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Abstract 

The role of G protein-coupled receptor kinases in modulating γ-secretase activity and 

amyloid-β generation 

 

Nicholas Kuzma Todd, PhD 

 

University of Pittsburgh, 2021 

 

 

 

 

Pathological changes in the Alzheimer’s disease (AD) brain begin up to 20 years prior to 

the clinical onset of dementia, initially with the aggregation of amyloid-β (Aβ) peptides generated 

via processive proteolytic cleavage of the amyloid precursor protein (APP) by β-secretase followed 

by γ-secretase. The γ-secretase complex is a four-subunit aspartyl protease complex that consists 

of a catalytic presenilin 1 or 2 (PS1 or PS2) subunit, nicastrin (NCT), presenilin enhancer 2 

(PEN2), and anterior pharynx-defective 1 (APH1) A or B (APH1A or APH1B). The orphan G 

protein-coupled receptor (GPCR) GPR3 is a regulator of γ-secretase activity and Aβ generation in 

AD. GPR3-mediated γ-secretase activity requires GPR3 C-terminal phosphorylation and 

recruitment of the multifunctional scaffolding protein β-arrestin 2 (βarr2). Canonical GPCR 

phosphorylation is regulated via the family of kinases known as GPCR kinases (GRKs). 

Interestingly, βarr2 has been shown to interact directly with the APH1A subunit of γ-secretase, 

independent of a specific GPCR, to regulate γ-secretase activity. Furthermore, emerging evidence 

suggests that GRKs regulate both Aβ and tau pathology in AD. Similar to GPCRs, APH1A 

contains seven transmembrane domains and putative phosphorylation sites in intracellular loop 2 

and the carboxy-terminus. Therefore, we hypothesized that the GRK family of kinases can directly 

regulate γ-secretase activity via modulating non-canonical APH1A phosphorylation and 

interaction with βarr2 and that specific GRKs can regulate GPR3-mediated Aβ via canonical 

regulation of the GPCR GPR3. Here, we uncover a novel and constitutive role of the GRK family 



 v 

of kinases in regulating APH1A phosphorylation and βarr2 interactions. We determine that distinct 

GRK-mediated phosphorylation barcodes differentially regulate βarr2 binding and γ-secretase 

cleavage of APP. Computational docking and molecular dynamic simulations reveal that βarr2 

binds to APH1A in a similar fashion as a GPCR. Additionally, we discover that GRK2 kinase 

activity specifically regulates GPR3-mediated Aβ generation. While the exact downstream 

mechanisms of GPR3-βarr2 signaling that regulate Aβ generation are still undetermined, we 

propose a model whereby both GPR3 trafficking and regulation of APH1A-βarr2 interaction are 

involved. Together, this work suggests that drugs targeting the APH1A-βarr2 interaction and 

GPR3 biased ligands may be therapeutically beneficial in AD. 
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1.0 Introduction  

1.1 Alzheimer’s Disease 

1.1.1 Overview and Clinical Symptoms of Alzheimer’s Disease 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease and is the most 

prevalent form of dementia, accounting for between 60-80% of cases. In the United States, AD is 

the sixth leading cause of death. More than one-third of the population over the age of 75 is living 

with AD and this number is expected to rise as the population ages (1). Clinically, AD is 

characterized by episodic memory loss, followed by loss of other higher-order cognitive functions. 

AD can be broadly segmented into two types: early-onset AD (before the age of 65) or late-onset 

AD (after the age of 65) (2–5). Early-onset AD accounts for around 5% of total cases. Of these 

patients, 10% suffer from autosomal dominant AD or familial AD (fAD), caused by rare and 100% 

penetrant mutations in three different genes coding for the amyloid precursor protein (App), 

presenilin-1 (Psen1), or presenilin-2 (Psen2) (6). Late-onset or sporadic AD accounts for the 

majority of cases. Women also have a higher likelihood of developing AD than men. The biggest 

risk factor associated with late-onset AD is age. Additionally, a multitude of environmental, social, 

lifestyle, and genetic risk factors all contribute to the development of AD (7,8). The most 

significant genetic risk factor associated with AD is the allelic status of ApoE encoding the 

apolipoprotein E protein involved in regulating lipid homeostasis and lipid/cholesterol transport in 

the brain (9–11). Of the three polymorphic ApoE alleles, namely ε2 (ApoE2), ε3 (ApoE3), and ε4 

(ApoE4), individuals carrying one or two copies of ApoE4 have between a 3-to-9-fold increased 
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likelihood of developing AD than those carrying the more prevalent ApoE3 alleles. Conversely, 

the rarer ApoE2 allele is protective against AD. In total, over 75 loci have been identified as risk 

loci for AD (9,10,12).  

Clinically, AD is divided into three stages: the preclinical phase, mild cognitive impairment 

(MCI) due to Alzheimer’s disease, and Alzheimer’s dementia (4,5,13). The preclinical phase of 

AD begins up to 20 years prior to clinical onset. During this period, molecular and cellular changes 

in the brain lead to the accumulation of disease pathology and, while patients do not experience 

any cognitive symptoms, ultimately is the trigger for neuron death and clinical dementia (14,15). 

During the MCI stage, patients begin to exhibit impairments in one or more cognitive domains and 

are characterized by evidence of neuronal death, reduced brain volume, and decreased brain 

glucose metabolism (16,17). A patient with Alzheimer’s dementia experiences the inability to 

remember new information and exhibits impaired reasoning, impaired ability to function normally 

and perform normal daily activities, and may experience behavioral changes. The AD brain at the 

macroscopic level exhibits symmetrical atrophy in the cortex and hippocampus and enlargement 

or dilation of the lateral ventricles.  Cortical atrophy is observed particularly in the medial temporal 

lobes while generally sparing the motor, sensory, and visual cortices (18). Overall, AD is a 

devastating neurodegenerative disorder that presents a large burden to society, both emotionally 

for patients and their families as well as the economically on the healthcare system. Further 

research is still needed to develop a therapeutic strategy to prevent or reverse clinical dementia in 

AD patients. 
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1.1.2 Alzheimer’s Disease Pathology 

AD is characterized by two main pathological hallmarks – extracellular plaques consisting 

of amyloid-β (Aβ) peptides and intra-neuronal neurofibrillary tangles (NFTs) composed of post-

translationally modified and mislocalized microtubule-binding protein tau (18–20). In addition to 

the two main pathologies, the majority of AD brains contain additional co-existing, non-AD 

pathologies. The main co-existing pathologies include inclusions of the TAR DNA-binding protein 

43 (TDP-43), observed in 20-50% of all AD patients and 75% in severe AD cases, and α-synuclein 

(21,22), observed in ~25% of AD patients. The incidence of comorbidities increases with age. 

Furthermore, AD brains can be characterized by dystrophic neurites and an increase in activated 

microglia and reactive astrocytes (23). 

