA4 include omega-3 (n3) fatty acids commonly found 

in supplements such as alpha linolenic acid (ALA), docosahexaenoic acid (DHA), and 

eicosapentaenoic acid (EPA). A thorough analysis of a broad selection of fatty acids 

revealed both unsaturated and saturated fatty acids with a carbon length of at least ten 

activate FFA4 (Christiansen 2015). However, studies probing into the pharmacology of 

FFA4 using FFAs or synthetic agonist GW9508 run the risk of agonizing FFA1 due to a 

lack of agonist selectivity between these two receptors. Consequently, there is a need to 

either establish the lack of FFA1 expression in the model, or control for it via pre-treatment 

with a FFA1 selective antagonist to remove the signaling contribution of the other receptor. 

Synthetic antagonists for FFA1 include GW1100, cpd 8, cpd 15i, PPTQ, DC260126, 

ANT203, and cpd 39, while FFA4 only has a single available selective antagonist in AH-

7614 (Hanson 2017). As an alternative to using FFA1 antagonists in models where both 

receptors are expressed, there are a few selective, synthetic FFA4 agonists available on the 

market, of which the most characterized is currently TUG-891. This agonist demonstrated 

3-fold selectivity towards FFA4 over FFA1 in calcium mobilization, and 50-fold selectivity 

in β-arrestin 2 recruitment (Hudson 2013). Importantly, synthetic agonists do not always 

mimic the effects of endogenous agonists, as is seen when comparing endosomal 

trafficking for FFA4-S in response to OA vs. TUG-891. The most potent selective FFA4 

agonist is Compound B from Cymabay Therapeutics (formerly Metabolex), which was 

found to have an EC50 = 15 nM with greater than 1000-fold selectivity over FFA1 in an 

inositol triphosphate (IP3) assay (Engelstoft 2013). This compound also demonstrates dose-

dependent inhibition of ghrelin secretion in gastric mucosal cells, and dose-dependent 
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inhibition of somatostatin release, both of which were absent in FFA4 knockout mice 

(Engelstoft 2013, Egerod 2015). Of note, many synthetic agonists for FFA4 retain a 

carboxyl group, which as mentioned earlier critically depend on the Arg99 residue for 

receptor binding. However, sulfonamide-based agonists, including GSK137647A, Banyu 

cpd2, and TUG1197, all lack a carboxyl group yet induce FFA4 signal transduction and 

elicit physiological responses in vivo (Hanson 2017). A summary of FFA4 ligand structures 

can be found in Figure 9. In interest of determining signaling differences between FFA4-

L and FFA4-S in their natural setting, this work will use exclusively endogenous agonists. 

FFA4 G protein-mediated Signaling 

Experiments using long chain unsaturated FA oleic acid in HEK293 cells revealed 

FFA4-S agonism results in Ca2+ flux, which was not inhibited by pre-treatment with PTX, 

suggesting Gαq/11 coupling (Watson 2012). Indeed, the same Gαq/11 was found to be 

involved in FFA4-mediated GLUT4 translocation in adipose tissue (Oh 2010) and decrease 

in inflammatory cytokine production in macrophages (Williams-Bey 2014), demonstrating 

that the HEK293 signaling models can mimic other cells and tissues. Importantly, it has 

been demonstrated that FFA4-S activates ERK1/2 via Gαq/11 coupling, and not through β-

arrestin (Prihandoko 2016). As mentioned previously, GPCR signaling can vary based on 

agonist and cell model. It therefore is unsurprising that FFA4 has shown evidence of 

coupling to other Gα subunits as well. For example. FFA4-mediated inhibition of 

somatostatin. 
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Figure 9. Chemical Structure of FFA4 Ligands 

 

somatostatin secretion from pancreatic delta cells was inhibited by pre-treatment with PTX, 

leading to results mimicking those of FFA4 knockdown models, suggesting that FFA4 

couples to Gαi/o to create the observed effects in these cells (Stone 2014). Additionally, 

FFA4-mediated inhibition of GLP-2 secretion in rat enteroendocrine L-cells was blunted 

by pre-treatment with PKA inhibitor H89, suggesting coupling to the Gαs/cAMP/PKA 

signaling cascade (Tsukahara 2015). As mentioned previously, FFA4-S expression is 

ubiquitous, and results from the multiple cell types may not necessarily apply to FFA4-L 

coupling. In HEK293 models, FFA4-L failed to elicit Ca2+ flux or a change in dynamic 

mass redistribution (DMR), leading to the conclusion that it is not able to partner to Gαq/11 

(Watson 2012). Structurally, FFA4-S and FFA4-L difference lies in an additional 16 amino 
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acids in ICL3, which is involved in signal transduction, so it comes as no surprise that 

signaling differences exist between the two receptors. Meanwhile, both the short and long 

isoforms of FFA4 can signal through β-arrestin (Watson 2012). 

FFA4 Phosphorylation 

Since GRK-mediated phosphorylation is an intracellular process which governs β-

arrestin recruitment, it was initially hypothesized that signaling differences between the 

two isoforms can be attributed to differential phosphorylation profiles between FFA4-S 

and FFA4-L, especially in light of the additional 16 amino acids within the ICL3 domain 

FFA4-L containing 4 additional phospholabile sites. Initially, it was shown that ALA and 

DHA-mediated agonism of FFA4 short and long isoforms induced rapid phosphorylation, 

but without a significant difference in rate or measurable degree of phosphorylation (Burns 

2010). Importantly, this study revealed that FFA4-S contained a greater degree of basal 

phosphorylation compared to FFA4-L, revealing a first sign of mechanistic signaling 

distinction which could factor into the known β-arrestin signaling bias of FFA4-L. In a 

follow-up study, siRNA-mediated knockdown of GRK isoforms revealed that the GRK6 

isoform is responsible for homologous desensitization in FFA4-S, and that simultaneous 

knockdown of three residues in the C-terminal tail (Thr347, Ser350, and Ser357) 

effectively abrogated agonist-mediated phosphorylation of FFA4-S and subsequent β-

arrestin recruitment (Burns 2014). In the same study, Burns et al revealed that PKC 

mediated heterologous phosphorylation of FFA4-S. Using a more sensitive mass 

spectroscopy approach, Butcher et al 2014 demonstrated that in addition to the three 

residues previously discovered, Thr349 and Ser360 also contributed to the phosphorylation 

of the receptor, and removal of all five phosphorylation sites did not fully stop interaction 
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with β-arrestin-2. The same study showed three acidic residues (Glu341, Asp348, and 

Asp355) within the C-terminus served to provide additional negative charge for the stable 

recruitment of β-arrestin, and only the removal of all of the previously discovered residues 

by truncating the C-terminal tail after Pro340 completely abolished β-arrestin interactions 

(Butcher 2014). In a follow-up study, Prihandoko et al separated the phosphosensor of 

FFA4-S into two clusters based on neighboring residues of phosphorylation: Thr347, 

Thr349, Ser350 as cluster 1, and Ser357 and Ser361 as cluster 2. It was discovered that 

while elimination of all five residues created the greatest amount of β-arrestin 2 inhibition, 

cluster 2 displayed a statistically greater contribution than cluster 1. Additionally, cluster 

1 demonstrated an important role in β-arrestin 2-mediated Akt signaling through FFA4-S, 

while ERK1/2 signaling is mediated via Gαq/11 without any influence of receptor 

phosphorylation (Prihandoko 2016). The residues composing the phosphosensor for FFA4-

L have not yet been discovered, and will be addressed in this work. 

 

 

 

Figure 10. FFA4-S Phosphosensor. FFA4-S phosphosensor begins after Pro340. Phospholabile residues are 

shown in yellow and acidic residues are shown in red. 
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FFA4 β-arrestin-mediated Signaling 

 Watson et al compared β-arrestin 2 recruitment to FFA4-S and FFA4-L, finding 

that both isoforms of the receptor yielded nearly identical pEC50 for synthetic agonist 

GW9508 and endogenous agonist oleic acid (OA). Interestingly, while the kinetics for β-

arrestin recruitment were identical between FFA4-S and FFA4-L for GW9508, FFA4-L 

displayed a slower response to OA in terms of β-arrestin 2 recruitment kinetics, requiring 

double the amount of time to reach peak response (Watson 2012). While both FFA4-S and 

FFA4-L can signal through β-arrestin, the majority of studies highlighting the importance 

of β-arrestin mediated signal through FFA4 only use models known to express the short 

isoform. As mentioned previously, the profound anti-inflammatory effects of FFA4 

agonism typically result from receptor signaling on macrophages. Indeed, it was found that 

siRNA-mediated knockdown of β-arrestin 2 abolished anti-inflammatory effects in RAW 

264.7 macrophages (Oh 2010). Additionally, β-arrestin 2 contributes to FFA4-mediated 

reduction of proinflammatory IL-1β production and secretion, and is fully responsible for 

blocking NF-κB translocation in macrophages (Williams-Bey 2014). Finally, confocal 

microscopy reveals that both FFA4-S and FFA4-L agonist-induced endocytosis targets the 

receptors to late endosomes for lysosomal degradation rather than recycling, with no 

difference in time-course or concentration response to both OA and GW9508 (Watson 

2012). Interestingly, a study exploring the pharmacology of synthetic and selective FFA4 

agonist TUG-891 demonstrated rapid recycling of the receptor 60 minutes post agonism, 

suggesting this synthetic agonist results in endosomal trafficking to recycling endosomes 

rather than late endosomes (Hudson 2013). This once again reaffirms that intracellular 

responses may vary based on ligand, and more importantly suggests TUG-891 can provide 
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sustained FFA4-mediated signaling without loss of receptor from repeated agonism. 