1.1.2.1 Amyloid Plaque Pathology 

 

Amyloid pathology in the brain begins up to 20 years prior to the clinical onset of dementia 

and precedes the observation of tau pathology (24). Amyloid plaque pathology is first observed in 

the associative cortex and progressively spreads from the neocortex to the allocortex as the disease 

progresses (18,23). In 1992, Dr. John Hardy and Dr. Gerald Higgins first proposed the amyloid 

cascade hypothesis of Alzheimer’s disease in which they posit that amyloid precursor protein 

(APP) cleavage to generate Aβ peptides, the main component of amyloid plaques, is a causative 

agent in a pathogenic cascade which results in NFT pathology, vascular damage, neuron death, 

and ultimately, clinical dementia (25). The strongest support for this hypothesis is genetic evidence 

from early-onset AD. fAD point mutations in APP, PSEN1, or PSEN2 which increase Aβ 

production or the generation of more aggregation-prone Aβ species results in 100% penetrant AD. 
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Additionally, Down’s Syndrome patients with trisomy 21, the chromosome encoding App, results 

in Alzheimer’s dementia as well as fAD caused by an App gene duplication (2,26,27). 

Amyloid plaques consist of aggregated Aβ peptides which are generated from the 

sequential proteolytic processing of APP by the secretase family (Figure 1). APP is a single-pass 

type I protein that primarily localizes to the Golgi and plasma membrane (PM) (28). At the plasma 

membrane, APP can undergo endocytosis and recycling back to the Golgi or to the PM. Depending 

on the initial secretase, APP can be cleaved through either a non-amyloidogenic or amyloidogenic 

pathway. APP predominantly undergoes non-amyloidogenic processing through cleavage by α-

secretase (ADAM10/ADAM17) at the plasma membrane within the Aβ sequence of APP, 

generating a membrane-imbedded 83 amino acid α-C-terminal fragment (APP-CTFα/APP-C83) 

and releasing a soluble N-terminal APP fragment (sAPPα). The APP-C83 fragment is further 

cleaved by γ-secretase to release a p3 fragment into the extracellular space and an APP intracellular 

domain (AICD) into the cytosol. Besides the lack of Aβ generation, non-amyloidogenic processing 

of APP has beneficial physiological effects in neurons. Notably, sAPPα has been shown to have 

multiple neuroprotective and neurogenic effects including promoting neurite outgrowth and 

synaptogenesis, modulating long-term potentiation (LTP), and improving synaptic plasticity 

(29,30). Conversely, APP can traffic into endosomes where β-secretase (BACE1) can cleave APP 

at the β-site. β-secretase cleavage of APP generates a longer, 99 amino acid CTF (APP-CTFβ/APP-

C99) and releases a soluble N-terminal APP fragment (sAPPβ) which, contrary to sAPPα, does not 

potentiate LTP. The APP-C99 CTF fragment can further be cleavaged by γ-secretase following 

trafficking back to lipid raft domains at the PM to generate an AICD and release Aβ species 

ranging from 37-43 amino acids into the extracellular space.  
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Longer Aβ species are more hydrophobic and thus, more prone to aggregate. As such, an 

increased ratio of Aβ42/Aβ40 is used as a biomarker for AD (31). Although insoluble amyloid 

plaques are a defining pathology of AD, research has shown that the soluble oligomeric Aβ 

aggregates are neurotoxic while the larger insoluble plaques are rather benign (32–34). Aβ 

oligomers have many cellular binding partners that mediate toxicity in AD. For example, 

oligomeric Aβ interacts with both the cellular prion protein (PrPC) and the metabotropic glutamate 

receptor subtype 5 (mGluR5) to form a ternary signaling complex that potentiates mGluR5 

signaling (35–37). Increased mGluR5 signaling results in an increase in intracellular Ca2+ release 

that leads to an increase in reactive oxygen species (ROS) and inhibition of autophagy pathways 

that ultimately result in cell death. Additionally, oligomeric Aβ interaction with PrPC/mGluR5 

increases tau aggregation via increased phosphorylation by Fyn kinase (37,38). Another 

oligomeric Aβ receptor integral in mediating toxicity in AD is the receptor for advanced glycation 

end products (RAGE). Oligomeric Aβ binding to RAGE on neurons increases ROS production, 

and binding to RAGE on microglia and astrocytes triggers neuroinflammation. Furthermore, Aβ-

RAGE interaction is a key regulator of Aβ transport across the blood brain barrier (BBB) and 

critically, the concentration of toxic Aβ species in the brain (39,40). Overall, despite amyloid 

plaques being a defining pathologic feature of AD, oligomeric Aβ species seem to be the driving 

Aβ player in AD pathogenesis. 
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Figure 1. APP processing by secretases generates Aβ peptide 

APP cleavage by the α-secretase generates sAPPα and APP-C83/CTFα. APP-C83 is further cleaved by γ-secretase to 

yield the AICD and p3. APP cleavage by the β-secretase generates sAPPβ and APP-C99/CTFβ. Processive APP-C99 

cleavage by the γ-secretase yields the AICD and Aβ peptides ranging from 37-43 amino acids in length.  

 

1.1.2.2 γ-Secretase 

 

The final enzyme involved in APP enzymatic cleavage to generate Aβ is γ-secretase. γ-

secretase is a 4 subunit, aspartyl protease complex with over 90 known substrates involved in 

regulating cell adhesion, neurite outgrowth, cell migration, synaptic transmission, among others 

(41). A functional γ-secretase complex consists of anterior pharynx-defective 1 (APH1), nicastrin 

(NCT), presenilin enhancer 2 (PEN2), and a catalytic presenilin subunit (PS1 or PS2). All four 
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subunits are translated in the endoplasmic reticulum (ER) and assemble together as they traffic 

through the ER and to the Golgi (42–44). APH1 and NCT first interact early following translation, 

followed by association with presenilin and finally PEN2 before being trafficked to the Golgi. In 

order for presenilin to be enzymatically active, it must first undergo endoproteolytic cleavage 

within its third intracellular loop following complex assembly in the ER. Additionally, once at the 

Golgi, the large ectodomain of NCT is glycosylated (45).  

In humans, there are two APH1 proteins, APH1A and APH1B. There are two isoforms of 

APH1A: -long (APH1AL) and -short (APH1AS), which lacks the last 18 amino acids on the C-

terminus of APH1AL. APH1 is a necessary component for the assembly of γ-secretase and as such, 

genetic deletion of all Aph1 genes in mice (Aph1a, Aph1b, and Aph1c) results in embryonic 

lethality (46). In mice, Aph1a is homologous to the human APH1A gene. Due to an Aph1b gene 

duplication in rodents, mice have an Aph1b and Aph1c gene homologous to human APH1B and 

thus, genetic deletion of both Aph1b and Aph1c in mice (Aph1b/c-/-) is used as a model for human 

APH1B deficiency. Furthermore, γ-secretase complexes with different APH1 and presenilin 

subunits exhibit differential affinities for substrates (47–49). For example, γ-secretase complexes 

with an APH1B protein are shown to favor cleavage of APP over complexes containing an APH1A 

protein. APH1B-containing γ-secretase complexes also generate longer Aβ species compared to 

APH1A-containing complexes (50). While distinct complexes exhibit a preference for one 

substrate over another, there is still redundancy of substrates between unique γ-secretase 

complexes. Nonetheless, γ-secretase exhibits distinct mechanisms for recognizing substrate. In 

fact, all APH1 proteins contain two conserved histidine residues H171 and H197 in the 5th and 6th 

transmembrane domains (TM5/TM6), respectfully, which regulate complex assembly as well as 

direct binding to γ-secretase substrates (51–53). Studies have shown that the positive charge of 
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H171 and H197 play critical roles in complex assembly. Furthermore, histidine-to-lysine 

mutagenesis of H171 and H197 (H171K and H197K) maintains the negative charge and complex 

assembly but significantly reduces direct APH1A binding to APP and APP-C99 and reduces 

overall γ-secretase/PS1 catalytic activity (51,52), thus suggesting the positioning of H171 and 

H197 may play key roles in overall substrate recognition and proteolytic activity.  