Interestingly, while both FFA4-S and FFA4-L were shown to modulate phorbol 12-

myristate 13-acetate (PMA) induced reactive oxygen species (ROS) generation in 

macrophages, this activity was eliminated upon eliminating β-arrestin recruitment to 

FFA4-S, but not FFA4-L (Cheshmehkani 2017). Additionally, (LPS) induced NF-κB 

activity and ERK1/2 phosphorylation in these macrophages were shown to be a G protein-

mediated effect in FFA4-S, and were absent in FFA4-L, once again reaffirming the lack of 

G protein-mediated signaling in the long isoform (Cheshmehkani 2017). Taken together, 

these results show distinct signaling consequences for agonism of FFA4-S vs FFA4-L.  

 

Figure 11. Summary of FFA4 signal transduction. G protein-mediated signaling depends on cellular model. 

β-arrestin 2-mediated signaling leads to different endosomal trafficking fates depending on agonist used. 

Further details and sources present in text.  
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CHAPTER 3 

COMPARISON OF AGONIST-INDEPENDENT AND AGONIST-MEDIATED 

PHOSPHORYLATION OF FFA4-S VS. FFA4-L 

Introduction 

FFA4 is a rhodopsin-like GPCR which has shown profound potential to modulate 

energy homeostasis, insulin resistance, and systemic inflammation, resulting in it 

becoming a very attractive drug target (Moniri 2016). While FFA4 can be translated into 

either a short or long isoform, the majority of the research focuses exclusively on FFA4-S. 

The major known signaling difference between these 2 receptors is the intrinsic bias 

towards β-arrestin recruitment in FFA4-L (Watson 2012). Although β-arrestin was shown 

to be necessary for anti-inflammatory effects in macrophages (Oh 2010), FFA4-L is not 

expressed in these cells and may play a different role in colorectal tissue. Additionally, 

studies demonstrating FFA4 expression and associated tumorigenesis in multiple cancer 

models did not differentiate whether FFA4-S or FFA4-L isoform was expressed. It has 

been previously shown that there is no significant difference in rate or measurable degree 

of phosphorylation between FFA4-S and FFA4-L, but that FFA4-S has a significantly 

higher degree of basal phosphorylation (Burns 2010). Since receptor phosphorylation 

governs β-arrestin recruitment to GPCRs, this work aims to compare homologous and 

heterologous phosphorylation between the two isoforms, as well as the residues composing 

the phosphosensor in each isoform. Since the additional 16 amino acid insert in ICL3 of 
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FFA4-L may alter the conformation of the receptor, it is probable that FFA4-L may have 

a distinct profile of kinase recognition that is absent in FFA4-S, or contain a unique 

phosphorylation profile resulting in signal transduction exclusive to FFA4-L. 

Methods and Materials 

Cell Culture and Transfection 

 Human embryonic kidney cells (HEK-293) were cultured in 100 mm tissue culture 

plates in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin-streptomycin in a humidified atmosphere with 5% 

CO2 at 37°C. Transient transfection of C-terminal FLAG epitope-tagged FFA4-S or FFA4-

L in pcDNA3.1 was performed using LipoD293 reagent (Signagen Laboratories, 

Gaithersburg, MD) per manufacturer instructions using 5 microgram plasmid DNA in 100 

mm dishes. Experiments were performed 48 hours post transfection. Co-transfection with 

histamine H1R receptor (purchased from Missouri S&T cDNA Resource Center) was 

conducted similarly using 5 microgram of FFA4 variant along with 2 microgram H1R 

cDNA in pcDNA3. 

Prediction of kinase phosphorylation sites and site-directed mutagenesis of FFA4 

 Prediction of putative consensus sequences for GRKs, PKA, and PKC were 

generated using Predphospho (National Institute of Health, National Genome Research 

Institution, S. Korea) and Netphos (Center for Biological Sequence Analysis, Technical 

University of Denmark) software, which use amino acid consensus sequences as guides for 

kinase phosphorylation prediction. Putative sites of phosphorylation identified by the 

software were removed via polymerase chain reaction (PCR)-driven point mutation with 
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the QuikChange II XL Site-Directed Mutagenesis kit (Agilent, Santa Clara, CA) using 

primers synthesized to replace a single serine or threonine residue to a non-phospho-labile 

alanine residue in both FFA4-S and FFA4-L isoform constructs. Truncation of FFA4-S and 

FFA4-L was accomplished using sequential overlap primer PCR-driven mutagenesis with 

QuikChange II XL Site-Directed Mutagenesis kit (Agilent, Santa Clara, CA). Resulting 

mutants were sequenced prior to use to verify sequence integrity and correct mutations 

(MCLab, South San Francisco, CA). 

siRNA-mediated knockdown of GRKs and verification 

siRNA-mediated knockdown of individual GRK isoforms was accomplished using 

sequences previously published (Ahn 2004, Ren 2005). The siRNA was chemically 

synthesized as duplexes (Sigma-Aldrich, The Woodlands, TX), and 20 micrograms of 

siRNA or scramble control was co-transfected along with 5 micrograms of FFA4-S or 

FFA4-L into HEK293 cells. Cells were assessed for GRK knockdown specificity via 

immunoblotting 72 hours post transfection. Briefly, immunoblotting was conducted by 

arresting cell processes via ice cold wash with phosphate buffer saline (PBS), followed by 

lysis at 4°C in RIPA buffer (50 mM Tris-HCL, 150 mM NaCl, 5 mM EDTA, 1% Nonidet 

P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 10 mM NaF, 10 

mM Na2HPO4, pH 7.4) supplemented with a HALT Protease Inhibitor Cocktail (Thermo-

Fischer, Waltham, MA) plus phenylmethylsulfonyl fluoride (PMSF). Cell lysate was 

separated from non-soluble material via centrifugation, and protein concentrations were 

standardized using a modified-Lowry protein assay (Pierce, Rockford, IL). Equal protein 

concentrations were within the lysate were resolved using electrophoresis on 10% Tris-

glycine SDS-PAGE gels followed by transfer to PVDF membranes, which were 
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subsequently blocked in 3% milk in Tris-buffered saline with Tween-20 (TBST) and 

immunoblotted with primary antibodies specific for individual GRK isoforms (Santa Cruz 

Biotechnology, Santa Cruz, CA). Following incubation with complementary HRP-

secondary antibodies, GRK isoforms were detected via chemiluminescence. Blots were 

stripped in glycine IgG stripping buffer (25 mM glycine, 1% SDS, pH 2.0) at 50° C for 30-

45 minutes and re-probed using antibodies against β-actin (Santa Cruz Biotechnology, 

Santa Cruz, CA) to confirm equal protein loading. 

 

Table 1. siRNA sequences used to knockdown expression of endogenous GRKs 

 

Whole cell phosphorylation assay 

48 hours following transfection, HEK293 cells were starved in phosphate-free DMEM 

for 75 minutes, followed by supplementation with 0.2 mCi H3
32PO4 (Perkin Elmer 

Waltham, MA) for 45 minutes, then stimulated as described. Following treatment, cells 

were lysed at 4 °C in RIPA/protease inhibitor cocktail for 60 min and then diluted with 

detergent-free RIPA buffer prior to centrifugation at 14,000 × g for 15 min at 4 °C. Lysate 

protein content was assessed using the DC Protein Assay (Bio-Rad, Hercules, CA) and 

equivalent protein concentrations (1.0–1.5 mg/ml) were immunoprecipitated overnight at 

4 °C with anti-FLAG M2 antibody (Sigma Aldrich, St. Louis, MO) and protein G-agarose 



40 
 

 
 

beads (Santa Cruz Biotechnology, Santa Cruz, CA). Beads were washed three times with 

RIPA buffer and proteins eluted by addition of 1× SDS-sample buffer with 2.5% β-

mercaptoethanol followed by resolution by SDS-PAGE. Gels were then dried and 

subjected to autoradiography at −80 °C to detect 32P incorporation. 

Cell surface expression assay 

Cell surface expression of wild-type and mutant FLAG-FFA4 receptors was assessed 

by cell surface biotinylation followed by immunoblotting. Briefly, cell surface proteins 

were biotinylated using the cell-impermeable biotinylating agent Sulfo-NHS-SS-Biotin, 

based on the manufacturer's directions (Thermo Scientific Pierce, Rockford, IL). Cells 

were washed three times in ice-cold PBS (pH 8), followed by tumbling for 2 hours in the 

presence of 2 mM sulfo-NHS-SS-Biotin at 4 °C. Excess biotin was subsequently quenched 

by triplicate washes in ice-cold PBS/0.1 M glycine (pH 8) and cells were solubilized in 

RIPA buffer as described for phosphorylation assays. Lysates were standardized, an aliquot 

reserved, and equivalent protein concentrations tumbled overnight at 4 °C with 30 μl of 

streptavidin-agarose (Thermo Scientific Pierce) to pull-down biotinylated proteins. Beads 

were washed three times in wash buffer (50 mM Tris–HCl, 150 NaCl, 5 mM EDTA, 0.5% 

Triton-X-100) and proteins eluted in 2× SDS-sample buffer with 2.5% 2-

mercaptoethanol/0.1 M DTT to uncouple the biotinylated proteins from the beads. 