Another critical regulator of γ-secretase activity and Aβ generation is via post-translational 

modifications. To date, post-translational modifications to both NCT and PS1 have been shown to 

regulate the stability and activity of the γ-secretase complex. NCT can serve as a ‘gatekeeper’ for 

γ-secretase substrates, and the extent of NCT amino-terminal (N-terminal) glycosylation can 

regulate the binding of substrates and overall catalytic activity of γ-secretase (54). NCT can also 

be phosphorylated at S437 in the carboxy-terminal (C-terminal) cytoplasmic domain by 

serum/glucocorticoid regulated kinase 1 (SGK1) and Akt. NCT S437 phosphorylation results in 

NCT degradation via proteasomal and lysosomal pathways and, as a result, decreases overall γ-

secretase activity (55,56). Extracellular signal-regulated kinase 1/2 (ERK1/2) interacts directly 

with NCT to downregulate expression and γ-secretase activity; however, no direct phosphorylation 

of NCT by ERK 1/2 has been demonstrated (57). In addition to NCT, PS1 phosphorylation has 

been shown. Over a dozen phospho-sites have been identified on PS1 (58), but phosphorylation at 

each site does not always regulate activity. However, Maesako et al. find that PS1 phosphorylation 

at T74, S313, S365, S366, or S367 alters PS1’s conformation into a ‘closed’ conformation which 

increases the ratio of Aβ42/Aβ40 (59). Conversely, another study found that S367 phosphorylation 

of PS1 by casein kinase 1 isoform γ2 (CS1γ2) decreases overall Aβ generation by activating 

autophagy-mediated degradation of APP-C99 and γ-secretase (59,60). Despite conflicting 

evidence of the pathogenicity of PS1 phosphorylation at S367, it is clear that phosphorylation of 
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γ-secretase subunits plays an important role in regulating overall complex stability, activity, and 

generation of pathogenic Aβ peptides. 

1.1.2.3 Tau Pathology 

 

In addition to Aβ plaques, post-translationally modified, misfolded, and mislocalized 

intracellular inclusions of the microtubule-associated protein tau comprise the second major 

pathological hallmark of AD (61,62). Adult humans express 6 isoforms of the Tau protein, 

generated by differential splicing of the MAPT gene. Alternative splicing of Exon 2 or Exon 3 

results in Tau having 0, 1, or 2 N-terminal inserts (0N, 1N, or 2N tau) while alternative splicing of 

Exon 10 results in tau with either 3 or 4 C-terminal repeat domains (3R or 4R tau), which bind 

microtubules and have high propensity to self-assemble (63,64). Tau is a cytoplasmic protein 

expressed in neurons, predominantly in the axons, and binds microtubules to facilitate assembly, 

regulate dynamics, and aid in axonal transport. In addition, tau can be localized to the nucleus 

where it serves to maintain the integrity of DNA (65,66). Tau is overall a basic protein; however, 

it contains concentrated regions of charged residues, aromatics, and polar residues with both 

negative and positive charges at physiological pH. Due to these features, tau is highly soluble and 

is considered an ‘intrinsically disordered’ or natively unfolded protein. Nonetheless, at high local 

concentrations, tau can self-assemble into ‘droplets’ which aid in stabilizing microtubules during 

polymerization, but in diseases such as AD, may serve to generate seeds that initiate further 

pathological aggregation and results in cellular dyshomeostasis (64,67,68).  

Tau exhibits prion-like properties by which small, ordered, tau aggregates or seeds act as 

templates to exacerbate a chain-reaction of further tau misfolding and aggregation (69,70). As 

such, disruptions in cellular homeostasis that initiate tau misfolding to generate initial seeds is an 
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essential step in AD pathology. The pathogenic spread of tau throughout the brain follows 

interconnected neuronal connections (71–73). Initial detection of pathological tau can be observed 

in the locus coeruleus (LC) and spreads early in progression to the entorhinal cortex (EC). 

Pathologic tau then spreads to the limbic areas including the hippocampus in patients with MCI 

due to AD. Further spread into the neocortex occurs later in AD dementia (61,70,74).  

Pathologic tau is typically characterized by the presence of specific phosphorylated 

residues found in NFTs and paired helical filament (PHF) tau aggregates in the AD brain or by 

staining for or imaging tau amyloid and PHF structures directly (75–79). Tau contains many 

phosphorylation sites (Serine, Threonine, and Tyrosine) with up to 85 putative phosphorylation 

sites on the 2N4R Tau isoform. To date, around 45 sites have been identified to be phosphorylated 

and many tau kinases have been identified (64). Serine/Threonine tau kinases include glycogen 

synthase kinase 3β (GSK3β), cyclin-dependent kinase 5 (CDK5), mitogen-activated protein kinase 

(MAPK), protein kinase A (PKA), calcium/calmodulin-dependent protein kinase II (CaMKII), and 

c-Jun N-terminal kinase (JNK), among others. Tau tyrosine kinases include Src family kinases 

Fyn, Lck, and Syk (77). Phosphorylation of tau regulates normal physiological function. For 

example, phosphorylation at S262 within the first repeat domain by MAPK, PKA, or CaMKII 

reduces tau’s affinity for microtubules (80). However, in AD brains, tau can be found to be 

hyperphosphorylated, although there is some debate over whether this phosphorylation triggers 

aggregation, is protective against aggregation, or is an artifact of prolonged post-mortem intervals 

following tissue collection and processing (81,82). In addition to phosphorylation, other post-

translational modifications such as acetylation are found in the AD brain (64). Acetylated tau has 

been shown to mislocalize to the axon initial segment (AIS), where it induces destabilization of 
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the cytoskeleton, decreased tau turnover, and mislocalizes tau to the somatodendritic compartment 

(83–85).  