Samples, as well as the corresponding reserved inputs were subjected to SDS-PAGE, 

transferred to PVDF membranes and immunoblotted with anti-FLAG antibody to detect 

biotinylated, cell surface-expressed FFA4 receptors.  
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Data Analysis 

Autoradiographic data were quantified by densitometric analysis within the calibrated 

linear range using NIH Image J (Bethesda, MD) and graphed using Graphpad Prism 3.0 

(San Diego, CA). Data are expressed as mean ± S.E.M. for representative experiments 

repeated at least three independent times. Where not visible, error bars fall within the 

symbol size. Statistical analysis was performed, as appropriate, either by one-way analysis 

of variance and post hoc Tukey's test or by Student's t-test using Graphpad Instat (San 

Diego, CA). Statistical significance is represented as a single symbol for p < 0.05, a double 

symbol for p < 0.01, and a triple symbol for p < 0.001, as noted in the figure legends. 

Results 

Homologous Phosphorylation is mediated by GRK 6 for both FFA4-S and FFA4-L 

 HEK293 cells express all four ubiquitous GRK isoforms (GRKs 2, 3, 5, and 6) (Ren 

2005). Previously, FFA4 agonism was demonstrated to result in rapid and transient 

phosphorylation of both FFA4-S and FFA4-L in HEK293 cells (Burns 2010). In order to 

determine which GRK isoforms are capable of recognizing and phosphorylating FFA4-S 

and FFA4-L, we employed individual siRNA-mediated knockdown of all four ubiquitously 

expressed GRK isoforms. siRNA sequences and transfection methodology were obtained 

from the literature (Ahn 2004, Ren 2005), and we verified GRK knockdown via 

immunoblotting. Each isoform’s expression was reduced at least 70% during the time 

window at which we assayed agonist-mediated FFA4-S and FFA4-L phosphorylation in 

these cell lines, with no detectable nonspecific effects resulting in concomitant reduction 

in unintended GRK isoforms (Figure 12). 
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Having established the specificity of the knockdown model, we co-transfected GRK 

isoform-specific siRNA with FFA4-S or FFA4-L to test whether agonist-mediated 

phosphorylation is effected by the knockdown of any individual GRK isoform. 

Transfection of scrambled siRNA served as a control for the effect of transfection on 

receptor phosphorylation. Results demonstrate that for both FFA4-S and FFA4-L, 

knockdown of GRK 2, 3, or 5, did not reduce DHA-mediated receptor phosphorylation 

below scramble control. However, knockdown of GRK 6 resulted in attenuation of DHA-

mediated receptor phosphorylation to approximately basal levels, suggesting that GRK 6 

plays a major role in homologous desensitization of both FFA4-S and FFA4-L in HEK293 

cells (Figure 12). 

 

 

Figure 12: GRK mediated phosphorylation of FFA4. (A) Validation of siRNA-mediated knockdown of 

endogenous GRK isoforms in HEK293 cells with GRK-specific antibody immunoblot with β-actin loading 

control. (B) DHA-mediated (100µM, 5 min) phosphorylation is visibly attenuated in only GRK6 knockdown 

HEK293 cells shown via whole cell phosphorylation assay. Representative autoradiographs shown of four 

independent experiments 
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Heterologous phosphorylation is mediated by PKC for both FFA4-S and FFA4-L 

 Since receptor desensitization can occur from the result of kinase activity triggered 

by a separate receptor, we aimed to test whether common secondary messenger-activated 

kinases PKA and PKC are capable of recognizing and phosphorylating FFA4-S and FFA4-

L. Both PKA and PKC have established inhibitors and inducers in the literature. We used 

PKA activator forskolin (FSK) and PKC activator phorbol-12-myristate-13-acetate 

(PMA), as well as PKA inhibitor N-[2-[[3-(4-Bromophenyl)-2-propenyl]amino]ethyl]5-

isoquinolinesulfonamide dihydrochloride (H89) and PKC inhibitor bisindolylmaleimide II 

(BIMII). Treatment with PKA activator FSK (10 µM, 20 minutes) or PKA inhibitor H89 

(10 µM, 20 minutes) had no effect on the phosphorylation of either FFA4-S or FFA4-L, 

suggesting this kinase plays no role in heterologous phosphorylation for either isoform. 

Meanwhile, treatment with PKC inducer PMA (1 µM, 20 minutes)  increased FFA4-S 

phosphorylation to 150% basal levels, and FFA4-L phosphorylation to 177% basal levels 

(p < 0.0005 and <0.0001 respectively). Additionally, PKC inhibitor BIMII (10 µM, 20 

minutes) reduced FFA4-S phosphorylation to 76% of basal levels, and FFA4-L 

phosphorylation to 74% basal levels (p <0.0001 and < 0.01 respectively) confirming PKC 

recognizes and actively phosphorylates both isoforms of FFA4 (Figure 13). In the presence 

of BIMII, PMA was unable to phosphorylate either isoform, confirming PKC as the kinase 

responsible for heterologous phosphorylation. Additional combinations of inhibitors and 

inducers were tested to ensure validity of the results. Notably, PKA inducer FSK combined 

with PKC inhibitor BIMII mimicked the results previously described with using BIMII 

alone, and combination of PKA inhibitor H89 with PKC inducer PMA yielded the expected 

increase in receptor phosphorylation from PMA use alone (Figure 13). Importantly, 
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summary analysis of all experiments demonstrate FFA4-L not only displays lower degrees 

of basal phosphorylation compared to FFA4-S, but is only not dependent on PKC for 

maintaining its basal phosphorylation, as treatment with BIMII decreased FFA4-S 

phosphorylation below its basal levels, an observation which is absent for FFA4-L (Figure 

13B). 

Since pharmacological inducers and inhibitors artificially modulate signal transduction 

in a manner that isn’t relevant endogenously, we tested our results in a more 

physiologically relevant by employing co-transfection of the histamine H1 receptor (H1R), 

which is a known Gαq/11 coupled GPCR that activates PKC upon agonism. Indeed, 

histamine stimulation (10 µM, 10 minutes) of HEK293 cells co-transfected with H1R along 

with either FFA4-S or FFA4-L resulted in phosphorylation of both FFA4-S and FFA4-L, 

which was attenuated when pre-treated with PKC inhibitor BIMII. These results validate 

the data obtained via pharmacological inducers and inhibitors, and further confirm PKC-

mediated heterologous phosphorylation of FFA4-S and FFA4-L. Notably, FFA4-L 

heterologous phosphorylation is more sensitive to PKC activity as seen by the dramatic 

decrease of receptor phosphorylation upon BIMII treatment (Figure 14).  
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Figure 13: Heterologous phosphorylation of FFA4. (A) PKA activation by FSK (1µM, 20 min) and inhibition 

by H89 (10µM, 20 min) did not demonstrate visible differences from control, whereas PKC activation by 

PMA (1µM, 20 min) increased phosphorylation while inhibition of PKC by BIMII (10µM, 20 min) decreased 

phosphorylation in both FFA4-S and FFA4-L. Representative autoradiographs shown of four independent 

experiments. (B) Bar graph summary of heterologous phosphorylation demonstrates FFA4-L has lower basal 

phosphorylation compared to FFA4-S, and is not dependent on PKC for maintaining basal phosphorylation. 

Statistical significance determined via one-way analysis of variance with Tukey’s post hoc comparison, *** 

denoting p < 0.001 vs. complimentary experimental group FFA4-L vs. FFA4-S 

 

Heterologous phosphorylation was also tested in a model using FFA4-S and FFA4-L co-

transfected with Gαs/PKA coupled receptor β2AR with no observed increase in FFA4-S or 

FFA4-L phosphorylation (data not shown). 

 

Figure 14. PKC phosphorylation of FFA4-S and FFA4-L induced by agonism of the H1R receptor system. 

To verify PKC-mediated heterologous phosphorylation of FFA4 isoforms, HEK293 cells co-expressing 
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FFA4-S or FFA4-L with histamine H1R were stimulated with histamine. Agonism of H1R results in potent 

phosphorylation of both FFA4-S and FFA4-L. Histamine induced heterologous phosphorylation can be 

blocked by BIMII, confirming the role of PKC in heterologous phosphorylation of both FFA4 isoforms. 

 

Identification of the phosphosensor for FFA4-S 

Having deciphered that the same kinases recognize and phosphorylate both FFA4 

isoforms, we aimed to discover whether a difference exists in their phosphosensor in an 

effort to explain the intrinsic β-arrestin signaling bias of FFA4-L. Utilizing kinase 

consensus sequences and computational proteomic analysis software Predphospho and 

Netphos, we predicted sites of phosphorylation to be among Ser237, Thr242, and Ser250 

in ICL3, and Thr347, Ser350, and Ser357 in the C-terminal tail for FFA4-S. We tested 

these individual foci utilizing site-directed mutagenesis and whole-cell phosphorylation 

assays. Changing putative phospho-labile residues to non-phospho-labile alanine residues 

for S237A, T242A, S250A, and T349A resulted in the same degree of DHA-induced 

phosphorylation as wild-type (WT) FFA4-S, suggesting these residues play no role in 

agonist-mediated phosphorylation for the short isoform. Meanwhile, T347A, S350A, and 

S357A all demonstrated a reduction in DHA-mediated phosphorylation compared to WT 

FFA4-S (166 ± 0.7%, 115 ± 20%, and 79 ± 4.9% of WT FFA4 + DHA, respectively; p< 

0.01, p < 0.001, and p < 0.001). We have previously shown DHA-mediated FFA4-S 

phosphorylation increases two-fold over basal levels (Burns 2010). Additionally, pre-

treatment with BIMII further reduced the DHA-mediated response of all three mutants (108 

± 7%, 90 ± 12%, and 65 ± 4.9% of control, respectively), suggesting a PKC contribution 

to agonist-mediated GRK 6 phosphorylation. This is unsurprising in that FFA4 is a Gαq/11 

coupled GPCR in these cell lines which results in downstream PKC activation upon 
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agonism. Notably, BIMII resulted in complete inhibition of phosphorylation of the S350A 

and S357A mutants, but incomplete inhibition of the S347A mutant. 

To further test the PKC contribution to receptor phosphorylation, we tested each mutant 

with PKC activator PMA in the presence and absence of PKC inhibitor BIMII. Results 

demonstrate that while PMA is capable of inducing phosphorylation in T347A, S350A, 

and S357A mutants, the maximal level of PMA-induced phosphorylation is significantly 

reduced (141 ± 2%, 123 ± 8%, and 91 ± 9%, respectively (p > 0.05, p < 0.05, p < 0.01 

versus WT+DHA, respectively), while WT-FFA4-S reached 171 ± 8% of unstimulated 

control; p< 0.01 for PMA. Pre-treatment with BIMII further reduced the PMA effect 

consistent with PKC-mediated phosphorylation. Taken together, these results demonstrate 

that while both GRK 6 and PKC can phosphorylate FFA4-S at Thr347, Ser350, and Ser350, 

GRK 6 has a greater influence on Thr347 while both GRK 6 and PKC contribute equally 

to phosphorylation of Ser350 and Ser357. 

In order to view the additive contribution of each site to FFA4 phosphorylation, we 

created a T347A/S350A/S357A triple mutant and assessed its capacity to be 

phosphorylated by both DHA and PMA. Indeed, the triple mutant showed no appreciable 

phosphorylation in response to either DHA or PMA compared to WT-FFA4-S, thereby 

validating these three sites as the major foci of phosphorylation by both kinases. To ensure 

that the lack of inducible phosphorylation was not a consequence of decreased cell surface 

expression of the mutants compared to WT-FFA4-S, we employed a cell surface 

biotinylation assay to visualize expression of FFA4-S and each individual phospho-

defective mutant as well as the triple mutant. Results demonstrate all FFA4 mutants 
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expressed appreciably to the cell surface and do not vary significantly from expression of 

WT-FFA4-S. 

 

Figure 15.  Phosphorylation of FFA4-S occurs at Thr347, Ser350, and Ser357.  (A) DHA-mediated 

phosphorylation of WT-FFA4 and single mutants S237A, T242A, S250A, and T349A show that these sites 

do not alter phosphorylation. (B-E) DHA and PMA-mediated phosphorylation of WT, T347A, S350A, and 

S357A shows these mutants to have statistically lower degrees of phosphorylation which are partially 

inhibited when adding BIMII. (F) T347A/S350A/S357A triple mutant (TM) is demonstrated to be fully 

phosphodefective when stimulated by DHA and PMA compared to WT. (G) Cell-surface biotinylation of 

WT-FFA4 and TM-FFA4 reveal no difference in expression between WT and the mutants. 

 

Identification of the phosphosensor for FFA4-L 

 As mentioned previously, the structural difference between the two isoforms of 

FFA4 exists as an additional 16 amino acid insert in ICL3 of FFA4-L. Initial assessment 

of mutants for FFA4-L revealed that predicted phosphorylation foci in FFA4-L did not 

match those discovered in FFA4-S. Notably, mutant S366A did not result in any decrease 

in PMA-induced phosphorylation below that of WT-FFA4-L. A separate group further 

characterized the phosphosensor in FFA4-S. In addition to the three residues we 
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discovered, they found that Thr349 and Ser360 also contributed to the phosphorylation of 

the receptor, and removal of all five phosphorylation sites did not fully stop interaction 

with β-arrestin-2 (Butcher 2014). The same study showed three acidic residues (Glu341, 

Asp348, and Asp355) within the C-terminus served to provide additional negative charge 

for the stable recruitment of β-arrestin, and only the removal of all of the previously 

discovered residues by truncating the C-terminal tail after Pro340 completely abolished β-

arrestin interactions (Butcher 2014). Interestingly, our initial results suggest that FFA4-L 

mutant T365A (present as Thr349 in FFA4-S) plays no role in FFA4-L PMA-induced 

phosphorylation, further demonstrating that the individual foci of phosphorylation are 

different in FFA4-S and FFA4-L. However, we hypothesized that all phosphorylation foci 

in FFA4-L are present in the same C-terminal region demonstrated by Butcher et al. Using 

sequential overlap primer PCR-driven deletions, we created a mutant of FFA4-L truncated 

after Pro356 (FFA4-L-Δ356), complementary to the truncated mutant after Pro340 

demonstrated by Butcher et al. Indeed, FFA4-L-Δ356 was not visibly phosphorylated in 

response to DHA or PMA, demonstrating not only that all foci for phosphorylation for 

FFA4-L are present in the same region of the C-terminal tail as FFA4-S, but that the 

additional serine and threonine residues present in ICL3 insert for FFA4-L do not 

contribute additional foci for phosphorylation in the long isoform. 
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Figure 16: Identification of the FFA4-L Phosphosensor. (A) PMA-mediated (1µM, 20 min) 

phosphorylation of wild-type FFA4-L (WT) and mutants S253A, T258A, S266A, T365A, and S366A 

shows no significant decrease from WT phosphorylation suggesting these sites are not involved in 

phosphorylation. (B) Truncation of the C-terminal tail at past position 356 created a FFA4-L mutant 

incapable of being phosphorylated by DHA or PMA. 

 

Discussion 

 It has been previously demonstrated that both FFA4-S and FFA4-L undergo 

phosphorylation following agonism with n-3 fatty acids DHA and ALA, with no significant 

differences in degree of induced phosphorylation, but with noted greater basal 

phosphorylation in FFA4-S compared to FFA4-L (Burns 2010). Herein, we explored 

homologous and heterologous kinase profiles for both isoforms of the receptor and 

additionally deciphered residues and regions composing the phosphosensor for each 

isoform. 

Utilizing a siRNA based approach to reduce endogenous GRK isoform expression 

individually, we show that agonist-mediated phosphorylation only involves GRK 6 for 

both FFA4-S and FFA4-L (Figure 12). Interestingly, it has been previously demonstrated 

that loss of GRK 6 increased the chronicity and severity of experimental colitis in mice 

models, which was accompanied by increased CD4+/CD8+ macrophage infiltration and 

pro-inflammatory cytokine concentrations (Eijkelkamp 2007). This is of particular interest 

because FFA4 is expressed in both colorectal tissue and macrophages, and as mentioned 

previously, FFA4-mediated anti-inflammatory effects through macrophages result from β-

arrestin mediated signaling which is dependent on GRK phosphorylation. 

Regarding heterologous phosphorylation, the presence or absence of PKA and PKC 

activity on FFA4 isoforms was tested via the use of inducers and inhibitors, followed by 
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verification using co-transfection experiments. PKA inducer forskolin was unable to 

increase FFA4-S or FFA4-L phosphorylation beyond basal levels, and PKA inhibitor H89 

was unable to decrease basal phosphorylation in either isoform. These results demonstrate 

that PKA does not phosphorylate the receptor and is not involved in maintaining its basal 

state of phosphorylation. Treatment with PKC activator PMA resulted in robust 

phosphorylation of FFA4-S and FFA4-L, while treatment with PKC inhibitor not only 

inhibited the PMA-induced phosphorylation, but additionally decreased receptor 

phosphorylation below the basal state when used alone (Figure 13). Taken together, these 

data demonstrate that PKC plays a role in heterologous phosphorylation of both FFA4-S 

and FFA4-L, and in maintaining the basal state of phosphorylation for both receptors. 

These results were verified with co-transfection with H1R, which is known to activate PKC 

upon agonism with histamine (Figure 14). Interestingly, FFA4-L was more sensitive to 

BIMII, with its phosphorylation being reduced below basal levels, while FFA4-S 

phosphorylation was reduced back to basal levels, suggesting PKC may contribute 

significantly to the basal phosphorylation state of FFA4-L.  

Interestingly, we observed that PKC inhibition by BIMII, but not GRK knockdown 

decreased basal phosphorylation in FFA4 (Figure 12B/13), demonstrating that PKC plays 

a significant role in maintaining basal phosphorylation for both isoforms of FFA4, and 

subsequently suggesting that FFA4 sensitization is influenced by ongoing intracellular 

signal transduction. Furthermore, we observed that BIMII treatment reduced DHA-

mediated phosphorylation in FFA4-S (Figure 15B), suggesting that both PKC and GRK 6 

contribute to agonist-mediated phosphorylation of FFA4-S. It has been previously 

demonstrated that homologous phosphorylation via GRKs is independent of agonist-



52 
 

 
 

induced secondary messenger signals for a variety of Gαq/11 coupled receptors including 

α1B-adrenergic (Lattion 1994), muscarinic M1 (Waugh 1999) and M3 (Tobin 1993), and 

B2 bradykinin (Blaukat 1996). While we did not observe a complete loss of DHA-induced 

phosphorylation upon GRK 6 knockdown, this observation can be attributed to the PKC 

contribution mentioned earlier. Indeed, similar observations of GRK and PKC cooperation 

towards phosphorylating Gαq/11 coupled receptors have been reported for angiotensin II-

1A (Oppermann 1996), platelet-activating factor (Ali 1994), and cholecystokinin (Gates 

1993) receptors. 

Since there wasn’t a difference in kinases responsible for homologous and heterologous 

phosphorylation of FFA4-S and FFA4-L, we hypothesized that residues targeted for 

phosphorylation may be different between the two isoforms of FFA4. We previously used 

software and proteomic data to predict sites of phosphorylation, and demonstrated using 

mutagenesis and whole cell phosphorylation assays that for FFA4-S, DHA and PMA-

mediated phosphorylation primarily targets Thr347, Ser350, and Ser357 (Burns 2014). 