While some reports suggest initial tau seeding or aggregation due to normal aging may 

occur prior to the detection and onset of amyloid plaque pathology in AD, Aβ pathology is an 

essential driver which transforms and accelerates subcortical tau pathology into full NFT 

pathology and results in the advancement and progression throughout the limbic and neocortical 

regions in AD (86–89). To date, a few main hypotheses have arisen on the mechanisms of Aβ-

induced tau aggregation. Firstly, Aβ binding or activating neuronal receptors may trigger 

intracellular signaling cascades resulting in tau phosphorylation by kinases. For example, Aβ 

binding to RAGE can increase tau phosphorylation via activating GSK3β and Aβ interactions with 

N-methyl-D-aspartate (NMDA) receptors and α7 nicotinic acetylcholine receptors (α7nAchR) can 

induce tau phosphorylation via activating CDK5 and GSK3β (39,90). Secondly, Aβ-induced 

neuroinflammation can trigger tau aggregation via the release of cytokines such as IL-1β, which 

has been shown to regulate tau pathology in the 3x-Tg mouse models of AD (91,92). Lastly, Aβ 

oligomers and aggregates themselves may be able to act as templates to ‘cross-seed’ for 

intracellular tau aggregation. This hypothesis is supported by research measuring intracellular Aβ 

either via cellular uptake of Aβ species or low level of γ-secretase cleavage of APP-C99 in 

intracellular compartments such as endosomes and by studies demonstrating the ability of Aβ 

aggregates to potentiate tau aggregation (43,87,93–95). In addition, some research has 

demonstrated that in the absence of tau expression, toxic effects of Aβ to cells are mitigated (96), 

thus further establishing a critical relationship between these two proteins in AD. 
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1.2 G Protein-Coupled Receptors 

G protein-coupled receptors (GPCRs) are the largest class of cell surface receptors. There 

are over 800 genes in the human genome encoding for GPCRs, encompassing approximately 1-

2% of the entire genome (97,98). GPCRs share a common seven transmembrane (TM) helical 

structure that is conserved in mammals, insects, plants, and protozoa. Despite the common 7TM 

helical domains, GPCRs display great variability in their amino acid sequences, thus giving rise to 

the vast array of stimuli that can activate GPCRs including neurotransmitters, hormones, small 

molecules, and light. Based on phylogenetic origin, GPCRs are classified into 5 classes by the 

GRAFS system. These classes include the glutamate (class C), rhodopsin (class A), adhesion (class 

B2), frizzled (class F), and secretin (class B1) classes of GPCRs (99). Receptors in each class share 

structural and physiological similarities. Nonetheless, all GPCRs function to communicate 

extracellular stimuli intracellularly to initiate signaling cascades in response to such stimuli by 

binding to and activating intracellular signaling transducers. Common to the GPCR family, GPCRs 

couple to and activate heterotrimeric guanine-nucleotide binding proteins (G-proteins). Activated 

G-proteins act as signal transducers and interact with a multitude of downstream effector proteins 

to initiate signaling cascades to elicit a physiological response via intrinsic GTPase activity and 

structural scaffolding. Given the widespread cell-type and tissue distribution of GPCRs, it is no 

surprise that GPCR function (and dysfunction) is highly implicated in many diseases including 

cancer, pain, cardiovascular disease, neurological and neurodegenerative disease, endocrine 

disorders, inflammation, among many more (100–106). The cell plasma membrane localization, 

diverse tissue expression, and the dynamic conformational states that GPCRs adopt make GPCRs 

an ideal therapeutic target. As such, ~35% of all currently FDA-approved drugs target GPCRs 

(107,108). 
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1.2.1 Overview of GPCR Signaling 

GPCRs are conformationally dynamic proteins and shift constantly between multiple 

‘inactive-like’ and ‘active-like’ states (109,110). In the absence of ligand, the most energetically 

favorable state that a GPCR predominantly occupies is an inactive state. The initial step in a GPCR 

signaling cascade is ligand binding or the presence of an extracellular stimulus such as light. While 

the exact location of the orthosteric ligand binding site differs between classes of GPCRs and 

specific GPCRs, most orthosteric ligands bind to GPCRs forming interactions within the 7TM 

bundle near the extracellular side of the plasma membrane (111,112). Agonist binding to a GPCR 

lowers the energy barrier needed for the receptor to occupy an ‘active’ state, and therefore there is 

a high probability a GPCR will shift to occupy an active state. This is done via structural 

rearrangement of the TM domains, including a conserved outward movement of the 

transmembrane helix 6 (TM6) to expose interfacial residues that interact with G-protein 

transducers (109,110). Common to class A GPCRs, TM3 and TM7 also undergo conserved 

movement upon agonist binding to allow for G-protein interaction and activation. G-protein 

affinity for a GPCR is increased upon agonist binding and, reciprocally, agonist binding to a GPCR 

is increased by pre-coupling of a GPCR/G-protein complex (98). For full G-protein engagement 

with a GPCR, the α5 helix of a G-protein positions into the intracellular cavity of the TM domains. 

This conformation is needed for full activation of G-protein (110,113).  

G-proteins are plasma membrane-bound heterotrimeric signal transducers made up of a Gα 

subunit and a Gβ and Gγ subunit that function as an obligate heterodimer. Inactive G-proteins are 

bound to guanosine diphosphate (GDP). G-protein binding to an agonist-bound GPCR and α5 

helix-engagement with the TM core reduces GDP affinity from G-protein and, due to the high 

concentration of GTP in cells, GDP is exchanged for GTP. This guanine-nucleotide exchange 
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reduces G-protein affinity for GPCR and the Gα and Gβγ subunits dissociate from one another and 

interact with various downstream effectors (98). There are 16 Gα subunits, 5 Gβ subunits, and 13 

Gγ subunits, leading to a wide array of possible heterotrimeric G-proteins in cells (114). Given the 

large number of different GPCRs, a single G-protein can couple to many different GPCRs. 

Likewise, a given GPCR can couple to and activate multiple G-proteins. Gα subunits contain 

intrinsic GTPase activity and independently regulate downstream effectors. Commonly, GαS 

subunits activate adenylate cyclase to increase cellular concentrations of the signaling molecule 

cyclic adenosine monophosphate (cAMP) and conversely, Gαi subunits inhibit adenylate cyclase 

activity to lower cellular cAMP levels. Additionally, Gαq subunits can activate phospholipase C 

(PLC) which increases intracellular calcium (Ca2+) concentration. Liberated Gβγ subunits can 

interact with and regulate ion channels including G-protein-gated inward rectifying potassium 

channels (GIRKs) and Ca2+ channels as well as protein kinases (115). In addition, free Gβγ subunits 

at the plasma membrane recruit specific members of the GPCR kinase (GRK) family of kinases, 

which downregulate GPCR signaling (116). 

Following agonist binding, G-protein activation, and initiation of downstream signaling 

cascades, GPCR signaling is downregulated via a series of phosphorylation events, scaffolding 

interactions, and receptor trafficking. The family of AGC kinases known as GRKs are recruited to 

activated GPCRs and phosphorylate serine/threonine residues in the intracellular loops (ICLs) and 

carboxy terminus (C-terminus) of the receptor (117). (GRK-mediated GPCR phosphorylation and 

regulation of GPCR signaling is discussed in detail in section 1.2.2) The multifunctional 

scaffolding proteins known as arrestins are recruited to phosphorylated GPCRs. Arrestin-1 and 

arrestin-4 (visual arrestins) are expressed in the eye and have a high affinity for light-activated and 

phosphorylated rhodopsin. Arrestin-2 and Arrestin-3, more commonly referred to as β-arrestin 1 
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(βarr1) and β-arrestin 2 (βarr2) respectively, are expressed throughout tissues in the body and bind 

with high affinity to many different phosphorylated GPCRs (118,119). GPCR C-terminal and ICL 

phosphorylation initiate β-arrestin recruitment to the receptor where β-arrestins can occupy 

multiple binding conformations, depending on the phosphorylated GPCR residues (120,121) 

(discussed more in section 1.2.2). β-arrestin binding to a GPCR sterically precludes further G-

protein coupling to a GPCR, thus terminating additional signaling from a ligand-bound GPCR. 

Furthermore, β-arrestins bound to GPCRs can interact with proteins involved in intracellular 

signaling cascades and act as scaffolds to initiate signaling pathways independent of G-protein 

activation (122). Specific ligands can activate or favor ‘G-protein’ or ‘β-arrestin’ signaling 

pathways (123–125). This mechanism is termed functional selectivity and is discussed in detail in 

the subsequent section. Additionally, β-arrestins classically function as molecular scaffolds to 

recruit endocytosis machinery (clathrin and AP-2) to internalize receptors. In the endosome, the 

acidic environment of the endosomal lumen (pH ~4.5-6.5) results in the dissociation of ligand from 

the GPCR. Depending on the receptor, the GPCR-containing endosome can be recycled back to 

the plasma membrane where it can bind to a new ligand and continue signaling, or conversely, can 

be trafficked to the Golgi or a lysosome for degradation. Interestingly, some GPCRs can maintain 

functional signaling complexes upon endocytosis and can result in prolonged and/or functionally 

distinct signaling events from the plasma membrane (126–131). This type of endosomal signaling 

is common with class B1 (secretin-type) GPCRs since the GPCR- β-arrestin interactions are more 

stable than class A GPCR- β-arrestin interactions.  

Overall, GPCR signaling and downstream physiological responses can be regulated at 

different points through the signaling process: ligand binding, G-protein coupling and activation, 

receptor phosphorylation, β-arrestin binding and signaling, and receptor trafficking. As such, the 
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ability to manipulate and modulate specific steps in GPCR signaling pathways provides a great 

opportunity to fine-tune physiological responses. Indeed, therapeutic drug design has recently 

aimed at identifying specific GPCR ligands to manipulate or bias signaling for more precise 

targeting of pathways to treat disease (122,123,132,133). 

1.2.2 GPCR Functional Selectivity – Conformation is Key 

Both endogenous and synthetic GPCR agonists can promote G-protein and/or β-arrestin 

signaling. However, different GPCR ligands for a given receptor have the ability to preferentially 

activate distinct downstream signaling pathways. This concept is referred to as functional 

selectivity or commonly, biased signaling (123). The first evidence of ‘biased’ GPCR agonists 

demonstrated that different ligands for a receptor exhibited different efficacies in activating 

downstream signaling pathways (134). Today, evidence supports the notion that GPCR signaling 

bias comes from multiple ‘active’ conformational states of a single receptor/transducer/scaffold 

complex and that different ligands for a given receptor can differentially stabilize unique active 

conformations (98).  

Different ligands can initiate GPCR signaling bias via inducing 1) different conformations 

of the receptor, 2) different conformations of the G-protein transducer, or 3) different 

conformations of scaffold (β-arrestins) (98). As discussed in the previous section, GPCR ligand 

binding induces conformational rearrangement on the intracellular GPCR interface to allow for 

interaction with G-protein or β-arrestin scaffolds. Unique ligands will cause distinct structural 

rearrangements within the GPCR cytoplasmic interface, thus favoring a conformation either 

conducive to increased G-protein binding and activation or a conformation more favorable for β-

arrestin scaffolding interactions at the expense of G-protein activation. These ligands are said to 
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exhibit G-protein or β-arrestin signaling bias, respectively. Structural studies have shown that for 

class A GPCRs, the movement/positioning of TM7 and a conserved NPXXY motif in TM7 in 

particular, is critical for efficient β-arrestin-coupling and activation of β-arrestin signaling 

pathways (135). For example, one 19F-NMR study on the β2-adrenergic receptor (β2AR) found that 

strong agonists that activate both G-protein and β-arrestin signaling pathways (isoproterenol and 

formoterol) induce large shifts in both TM6 (important for G-protein binding) and TM7. As 

expected, partial agonists (tulobuterol and clenbuterol) resulted in less pronounced TM6 

movement. Additionally, the β2AR β-arrestin-biased agonists carvedilol and isoetharine primarily 

altered TM7 movement to favor β-arrestin engagement (136). Similarly, stimulation of the 5-

hydroxytryptamine receptors 5HT1B and 5HT2B by the agonist ergotamine demonstrate a 

functional role of TM7 movement in β-arrestin bias. Ergotamine can activate both G-protein and 

β-arrestin pathways downstream of 5HT1B; however, ergotamine administration to 5HT2B 

receptors induces primarily β-arrestin signaling and exhibits much greater TM7 movement than in 

the 5HT1B receptor (137).  

Additionally, specific GPCR ligands may alter the conformation of the specific G-protein 

bound to the receptor. These different G-protein conformations can lead to different rates of G-

protein activation and GTP-GDP exchange and result in different downstream signaling efficacies 

(138). For example, if a ligand induces strong G-protein binding and rapid GTP-GDP exchange, 

the cell will undergo quantitatively more downstream signaling per given unit of time than a ligand 

that causes weaker G-protein binding and slower GTP-GDP exchange.  

Finally, different ligands can induce GPCR structural rearrangements to ultimately bind to 

β-arrestin scaffolds in different conformations. Different ligands can promote unique GRK-

mediated phosphorylation patterns, or phosphorylation barcodes, on the C-terminus and ICLs of 
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the GPCR, thus resulting in differential β-arrestin binding modes to the GPCR (139–141). As such, 

β-arrestins will adopt different conformations to scaffold for distinct intracellular signaling 

cascades. The concept of a GRK-mediated GPCR phosphorylation barcode is discussed in detail 

in section 1.2.2.2.  

1.2.2.1 GPCR Kinases (GRKs) 

 

Once an external stimulus has relayed a message to a cell, the cell needs a mechanism to 

stop signaling. For GPCRs, this is accomplished via GPCR phosphorylation within the ICLs and 

C-terminus followed by β-arrestin binding to sterically hinder further G-protein coupling, recruit 

endocytosis machinery, and initiate arrestin-signaling pathways. GRKs are members of the AGC 

family of serine-threonine kinases and are the predominant family of kinases responsible for 

phosphorylating GPCRs. Other kinases including protein kinases A (PKA) and C (PKC), Akt, and 

casein kinases 1 (CK1) and 2 (CK2) have also been shown to selectively phosphorylate certain 

GPCRs (142–144).  

GRKs are grouped into three classes based on structural homology. The GRK1-family 

includes GRK1 and GRK7. These two kinases are visual GRKs and are expressed in the retina. 

The GRK2-family includes GRK2 and GRK3 and the GRK4-family includes GRK4, GRK5, and 

GRK6. GRK4 is primarily expressed in the testes, whereas GRK2, GRK3, GRK5, and GRK6 are 

ubiquitously expressed throughout the body (144); however, different tissues and cell-types can 

exhibit different expression patterns of the ubiquitously expressed GRKs, which may play a key 

role in regulating GPCR signaling in normal physiology and in disease (145,146). Furthermore, 

changes in GRK expression levels occur during normal development (146). The specific changes 

in GRK expression during development are tissue specific. For example, only expression level of 
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GRK5 was found to change in rat brain tissue from embryonic day 14 to birth (103). In some 

instances, however, changes in GRK expression levels in specific tissues with age contribute to 

disease progression. For example, decreased GRK2 expression with age in cardiac tissue is linked 

to heart failure (146). In humans, there are 4 Grk4 splice variants (GRK4α, GRK4β, GRK4γ, and 

GRK4δ) and 3 Grk6 splice variants (GRK6A, GRK6B, and GRK6C). All GRKs share a conserved 

catalytic kinase domain and a regulator of G-protein signaling (RGS) homology (RH) domain at 

the N-terminus that has been shown to be involved in membrane and GPCR binding. GRK RH 

domains exhibit very low GTPase activity that is observed in other RGS proteins. GRKs are 

soluble proteins and therefore require mechanisms to bring them into the vicinity of membrane-

bound GPCRs following GPCR activation. The visual GRKs (GRK1/GRK7) are prenylated at the 

C-terminus and are retained in membranes. The GRK2-family of GRKs contains a C-terminal 

plexstrin homology (PH) domain that binds to free Gβγ subunits. Following G-protein activation, 

GRK2/3 are recruited to the membrane environment of the activated GPCR via PH-Gβγ binding. 