Using a more sensitive mass spectroscopy approach, it was revealed that Thr349 and 

Ser360 also contributed to the phosphorylation of the receptor, and removal of all five 

phosphorylation sites did not fully stop interaction with β-arrestin-2 (Butcher 2014). 

Additionally, three acidic residues (Glu341, Asp348, and Asp355) within the C-terminus 

served to provide additional negative charge for the stable recruitment of β-arrestin, and 

only the removal of all of the previously discovered residues by truncating the C-terminal 

tail after Pro340 completely abolished β-arrestin interactions (Butcher 2014). Interestingly, 

our mutagenesis data suggest that FFA4-L mutants S366A (present as Ser350 in FFA4-S) 

and T365A (present as Thr349 in FFA4-S) play no role in FFA4-L PMA-induced 
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phosphorylation. This immediately demonstrates that FFA4-L has a different profile of 

phospho-labile foci from FFA4-S, which may explain differences in signal transduction 

between the two isoforms. It has been demonstrated previously that different agonists 

working on the same receptor may induce phosphorylation of different foci profiles, 

thereby creating “barcodes” that ultimately result in separate intracellular signaling 

outcomes (Zidar 2009). Since FFA4-S and FFA4-L do not align in terms of which residues 

are phosphorylated, it is certainly plausible that this observation may account for their 

different behaviors in terms of signal transduction. Regardless of which foci are 

phosphorylated, we did demonstrate using a truncated FFA4-L-Δ356 mutant that FFA4-L 

foci are localized within the same C-terminal region previously reporter for FFA4-S 

(Figure 16B). These results will be further reinforced in β-arrestin recruitment data in the 

following chapter.
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CHAPTER 4 

INVESTIGATION OF β-ARRESTIN 2 INTERACTION IN FFA4-S AND FFA4-L 

WILD-TYPE AND PHOSPHO-DEFECTIVE MUTANTS 

Introduction 

 β-arrestin mediated signaling is of paramount importance for FFA4-induced anti-

inflammatory signaling in macrophages (Oh 2010). While only FFA4-S is endogenously 

expressed in macrophages, we have previously shown that DHA and TUG-891 agonism of 

FFA4-L exogenously transfected into RAW 264.7 macrophages results in significant 

reduction of COX-2 expression and PMA-induced ROS generation, mimicking effects of 

FFA4-S agonism (Cheshmehkani 2017). It was previously known that FFA4-S decreased 

COX-2 expression via β-arrestin in macrophages (Li 2013). Surprisingly, while phospho-

defective FFA4-S-Δ340 significantly lost its capacity for reducing PMA-induced ROS 

generation and COX-2 expression, the loss of the C-terminal tail for FFA4-L did not seem 

to play a role in these effects as FFA4-L-Δ356 decreased ROS generation and COX-2 

expression to the same degree as its Wild-Type counter-part (Cheshmehkani 2017). This 

observation turns attention towards the 16 amino acid insert in FFA4-L and whether or not 

it can play a role in sustaining β-arrestin recruitment, despite the loss of the phosphosensor 

in the C-terminus. 

 In order to determine the capacity of FFA4-L and FFA4-L-Δ356 to interact with β-

arrestin, we employed Bioluminescence Resonance Energy Transfer (BRET) as the
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technique of choice due to its ability to quantitatively measure protein-protein interactions 

in real time, in live cells. Resonance energy transfer (RET) methods operate off tagging 

one protein of interest to an energy donor, and a second protein of interest to an energy 

acceptor, followed by detection of energy transfer. Importantly, the donor and acceptor 

must be in close proximity (<10 nm) for energy transfer to take place (Couturier 2012). 

Additionally, the energy donor emission wavelength must overlap with the energy 

acceptor’s excitation wavelength. In the BRET method, the energy donor is a 

bioluminescent enzyme which converts its substrate to a luminescent signal, which 

subsequently excites a fluorescent tag of interest once close proximity is achieved. 

Importantly, BRET has several advantages over other RET-based assays. For example, it 

has 10-fold higher signal/noise ratio compared to Fluorescence Resonance Energy Transfer 

(FRET) (Arai 2001), and it has been demonstrated to accurately monitor protein-protein 

interactions using endogenous levels of proteins (Pfleger and Eidne 2003). Finally, BRET 

has been successfully used to monitor proteins of various cellular components, including 

soluble and transmembrane (Bacart 2008, Alvarez-Curto 2010), and it can measure 

interactions taking place in cytoplasm, nucleus, or internal membranes (Coulon 2008, Guan 

2009, Bacart 2010). 

 We employed the classical BRET donor-acceptor pair Renilla Luciferase (Rluc) 

and Yellow Flourescence Protein (YFP) (Xu 1999). Rluc oxidizes its substrate, 

coelenterazine, resulting in light emission peaking at 480 nm. This emission can then be 

transferred to YFP, which is excited at 485 nm and emits fluorescence peaking at 535 nm 

(Xu 1999). A BRET ratio of emissions 535 nm/485 nm provides a measure of energy 

transfer representing interaction between two tagged proteins of interest. Importantly, the 
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functionality of the BRET assay is highly dependent on expression of proper acceptor to 

donor ratio. A maximum BRET signal is created when all energy donors are coupled to 

energy acceptors. To maximize inducible BRET response, energy donors need to be 

expressed in the smallest amount possible which still provides a sustainable emission, 

while energy acceptors need to be expressed at higher levels to minimize background noise 

provided by free donors. However, this can become problematic because when energy 

acceptor concentrations reach a certain point, non-specific interactions will be formed from 

non-specific donor-acceptor interactions due to abundance of free energy acceptors. To 

avoid this phenomenon, any newly generated BRET constructs must undergo a donor 

saturation assay (DSA) (Figure 17). This experimentally determines an ideal donor-

acceptor ratio, typically chosen in a window along the middle of the curve, which can be 

induced to increase BRET response, and can also be reduced to demonstrate inhibition of 

BRET response, allowing real-time investigation of agonists, antagonists, and inverse 

agonists (Issad 2006). 

 

Figure 17. Schematic of a BRET Donor Saturation Assay (DSA) 
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Materials and Methods 

Generation of BRET Constructs 

The parent pSF-CMV-Rluc plasmid was obtained from Sigma-Aldrich (St. Louis, 

MO). FFA4-Renilla Luciferase (FFA4-Rluc) fusion proteins were generated by 

introducing corresponding restriction sites (ECORI and HINDIII) flanking the start codon 

and the position immediately prior to the stop codon in pcDNA3.1 FFA4 receptor isoform 

expression vectors using overlap primers and PCR-driven mutagenesis with the 

QuikChange II XL Site-Directed Mutagenesis kit (Agilent, Santa Clara, CA). Enzymatic 

cuts with ECORI and HINDIII restriction enzymes (New England Biolabs, Ipswich, MA) 

were used to both linearize the plasmid and create sticky ends in both the parent Rluc 

plasmid as well as FFA4 isoform inserts. Both plasmid and inserts were purified to remove 

enzymes and salts present in solution using e.Z.N.A. Gel Extraction Kit (Omega Bio-Tek, 

Norcross, GA). The purified DNA products were ligated using T4 DNA Ligase (Invitrogen, 

Carlsbad, CA) and all products were verified by DNA sequencing (MCLAB, San 

Francisco, CA).  β-arrestin 2 plasmid pGFP-(N1)-Topaz-rβarr2-eYFP was a kind gift from 

Dr. Michel Bouvier (University of Montreal). 

Verification of FFA4-Rluc Expression 

 Equivalent FFA4 mutant expression was tested by transfecting, as previously 

described, 1 µg FFA4-Rluc mutants into HEK293 cells grown to 85% confluency in 100 

mm dishes. 48 hours post-transfection, cells were washed three times with BRET buffer 

(140 mm NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 0.37 mM NaH2PO4, 24 mM 

NaHCO3, 25 mM HEPES, 0.1% Glucose, pH 7.4 (Issad 2006)), collected via 
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centrifugation, and resuspended in BRET buffer at a concentration of 1 x 106 cells/mL. 

Cells were loaded into a white 96-well plate at 50,000 cells/well and total luminescence 

was measured in the presence of 5 µM coelenterazine-h substrate (Promega, Madison, WI) 

using a Berthold Mithras LB 940 plate reader (Figure 18). 

 

Figure 18. Expression comparison of FFA4-Rluc Mutants.  

 

Donor Saturation Assay 

 Having established that FFA4-Rluc mutants are expressed to similar degrees, 

FFA4-S-Rluc was chosen as the model construct to undergo the donor saturation assay 

(DSA) due to its previously established capacity to generate a BRET signal with β-arrestin 

(Butcher 2014). DSA was conducted in 6-well dishes using 100 ng FFA4-S-Rluc vector 

and increasing concentrations of either unfused YFP (pcDNA-YFP) or βarr2-eYFP (0, 100, 

200, 500, 1000, and 2000 ng) vector transfections. BRET ratio was determined by 
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calculating the quotient of acceptor emission (535 nm) to donor emission (485 nm).  BRET 

signal was measured in the presence and absence of 100 µM DHA to determine optimum 

signal/noise resolution. Theoretically, increasing concentrations of empty YFP (pcDNA-

YFP) should result in a linear increase in unstimulated BRET signal, while increasing 

concentrations of βarr2-eYFP should approach an asymptotical maximum to denote 

saturation of donors due to forced unspecific interactions (Issad 2006). 

 

 

Figure 19. Donor Saturation Assay. (A) FFA4-S-Rluc paired with unfused YFP (pcDNA-YFP) responded 

to increasing concentrations of acceptor in a relatively linear fashion with no saturation observed at the 

highest concentrations of YFP. Stimulation with DHA (100 µM, 5 minutes) did not result in increased BRET 

signal in any donor-acceptor ratio pair. (B) FFA4-S-Rluc paired with β-arrestin 2-eYFP (βarr2-eYFP) 

responded to increasing concentrations of acceptor in a manner showing signal saturation around 1000 ng 

βarr2-eYFP. Stimulation with DHA (100 µM, 5 minutes) resulted in observed BRET signal for each sample 

containing βarr2-eYFP. (C) Net BRET signal was calculated by taking the difference between unstimulated 

and stimulated points for each individual acceptor-donor ratio pair, showing the net change in BRET signal. 

Donor saturation was observed at 1000 ng for FFA4-S-Rluc/βarr2-eYFP pairs. No BRET signal was observed 

for unfused YFP pairs.  
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Β-arrestin Recruitment Assay 

 BRET was conducted using DSA-determined donor-acceptor ratio 1:5 (FFA4-

Rluc:βarr2-eYFP). HEK293 cells were cultured in 100 mm tissue culture plates in 

Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin-streptomycin in a humidified atmosphere with 5% CO2 at 

37°C. Transient co-transfection of 1 µg FFA4-Rluc mutants with 5 µg βarr2-eYFP 

expression vectors were conducted using polyethylenimine (PEI) as previously described 

in literature (Longo 2013). 12 hours prior to BRET, cells were placed in FBS-free DMEM 

to remove FFAs and allow all FFA-mediated signaling to return to basal levels. 

Immediately prior to BRET, cells were washed three times with BRET buffer (140 mm 

NaCl, 2.7 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 0.37 mM NaH2PO4, 24 mM NaHCO3, 25 

mM HEPES, 0.1% Glucose, pH 7.4 (Issad 2006)), collected via centrifugation, and 

resuspended in BRET buffer at a concentration of 1 x 106 cells/mL. Cells were loaded into 

a white 96-well plate at 50,000 cells/well, incubated with 5 µM coelenterazine-h substrate 

(Promega, Madison, WI), drugged as described, and acceptor emission (535 nm) and donor 

emission (485 nm) was detected using a Berthold Mithras LB 940 plate reader. 

Data Analysis 

BRET response was reported as a ratio determined by calculating the quotient of 

acceptor emission (535 nm) to donor emission (485 nm). Data was imported, 

concentration-response curves were fitted to the pooled data points (mean ± SEM) by 

nonlinear regression, and EC50 was determined using Graphpad Prism 3.0 (San Diego, 

CA). Data are expressed as mean ± SD or ± S.E.M. for representative experiments repeated 
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at least three independent times. Where not visible, error bars fall within the symbol size. 

Statistical analysis was performed, as appropriate, either by one-way or two-way analysis 

of variance (ANOVA) and post hoc Bonferonni test using Graphpad Instat (San Diego, 

CA). Statistical significance is represented as a single symbol for p < 0.05, a double symbol 

for p < 0.01, and a triple symbol for p < 0.001, as noted in the figure legends. 

Results 

FFA4-S and FFA4-L equally recruit β-arrestin 2 in response to DHA agonism, which 

can be inhibited by selective non-competitive FFA4 antagonist AH-7614 

Both FFA4-S and FFA4-L recruit β-arrestin 2 in response to agonism by DHA with 

calculated EC50   values 28 and 40 µM, respectively, yielding comparable results to 

previously reported EC50 for DHA-mediated serum response element (SRE) reporter 

assays in FFA4-S (Oh 2010), and oleic acid-mediated calcium mobilization and β-arrestin 

2 recruitment in FFA4-S and FFA4-L (Watson 2012). Importantly, pre-treatment with 

selective and noncompetitive FFA4 antagonist AH-7614 resulted in significant inhibition 

of DHA-mediated β-arrestin 2 recruitment in both FFA4-S and FFA4-L (Figure 20). 
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Figure 20. FFA4-S and FFA4-L β-arrestin 2 Recruitment. (A) FFA4-S recruits β-arrestin 2 in response to 

agonism by DHA (5 minutes) with a calculated EC50 value of 28 µM, which can be inhibited by pre-treatment 

with selective and noncompetitive FFA4 antagonist AH-7614. Each data point represents mean ± SEM of 

three independent experiments performed in triplicate. (B) FFA4-L recruits β-arrestin 2 in response to 

agonism by DHA with a calculated EC50 value of 40 µM, which can be inhibited by pre-treatment with 

selective and noncompetitive FFA4 antagonist AH-7614. Each data point represents mean ± SEM of three 

independent experiments performed in triplicate. 

 

FFA4-L requires its C-terminal phosphosensor for β-arrestin 2 recruitment 

It has been previously shown that truncation of FFA4-S after amino acid 340 (FFA4-

S-Δ340) prevented β-arrestin recruitment in response to agonism by TUG-891 without 

affecting its capacity for G protein-mediated signaling (Butcher 2014). In this study, we 

wanted to determine whether the same C-terminal phosphosensor removal can prevent β-

arrestin 2 recruitment to FFA4-L. Using BRET, we found that unlike FFA4-L, FFA4-L-

Δ356 fails to induce β-arrestin 2 recruitment in response to DHA agonism, demonstrating 
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the importance of the C-terminal phosphosensor in promoting β-arrestin recruitment 

(Figure 21). Importantly, the additional 16 amino acid insert responsible for distinguishing 

FFA4-S from FFA4-L did not serve to preserve β-arrestin recruitment in the absence of the 

C-terminal phosphosensor. Notably, FFA4-L-Δ356 demonstrated a BRET signal in 

response to agonism with 100 μM DHA which was 27% of the maximum response 

generated by its WT FFA4-L counterpart, while FFA4-S-Δ340 did not generate any 

comparable response compared to its WT FFA4-S counterpart, although the difference 

between the two observations is not statistically significant (Figure 21B). However, the 

BRET dose-response curve Butcher et al. generated for FFA4-S-Δ340 also showed roughly 

25% of maximum WT FFA4-S BRET signal at higher doses of TUG-891 (Butcher 2014). 

 

Figure 21. FFA-L vs. FFA4-L-Δ356 β-arrestin 2 Recruitment. (A) FFA4-L recruits β-arrestin 2 in response 

to agonism by DHA (5 minutes) with a calculated EC50 value of 40 µM, while phospho-defective mutant 

FFA4-L-Δ356 shows no appreciable DHA-drive β-arrestin 2 recruitment across any physiologically relevant 

DHA dose. Each data point represents mean ± SEM of three independent experiments performed in triplicate. 

Statistical significance determined via two-way ANOVA with Bonferroni post hoc analysis as ***, p < 0.001. 

(B) Comparison of FFA4-S and FFA4-L WT and phospho-defective mutants at physiologically relevant 

concentration of 100 µM DHA demonstrates a statistically significant decrease in β-arrestin 2 recruitment in 

phospho-defective mutants compared to their relevant WT counter-parts. Each data point represents mean ± 

SEM of three independent experiments performed in triplicate. Statistical significance determined via two-

way ANOVA with Bonferroni post hoc analysis as ***, p < 0.001 
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Discussion 

 Since FFA4-L has been established to only partner with β-arrestin to induce signal 

transduction, this work focused specifically on determining whether FFA4-L had a 

different capacity for β-arrestin signaling compared to FFA4-S. Due to observations we 

made in earlier studies suggesting phospho-defective FFA4-L-Δ356 could generate β-

arrestin mediated effects in macrophages (Cheshmehkani 2017), we set out to 

quantitatively measure β-arrestin 2 recruitment in FFA4-L and FFA4-L-Δ356 using BRET. 

The constructs generated for BRET in this study proved to allow for selective measurement 

of β-arrestin 2 recruitment to FFA4 as shown by the lack of inducible BRET signal in DSA 

when using unfused YFP, and a clear BRET signal generated by DHA agonism of FFA4-

Rluc only in samples using β-arrestin 2 fused to YFP (Figure 19). Interestingly, we found 

that DHA-mediated agonism of FFA4-Rluc in samples containing unfused YFP resulted in 

a measurable decrease in BRET signal (Figure 19A,C). This particular observation was not 

present in experiments using synthetic agonist TUG-891 (data not shown). This can be 

explained by the fact that DHA is known to be sequestered in membranes and alter 

membrane fluidity due to it being a FFA (Awad 1993). Alterations to membrane fluidity 

can result in alterations to emission curve peaks and shapes for transmembrane proteins 

tagged to luciferase, but BRET can be controlled for these changes by running parallel 

experiments expressing only the Rluc-tagged transmembrane protein, measuring drug 

induced changes to emission, and adjusting for these nonspecific alterations when 

calculating BRET ratio, as we have done (Issad 2006). Additionally, we show for the first 

time that FFA4-L recruitment of β-arrestin 2 is sensitive to inhibition by AH-7614 in a 

manner similar to what is observed for FFA4-S (Figure 20). This comes as no surprise as 
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the extracellular regions of both FFA4-S and FFA4-L are identical, thereby suggesting 

similar moieties composing their pharmacophores, with the only structural difference 

between the two receptors remaining in ICL3.  