GRK4 and GRK6 are palmitoylated at the C-terminus to ensure membrane localization. GRK5 

contains a C-terminal poly-basic region that allows for interaction with negatively charged 

phospholipids at membranes. GRK5 also contains a nuclear localization sequence (NLS) and a 

DNA-binding motif.  

The GRK family of kinases differs from other AGC kinases in that their kinase domain is 

constitutively in an open conformation, which is not typical of AGC kinases (147). This suggests 

that GRKs require structural rearrangement to occupy an active conformation of the kinase 

domain. Evidence suggests that GRK binding to a GPCR allows for GRK structural rearrangement 

to become active. Recent structural data of GRK1-bound rhodopsin suggests that the N-terminal 

domain of GRKs is intrinsically disordered until it binds to an activated GPCR (148).  To bind, 
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the N-terminal region forms an αN-helix and inserts into the GPCR core, a process which the 

authors call ‘molecular fly-casting.’ Additionally, basic residues in the RH domain interact with 

negatively charged phospholipids in the membrane. GRK engagement with a GPCR allows for 

kinase domain closure and receptor phosphorylation. The study also suggests that partial 

disengagement of GRK from GPCR may allow for more efficient adenine nucleotide exchange 

and allow for consecutive phosphorylation events (148). Overall, the structural data support the 

idea that ligand-induced changes in GPCR conformations could select for specific GRK 

phosphorylation and distinct phosphorylation barcodes and downstream signaling events.  

In addition to phosphorylating GPCRs, GRKs can phosphorylate non-canonical substrates 

(non-GPCR proteins) including receptor tyrosine kinases, single-pass transmembrane domain 

serine-threonine kinases, death receptors, toll-like receptors, transcription factions, and adaptor 

proteins. For example, GRK2 can phosphorylate platelet-derived growth factor receptor-β 

(PDGFRβ) to regulate downstream transcription that induces cell proliferation (149). GRK2 and 

GRK5 phosphorylate tubulin to regulate cytoskeleton structure (150). GRK2/3 and GRK5 can 

phosphorylate histone deacetylases (HDACs) to regulate DNA transcription (151,152). To date, it 

is unknown whether GRKs must be in a GPCR-bound state to phosphorylate non-GPCR substrates 

in close proximity to these GPCR-GRK complexes or if GRKs simply exhibit low, intrinsic/basal 

activity for non-GPCR substrates. Studies with purified GRKs have shown that GRKs can 

phosphorylate purified, non-GPCR substrates in in vitro kinase assays (such as p53) (153) 

suggesting GRKs do possess some intrinsic ability to phosphorylate other substrates. However, 

GRKs cannot fully adopt the closed kinase domain conformation needed for full activity unless 

GPCR-bound (144,147). Given that non-GPCR GRK substrates are both cytosolic proteins and 
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membrane-bound, it seems likely that both explanations may be correct and most likely depends 

on the specific substrate.  

GRKs are also able to regulate signaling pathways independent of the kinase function by 

functioning as molecular scaffolds (116). The most notable non-kinase function of GRK2/3 is the 

ability of these kinases to bind to liberated Gαq G-protein subunits to regulate GPCR G-protein 

signaling, particularly metabotropic glutamate receptor 5 (mGluR5) signaling. GRK2/3 RH 

domain interaction with activated Gαq
 subunits has been shown to downregulate mGluR5 

signaling, independent of GRK2/3 kinase activity (154,155). Similarly, the RH domain of GRK5 

can interact with the cytosolic protein IκBα to increase nuclear localization of IκBα to inhibit 

NFκB transcriptional activity (156). Given the diverse functions and widespread distribution of 

the GRK family of proteins, GRK function and dysfunction has been implicated in a wide range 

of diseases including cardiovascular disease, pain, depression, inflammation, multiple cancers, and 

neurodegenerative disease including Parkinson’s disease (PD) and Alzheimer’s disease (discussed 

in 1.3.2) (106,157–162).  

1.2.2.2 GPCR Phosphorylation Barcodes 

 

Not only can distinct GPCR ligands induce signaling via β-arrestin pathways in addition 

to classical G-protein signaling cascades, but different ligands can selectively modulate the 

specific β-arrestin-dependent functional outcome(s), (e.g. receptor endocytosis, GPCR 

desensitization, or β-arrestin-dependent signaling pathways such as ERK1/2 activation or Src 

activation). Original studies investigating this phenomenon utilizing the chemokine receptor 

CCR7 and the two endogenous CCR7 ligands CCL19 and CCL21 suggested that CCL19 and 

CCL21 impart distinct functional consequences downstream of βarr2 via differentially recruiting 
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specific GRKs to phosphorylate CCR7 (124). Further reports with the chemokine receptor CXCR4 

(163), muscarinic acetylcholine M3 receptor (M3R) (164), and the β2AR (140) further established 

the concept of a GRK-mediated, GPCR phosphorylation barcode which differentially regulates β-

arrestin signaling outcomes (Figure 2). Importantly, Nobles et al. mapped GRK2 and GRK6 

phosphorylation sites on β2AR and demonstrated that GRK2 and GRK6 differentially affect βarr2 

conformation using a bioluminescence resonance energy transfer (BRET) – based intramolecular 

βarr2 biosensor (140).  

A common feature of GRK regulation of a GPCR phosphorylation barcode is hierarchical 

phosphorylation by GRKs at specific sites on a receptor. In other words, there is a particular order 

of GRK phosphorylation and some sites, termed primary site(s), on a GPCR allow for further 

phosphorylation at other residues.  For example, GRK phosphorylation at S375 of the μ-OR occurs 

first and is necessary for additional GRK phosphorylation of the μ-OR C-terminus (165). 

Dopamine D1 receptor (D1R) C-terminal phosphorylation is necessary for D1R ICL3 

phosphorylation by GRKs (166,167). Hierarchical phosphorylation has been reported in multiple 

other GPCRs including rhodopsin (168) the adenosine A3 receptor (A3R) (169), delta-opioid 

receptor (δ-OR) (170), cannabinoid receptors (171), CXCR4 (172), and the bitter taste receptor 

TAS2R14 (173). Two hypotheses exist to explain the mechanism of hierarchical phosphorylation, 

and both may prove to hold true depending on the GPCR and/or GRK. First, phosphorylation of a 

GPCR at certain sites may make the receptor more of an attractive substrate for GRKs, perhaps by 

increasing the GRKs affinity for the receptor. Secondly, primary site phosphorylation of a GPCR 

induces conformational changes in the C-terminus and/or ICLs which make other sites accessible 

for phosphorylation by GRKs. Overall, due to the interdependence of specific phosphorylated 

residues by GRKs, it is reasonable to believe that tissue and cell-type-specific changes in GRK 
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expression or activity in disease may result in significantly altered GPCR phosphorylation, 

downstream signaling, and contribute to many disease etiologies.  