 The phospho-defective FFA4-L-Δ356 proved to be incapable of recruiting β-

arrestin 2 in response to agonism by any physiologically relevant dose of DHA, confirming 

its C-terminal phosphosensor’s necessity for β-arrestin 2-mediated signal transduction 

(Figure 21A). The C-terminus has also been found to host the phosphosensor for multiple 

other GPCRs, including M3 muscarinic receptor (Butcher 2011), somatostatin 2A receptor 

(Ghosh 2011), and β2AR (Nobles 2011). Interestingly, comparing FFA4-S-Δ340 to FFA4-

L-Δ356 β-arrestin 2 recruitment in response to 100 µM DHA suggests that FFA4-L-Δ340 

retains a higher percentage of FFA4-L β-arrestin 2 recruitment, although no statistical 

significance was found between the two samples (Figure 21B). While our initial hypothesis 

that the addition 16 amino acids in ICL3 of FFA4-L may rescue β-arrestin 2 recruitment to 

FFA4-L-Δ356 proved to not be the case, the fact still remains that the individual residues 

for phosphorylation are not identical between FFA4-S and FFA4-L. In previous studies, it 

has been noted that removal of sites of phosphorylation resulted in a larger impact on β-

arrestin recruitment compared to removal of acidic residues, suggesting that overall 

negative charge is not as important as phospho-labile residues when it comes to FFA4-

arrestin interactions (Butcher 2014). Furthermore, it has been demonstrated that differential 

profiles of phosphorylated residues can result in different signaling consequences (Nobles 

2011). Consequently, it has been proposed that the signaling outcome of the arrestin-

receptor complex is dependent on a “barcode” of phosphorylated residues (Nobles 2011, 

Shukla 2013). While there is no observable difference in FFA4-S and FFA4-L capacity for 
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β-arrestin 2 recruitment, and while the C-terminal phosphosensor is critical in driving β-

arrestin 2 recruitment, the signaling consequences may still vary between the short and 

long isoform of FFA4.
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CHAPTER 5 

CHARACTERIZATION OF FFA4-S VS FFA4-L SIGNALING IN Gαq/11 AND β-

ARRESTIN KNOCKOUT MODELS 

Introduction 

 It has been shown that FFA4-S agonism by TUG-891 signals through ERK1/2 via 

the Gαq/11 pathway, while signaling through the Akt pathway is dependent on receptor 

phosphorylation and β-arrestin recruitment (Prihandoko 2016). More specifically, FFA4-S 

C-terminal phosphosensor cluster composed of Thr347, Thr359, and Ser350 drives Akt 

signaling, while the same residues in combination with the remainder of the two phospho-

labile serine residues further down the C-terminal tail all contribute to β-arrestin 

recruitment (Prihandoko 2016).  Since FFA4-L has been shown to lack an inducible 

calcium response upon agonism (Watson 2012), this receptor’s potential for activating the 

ERK1/2 pathway is of particular interest because ERK1/2 has also been shown to be 

activated via a GRK 6-mediated, β-arrestin dependent pathway (Shenoy 2006), and we 

have earlier demonstrated FFA4-L is phosphorylated via GRK 6. While FFA4-S activated 

ERK1/2 via the Gαq/11 pathway and not through β-arrestin recruitment, this does not rule 

out the potential that FFA4-L may still use β-arrestin recruitment to initiate signaling 

through ERK1/2 because the phosphosensors between the two receptors are not identical, 

as we have shown in chapter 3. There are currently no literature investigating downstream 

signaling of FFA4-L beyond that of arrestin recruitment, receptor internalization, and
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lysosomal trafficking. Since ERK1/2 plays a role in cell growth and proliferation, 

discovering whether or not FFA4-L can signal through ERK1/2 will expose new frontiers 

for investigating this splice isoform due to the ability of ERK-mediated pathways to 

promote cell growth and survival. 

Methods and Materials 

Cell Culture and Transfection 

 CRISPR-edited human embryonic kidney cells (HEK-293 scramble, Gαq/11-null, β-

arrestin 1/2-null) were a kind gift from Dr. Graeme Milligan (University of Glasgow). Cells 

were cultured in 100 mm tissue culture plates in Dulbecco’s modified Eagle’s medium 

(DMEM), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin in a humidified atmosphere with 5% CO2 at 37°C. Transient transfection of 

C-terminal FLAG epitope-tagged FFA4-S or FFA4-L in pcDNA3.1 was performed using 

polyethylenimine (PEI) as previously described in literature (Longo 2013), using 5 

microgram plasmid DNA in 100 mm dishes. Cells were split to 6-well dishes to 

accommodate multiple experimental conditions 24 hours post transfection. Experiments 

were performed in 6-well dishes 48 hours post transfection.  

Immunoblotting 

Immunoblotting was conducted by arresting cell processes post drug treatment via ice 

cold wash with phosphate buffer saline (PBS), followed by lysis at 4°C in RIPA buffer (50 

mM Tris-HCL, 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 0.5% sodium 

deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 10 mM NaF, 10 mM Na2HPO4, pH 7.4) 

supplemented with a HALT Protease Inhibitor Cocktail (Thermo-Fischer, Waltham, MA) 
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plus phenylmethylsulfonyl fluoride (PMSF). Cell lysate was separated from non-soluble 

material via centrifugation, and protein concentrations were standardized using a modified-

Lowry protein assay (Pierce, Rockford, IL). Equal protein concentrations within the lysate 

were resolved using electrophoresis on 10% Tris-glycine SDS-PAGE gels followed by 

transfer to PVDF membranes, which were subsequently blocked in 5% bovine serum 

albumin (Alfa Aesar, Haverhill, MA) in Tris-buffered saline with Tween-20 (TBST) and 

immunoblotted with primary antibodies specific phospho ERK1/2 (Thr202,Tyr204, 

pERK1/2) and total ERK1/2 (tERK1/2) (Cell Signaling Technologies, Danvers, MA). 

Following incubation with complementary HRP-secondary antibodies (Invitrogen, 

Carlsbad, CA), pERK1/2 was detected via chemiluminescence. Blots were stripped in 

glycine IgG stripping buffer (25 mM glycine, 1% SDS, pH 2.0) at 50° C for 30-45 minutes 

and re-probed using antibodies against tERK1/2 to confirm equal protein loading. 

Cell Line Verification 

 CRISPR-edited HEK293 cells were verified via immunoblotting, as described 

above, using primary antibodies specific for β-arrestin 1/2 (Abcam, Cambridge, UK) and 

Gαq/11 (Millipore, Burlington, MA). Blots were stripped in glycine IgG stripping buffer (25 

mM glycine, 1% SDS, pH 2.0) at 50° C for 30-45 minutes and re-probed using antibodies 

against GAPDH (Santa Cruz Biotechnology, Santa Cruz, CA) to confirm equal protein 

loading (Figure 22). 
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Figure 22. Immunoblot analysis of CRISPR-edited HEK293 cell lines 

Data Analysis 

Immunoblots were visualized using a Bio-Rad GelDoc Universal Hood II paired with 

Image Lab 6.0 software (Bio-Rad Laboratories, Hercules, CA) and subsequent image data 

were quantified by densitometric analysis within the calibrated linear range using NIH 

Image J (Bethesda, MD) and graphed using Graphpad Prism 3.0 (San Diego, CA). Data 

are expressed as mean ± SD for representative experiments repeated at least three 

independent times. Where not visible, error bars fall within the symbol size. Statistical 

analysis was performed by two-way analysis of variance and post hoc Tukey's multiple 

comparison test using Graphpad Instat (San Diego, CA). Statistical significance is 

represented as a single symbol for p < 0.05, a double symbol for p < 0.01, and a triple 

symbol for p < 0.005, and a quadruple symbol for p < 0.001, as noted in the figure legends. 

 

Results 

FFA4-S can activate ERK1/2 via both Gαq/11 and β-arrestin signal transduction, 

while FFA4-L activates ERK1/2 in a manner exclusively dependent on β-arrestin 
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In Scramble HEK293 cells, both FFA4-S and FFA4-L agonism by DHA results in an 

increase of phosphorylated ERK1/2 amounting to approximately double the basal levels 

(Figure 23). Interestingly, while FFA4-S pERK1/2 signal peaks at 5 minutes in Scramble 

HEK293 cells, it shows a time-dependent decrease towards basal levels thereafter, while 

FFA4-L does not show any trend towards signal termination even at the 60 minute time 

point (Figure 23B,C). In β-arrestin 1/2-null HEK293 cells (βarr1/2 null), DHA-induced 

pERK1/2 in FFA4-S expressing models mirror the same curve seen in the Scramble cell 

line, with a slight yet statistically insignificant increase in peak signal for the 5 and 10 

minute times points (Figure 23A,B). Of note, DHA-induced pERK1/2 in FFA4-S 

expressing βarr1/2 null cells still demonstrated a trend toward signal termination at time 

points after 5 minutes. More interestingly, FFA4-L completely loses its ability to induce 

ERK1/2 phosphorylation in the βarr1/2 null HEK293 cells, confirming its dependence on 

β-arrestin for ERK1/2 signal transduction (Figure 23A,C). In Gαq/11-null HEK293 cells 

expressing FFA4-S, the 5 minute DHA-induced pERK1/2 response seen in the previously 

cell lines disappears, suggesting this early response is mediated via G-protein signaling 

(Figure 23A,B). The pERK1/2 signal returns at the subsequent time points and is not 

statistically different from what is observed in scramble or βarr1/2 null HEK293, with a 

time-dependent decrease in signal observed. Gαq/11-null HEK293 cells expressing FFA4-L 

show a statistically significant increase in DHA-mediated pERK1/2 for the 5, 10, 30, and 

60 minute time points, versus both scrambled and β-arrestin 1/2-null models (p < 0.001), 

with once again no observable trend towards signal termination (Figure 23A,C) 
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Figure 23. FFA4-S vs FFA4-L DHA-induced ERK1/2 activation. (A) Immunoblot images of time-

response ERK1/2 activation by DHA (100 μM) treatment in scramble, βarr1/2 null and Gαq/11 null HEK293 

cells expressing FFA4-S, FFA4-L, or untransfected control. (B) Bar graph summary of immunoblots showing 

time-response ERK1/2 activation by DHA (100 μM) treatment of scramble, βarr1/2 null and Gαq/11 null 

HEK293 cells expressing FFA4-S. (C) Bar graph summary of immunoblots showing time-response ERK1/2 
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activation by DHA (100 μM) treatment of scramble, βarr1/2 null and Gαq/11 null HEK293 cells expressing 

FFA4-L. Each data point represents the mean of three independent experiments ± SD. Statistical analysis 

was performed by two-way analysis of variance and post hoc Tukey's multiple comparison test using 

Graphpad Instat (San Diego, CA). Statistical significance is represented as a single symbol for p < 0.05, a 

double symbol for p < 0.01, and a triple symbol for p < 0.005, and a quadruple simple for p < 0.001, with * 

denoting significance versus scramble and † denoting significance versus βarr1/2 null. 