Structural studies investigating β-arrestin interactions with phosphorylated GPCRs have 

further supported a mechanism of a GPCR phosphorylation barcode where GPCR phosphorylation 

patterns function as a ‘code’ that is read by β-arrestins to dictate the GPCR-β-arrestin binding 

conformation and downstream functional consequence. These studies have identified biphasic 

interaction modes between βarr2 and GPCRs – each with distinct downstream consequences (174–

177). β-arrestins can interact with a GPCR C-terminus alone forming a partially engaged 

conformation or with the C-terminus plus the TM cytoplasmic GPCR core in a fully engaged 

conformation. In one particular study using a GPCR chimera composed of the β2AR extracellular 

and TM domains and the vasopressin V2 receptor (V2R) intracellular domains (β2V2R), the authors 

determined that a partially engaged β2V2R-βarr2 complex could functionally induce receptor 

endocytosis as well as activate ERK1/2, but the fully engaged β2V2R-βarr2 complex was required 

for receptor desensitization (176).  

Initial recruitment of β-arrestins is mediated by GPCR C-terminal phosphorylation. 

Phosphorylated GPCR C-termini bind to the N-domain of arrestins and induce conformational 

shifts in β-arrestin that function as switches, allowing for full β-arrestin engagement with the 

GPCR TM core. Importantly, two of these switches include the disruption of an ‘ionic lock’ by 

negatively charged phosphates in the GPCR C-terminus that results in the outward movement of 

a conserved region in β-arrestins known as the finger loop domain, and disruption of the β-arrestin 

polar core (175,178–180). Specific arrangements of these β-arrestin domains will differ depending 

on the phosphorylation pattern and location of phosphates on a GPCR C-terminus. Therefore, 



 24 

different GPCR phosphorylation patterns on unique GPCRs will induce different GPCR-bound β-

arrestin conformations with distinct signaling functions and efficacies for interacting partners.  

In further support of GPCR phosphorylation barcodes, one group investigated how βarr1 

conformation changed upon binding to 4 distinct phosphorylated V2R C-termini. The authors 

determined that small changes in V2R C-terminal phosphorylation were able to induce significant 

conformational rearrangements in distal regions of βarr1. Significantly, the authors found that 

alterations in the V2R C-terminal phosphorylation status altered the conformation and position of 

residues on βarr1 known to interact with the small GTPase Raf-1 and the protein kinase MEK-1 

to mediate downstream signaling cascades (181). Intriguingly, a recent report utilizing a 

combination of computational and spectroscopic methods found that GPCR phosphorylation 

patterns that favor β-arrestin binding are not necessarily those that favor arrestin signaling-

associated conformational changes. Also, the authors note that the extent of β-arrestin binding and 

conformation depend more on the arrangement of phosphates rather than on the total number of 

phosphorylated residues (121). Collectively, the current literature provides evidence that the extent 

of β-arrestin binding, GPCR internalization, GPCR desensitization, and downstream arrestin-

mediated signaling events are separate functional outcomes downstream of GPCR phosphorylation 

and that specific GPCR phosphorylation barcodes can differentially regulate these events.  
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Figure 2. GRKs mediate a GPCR phosphorylation barcode 

Following the activation of a GPCR and release of a heterotrimeric G-protein, GRKs are recruited to the C-terminus 

and ICLs of a receptor. Multiple GRKs can phosphorylate a single receptor and at multiple sites. Different GPCR 

ligands can induce differential phosphorylation patterns by specific GRKs. GPCR C-terminal and ICL 

phosphorylation induce the recruitment of the multifunctional GPCR adaptor proteins β-arrestin 1 (βarr1) and/or β-

arrestin 2 (βarr2). A fully engaged β-arrestin interacts with both the GPCR C-terminus and transmembrane 

cytoplasmic core to preclude further G-protein coupling and signaling. In addition, β-arrestins can interact with a 

multitude of additional proteins such as Src, ERK1/2, PLC-γ, and clathrin, to act as a scaffold for signaling cascades 

and receptor endocytosis. Depending on the specific GRK-mediated phosphorylation pattern or ‘barcode’, β-arrestins 

will adopt distinct conformations that favor interactions with one signaling molecule or the other. Therefore, specific 

GRK phosphorylation patterns of a GPCR will allow for conformationally-distinct GPCR-β-arrestin complexes to 

functionally select for one signaling pathway over another.   
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1.3 GPCR signaling in Alzheimer’s Disease 

1.3.1 GRKs in Alzheimer’s Disease 

Despite the expansive literature surrounding GPCR dysfunction in AD, there are only a 

handful of studies investigating the specific role of GRKs in AD pathogenesis. Initial reports of 

GRK dysfunction in AD suggested that GRK2 and GRK5 displayed altered cellular localization 

upon aging in the TgCRND8 AD transgenic mouse model expressing mutant human APPSwe/Ind. 

GRK2 is localized in the cytosol, whereas GRK5 is membrane-bound; however, the researchers 

found that with age, APPSwe/Ind-expressing mice exhibited a much greater cytosolic GRK5 pool 

and a slightly higher GRK2 cytosolic fraction prior to the onset of cognitive decline (182). Because 

GPCRs are membrane-bound proteins, a decreased membrane fraction of GRKs (in particular 

GRK5 or GRK6) may result in decreased binding to, and regulation of GPCRs and their signaling 

cascades. Furthermore, treatment of cells with Aβ40 or Aβ42 induced GRK5 translocation from the 

membrane to the cytosol (182). Functionally, this resulted in reduced recruitment to the protease 

activated receptor 1 (PAR1), a GPCR involved in synaptic plasticity and memory (183), upon 

addition of the PAR1 agonist thrombin. Additional studies have also primarily focused on GRK2 

and GRK5 in the regulation of AD pathology and confirmed a reduced membrane fraction of 

GRK5 in another AD transgenic mouse model (APP/PS1) and upon treatment with Aβ42 (184–

186). 

GRK5 membrane deficiency has been linked to increased amyloid plaque pathology by 

multiple mechanisms. Loss of membrane GRK5 results in dysregulation of the M2 and M4 

mAChRs. The M2 and M4 mAChRs are primarily localized pre-synaptically in the hippocampus, 

and activation of these receptors negatively regulates acetylcholine (ACh) release into the synapse 
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(187). Reduced ACh release upon M2 and M4 activation will result in a loss of cholinergic 

signaling and cognitive deficits. Additionally, reduced ACh release pre-synaptically will reduce 

postsynaptic M1 mAChR signaling, a receptor known to reduce amyloidogenic processing of APP 

(188). In Tg2576 mice expressing human APPSwe, Grk5 deficiency (Grk5+/- or Grk5-/-) results in 

multiple phenotypes. Tg2576/Grk5-/- mice exhibit increased amyloid plaque burden and soluble 

Aβ in the brain (185). Additionally, these mice exhibit a significant increase in neuroinflammation 

(189). The authors of these studies argue that the increase in Aβ pathology is due to impaired 

cholinergic signaling, but do not account for putative changes in Aβ clearance from altered 

microglia and astrocytic signaling as well as potential neuroinflammatory-induced changes in APP 

processing and Aβ generation. Because GRK5 regulates many GPCRs, it is difficult to point to 

one mechanism for the observed increase in plaque burden in these transgenic mice.  