 

Discussion 

 In this study, we show for the first time that FFA4-L is capable of inducing an 

ERK1/2 response via agonism by DHA. For FFA4-S, we noticed that the early ERK1/2 

response is mediated via Gαq/11 signaling, as this response at the 5 minute time point 

vanished in the Gαq/11 null cell line (Figure 23A,B). Additionally, we noted a slight yet 

statistically insignificant increase in DHA-mediated ERK1/2 activation in the 5 and 10 

minute time points in the βarr1/2 null cell line, which can be explained by the known the 

role of β-arrestin in terminating G protein coupling. Similar observations of increased G 

protein signaling in βarr1/2 null models have been reported in literature (Grundmann 

2018). Meanwhile, FFA4-L proved to be incapable of inducing ERK1/2 activation in 

response to agonism by DHA in βarr1/2 null HEK293 cells, confirming its dependence on 

β-arrestin for ERK1/2 signal transduction (Figure 23A,C). Interestingly, FFA4-L mediated 

ERK1/2 activation in response to agonism by DHA was significantly increased (p < 0.001) 

for the 5, 10, 30, and 60 minute time points in the Gαq/11 null model. This observation is 

somewhat counter-intuitive due to the fact that while β-arrestins are known to terminate G 

protein signaling, the reverse is not known to occur. Since these experiments were run 

using a single Gαq/11 null clone, it may be an artifact of only this cell line and this 

observation may be absent in a different Gαq/11 null model. However, the disappearance of 

the 5 minute ERK1/2 signal in FFA4-S expressing Gαq/11 null cells was expected based on 
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the previously established role of Gαq/11 in inducing FFA4-S-mediated ERK1/2 response 

(Alvarez-Curto 2016, Prihadanko 2016), supporting the functional integrity of our Gαq/11 

null model. 

Importantly, our data shows that DHA-mediated ERK1/2 activation through FFA4-

S is a transient response, as there is a gradual reduction of the signal towards basal levels 

in scramble, βarr1/2 null, and Gαq/11 null cells. Most importantly, FFA4-L did not display 

a trend of signal reduction in scramble, βarr1/2 null, or Gαq/11 null cells, thereby 

demonstrating not a transient, but sustained ERK1/2 activation in response to endogenous 

agonist DHA. This is of particular interest because the physiological consequences of 

ERK1/2 signaling seem to be linked to the frequency and duration of ERK1/2 activation. 

For example, G protein-mediated upregulation of cAMP in melanocytes leads to transient 

activation of ERK resulting in differentiation of the cells (Busca 2000), while sustained 

ERK activation in melanocytes triggered by synergistic action of multiple growth factors 

resulted in cell proliferation (Bohm 1995).  Furthermore, Ryu et al. demonstrated that it is 

possible to direct the biological consequence of ERK1/2 signaling in PC-12 cells from a 

heterogeneous mix of proliferation and differentiation to exclusively differentiation by re-

triggering the ERK1/2 network with repeated pulsing doses of growth factors (Ryu 2015).  

Of note, we failed to detect DHA-mediated Akt activation by either FFA4-S or 

FFA4-L in scramble, βarr1/2 null, or Gαq/11 null cells (data not shown). While Akt 

activation was previously demonstrated to be dependent on receptor phosphorylation and 

β-arrestin recruitment for FFA4-S (Prihandoko 2016), those experiments were carried out 

using the synthetic agonist TUG-891, while our experiments used endogenous agonist 

DHA. Additionally, TUG-891 has already shown deviations in FFA4-S signal transduction 
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compared to FFAs in that TUG-891 demonstrated rapid recycling of the receptor 60 

minutes post agonism, suggesting this synthetic agonist results in endosomal trafficking to 

recycling endosomes rather than late endosomes (Hudson 2013), while prior studies using 

FFA oleic acid demonstrated receptor trafficking towards late endosomes for lysosomal 

degradation (Watson 2012). 

To date, FFA4-L expression has only been found in human colorectal tissue and 

colorectal cancer cell lines (Galindo 2012, Kim 2015). This is of particular interest because 

Wu et al (2013) found that FFA4 expression in human colorectal cancer tissues (CRC) is 

positively correlated with clinicopathologic characteristics. Assaying both malignant and 

nonmalignant human colorectal cell lines, immunohistochemistry (IHC) analysis of 90 

patient sample tissues of malignant and nonmalignant surrounding tissue revealed elevated 

FFA4 expression in 65 of 90 CRC samples, whereas all 90 normal tissue samples contained 

low expression yielding a statistically significant increase of FFA4 expression in CRC 

tissues with p < 0.001. Additionally, tumor-lymph node-metastasis (TNM) staging 

demonstrating a positive correlation with high levels of FFA4 expression with a p < 0.001 

(Wu 2013). Furthermore, FFA4 has been found to be expressed in, and contribute to 

tumorigenesis, in pancreatic (Fukushima 2015), breast (Serna-Marquez 2017), and bone 

cancer (Takahashi 2017) samples and cell lines models. Notably, none of these studies 

differentiated which isoform of FFA4 was expressed. Since the only difference between 

the long and short isoform of FFA4 lies in the 16 amino acid insert in ICL3, antibodies or 

primers have to be designed to specifically target this region of the receptor, otherwise both 

isoforms are detected indiscriminately. Since the ERK1/2 signaling pathway has been 

researched as a target for treatment in several types of cancer, with specific dysfunction-
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inducing point mutations discovered in up to 30% of all human cancers (Santarpia 2012), 

the differential kinetics behind FFA4-S and FFA4-L induced ERK1/2 signal transduction 

becomes a concern in terms of targeting FFA4 systemically for therapeutic purposes, 

especially in light of established FFA4 expression and contribution towards tumorigenesis 

in multiple types of cancers. Future studies of known FFA4-expressing tumors need to 

differentiate which isoforms are expressed, and FFA4-L signal transduction needs to be 

characterized further. 

Concluding Remarks and Future Directions 

FFA4 is a rhodopsin-like GPCR which has shown profound potential to modulate 

energy homeostasis, insulin resistance, and systemic inflammation, resulting in it 

becoming a very attractive drug target (Moniri 2016). While FFA4 can be translated into 

either a short or long isoform, the majority of the research focuses exclusively on FFA4-S 

due to its ubiquitous expression throughout the human body. In this study, we explored 

differences in phosphorylation and signaling between the short and long isoforms of FFA4. 

We have unveiled that while the same kinases are responsible for mediating homologous 

and heterologous phosphorylation of both isoforms, the exact residues of phosphorylation 

composing the phosphosensor “barcode” are not identical, despite all being located within 

the C-terminal tail region in both FFA4-S and FFA4-L. Additionally, while these 

differences did not contribute directly to the capacity of each isoform to recruit β-arrestin, 

they did manifest in differential kinetic profiles for ERK1/2 activation through FFA4 

agonism.  While FFA4-S induced transient ERK1/2 activation via both Gαq and β-arrestin 

signaling, FFA4-L induced sustained ERK1/2 activity that was completely dependent on 

β-arrestin signaling alone. Since ERK1/2 signaling is established to play a role in regulating 
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cell proliferation and differentiation, future studies observing changes to cell cycle 

markers, proliferation, and differentiation in cells expressing each isoform of FFA4 can 

further serve to characterize consequences of FFA4-S and FFA4-L induced ERK1/2 

signaling. 

Since the ERK1/2 signaling pathway has been researched as a target for treatment 

in several types of cancer (Santarpia 2012), the differential kinetics behind FFA4-S and 

FFA4-L induced ERK1/2 signal transduction becomes a concern in terms of targeting 

FFA4 systemically for therapeutic purposes, especially in light of overwhelming evidence 

of FFA4 contributing to tumorigenesis in colorectal cancer models (Wu 2013), which serve 

as the only known sight of FFA4-L expression (Galindo 2012, Kim 2015). While FFA4 

has been found to be expressed in, and contribute to tumorigenesis, in pancreatic 

(Fukushima 2015), breast (Serna-Marquez 2017), and bone cancer (Takahashi 2017) 

samples and cell lines models, none of these studies differentiated whether they were 

dealing with the short or long isoform of FFA4. Future studies can be done to differentiate 

whether FFA4-S or FFA4-L is expressed in these other cancer models by targeting the 16 

amino acid difference which separates the two isoforms of FFA4, and this may lead to 

more clarity regarding how FFA4 induces tumorigenesis in human cancer cell lines and 

cancer models..
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