In addition to Aβ and plaque pathology, there is evidence implicating GRKs in mediating 

tau pathology as well. Non-transgenic Grk5-/-- mice present with swollen axonal clusters – a 

phenotype that is age-dependent and more pronounced in female mice. In the APP/PS1 AD 

transgenic mouse, genetic deletion of Grk5 increases tau phosphorylation at S396, an AD-

associated phospho-tau epitope (190). Further evidence of a functional role of GRK5 mediating 

tau S396 phosphorylation comes from two Grk5 single nucleotide polymorphisms (SNPs) 

identified in the population encoding for GRK5 Q41L and R304H point mutations (186). GRK5 

Q41L exhibits increased membrane localization. Q41 is located in the N-terminal 

phosphatidylinositol 4,5-bisphosphate (PIP2) binding domain and substitution with a non-polar 

residue likely results in the increased membrane binding. In SH-SY5Y human neuroblastoma cells 

expressing GRK5 Q41L, treatment with Aβ42 for 24 hours did not alter GRK5 membrane 

localization compared to wild-type GRK5-expressing cells. In addition, the GRK5 Q41L cells 
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exhibited less pS396 tau than in wild-type GRK5-expressing cells. Conversely, GRK5 R304H-

expressing cells displayed reduced membrane-bound GRK5 and higher Aβ42-induced pS396 tau. 

In the population, GRK5 Q41L is associated with a lower risk of developing AD (186). GRK5 has 

also been shown to regulate the activity of the tau kinase GSK3β. In mice, Grk5 deficiency reduces 

inhibitory S9 phosphorylation of GSK3β. In turn, GSK3β is more active and increases tau 

phosphorylation at multiple epitopes (191).  

In addition to GRK5, GRK2 has been implicated in tau pathology in AD as well. GRK2 

has been shown to co-localize with NFTs stained with a pS202 tau antibody (CP13) or the amyloid 

dye thioflavin S (ThioS) in the AD hippocampus. However, only about 40-50% of CP13 or ThioS 

positive NFTs contained GRK2, suggesting the GRK2 positive NFTs may be a distinct 

subpopulation. No GRK5 positive NFTs were identified in the AD brains from this study (192). 

GRK2 can also regulate tau pathology via regulating specific GPCRs. Monomeric Aβ42 treatment 

of SH-SY5Y cells increased tau phosphorylation at S214 via activating the β2AR. GRK2 is a 

known β2AR kinase, and inhibition of GRK2 by co-expression of a truncated dominant-negative 

GRK2 (βARKct) decreased Aβ42-induced tau S214 phosphorylation (193). Because inhibition of 

GRK2 could increase β2AR G-protein signaling, the positive effect of Aβ42 treatment on tau S214 

phosphorylation may be β-arrestin signaling-dependent. Additionally, βARKct would inhibit all 

GRK2 and GRK3 activity in the cells and could be affecting tau phosphorylation via additional, 

off-target pathways.  

Until recently, a comprehensive analysis of GRKs in the AD brain has been missing. A 

recent study from our lab analyzed the cell-type and brain region-specific expression of each 

ubiquitously expressed GRK in human AD brains and non-AD aged-matched control brains as 

well as characterized the association between each GRK and amyloid and tau pathology using 
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immunostaining and confocal microscopy techniques (146). The analysis revealed that in late-

stage AD brains, expression levels of GRK2, GRK5, and GRK6 are decreased in the CA1 region 

of the hippocampus. GRK2 was found to positively correlate with soluble tau and co-localize with 

phosphorylated NFT tau in AD brains. GRK3 was found to be associated with both total tau level 

and soluble tau levels in AD brains. GRK5 was also found to be associated with total tau levels in 

AD brains. GRK6 expression positively correlated with soluble tau levels and co-localized with 

phosphorylated NFT tau in AD brains. Interestingly, both GRK3 and GRK5 levels co-localized 

significantly with amyloid in AD brains, including ThioS positive NFTs and amyloid plaques. 

Interestingly, an older report characterizing GRK expression in Parkinson’s disease with dementia 

(PDD) brains that exhibited both tau and amyloid AD pathologies showed increased expression of 

GRK3 and GRK5 (194). Collectively, these studies provide a connection between the GRK family 

of kinases and AD pathologies. As such, further investigation into the precise mechanisms by 

which specific GRKs regulate AD pathogenesis is warranted. 

1.3.2 G Protein-Coupled Receptor 3 (GPR3) 

G protein-coupled receptor 3 (GPR3) is an orphan GPCR with no known ligand. GPR3 is 

a member of the class A GPCR family (rhodopsin-family) and exhibits high constitutive GαS 

signaling resulting in high constitutive production of cAMP (195,196). GPR3 is mainly expressed 

in the central nervous system (CNS) (197,198), testes (199), oocytes (200), and to a lesser extent, 

brown adipose tissue (BAT) (201). In the CNS, GPR3 is expressed highly in the medial habenular 

nucleus, hippocampus, cerebral cortex, olfactory bulb, striatum, and hypothalamus (197,199,201). 

GPR3 plays an important role in reproductive function. In mice, Gpr3 genetic deletion (Gpr3-/- 

mice) exhibit reduced fertility with age (202). This is attributed to the disruption of meiotic arrest 
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caused by the loss of constitutive GαS signaling and cAMP production in oocytes. Additionally, 

constitutive GPR3 signaling has recently been shown to be an important regulator of 

thermogenesis. In BAT, lipolysis induces increased GPR3 expression which results in a greater 

thermogenic effect (201). The authors of this study also suggest that a GPR3 N-terminal peptide 

consisting of GPR3 amino acid residues 18-27 (GPR3aa18-27) can stimulate GPR3 GαS signaling, 

potentially acting as a constitutive tethered agonist. However, their data suggests the EC50 of 

GPR3aa18-27 on cAMP generation is ~31μM, and the authors did not measure any effects on β-

arrestin recruitment following GPR3aa18-27 treatment. Nonetheless, GPR3aa18-27 showed no 

effect on the cannabinoid 1 receptor (CB1 receptor), the closest structural relative to GPR3 (201).  

In the brain, GPR3 signaling has been linked to reward processes and anxiolytic behavior. Gpr3-/- 

mice exhibit enhanced responsiveness to cocaine reward (203), high levels of avoidance of novel 

environments, and increased stress reactivity and anxiety-like behaviors (204).  

GPR3 is upregulated in sporadic AD brains (205). High GPR3 expression in the cortex and 

hippocampus coincides with Aβ plaque load in brains. Overexpression of GPR3 induces an 

increase in Aβ without altering β-secretase activity, suggesting the effect of GPR3 on Aβ is 

downstream of β-secretase processing of APP. Indeed, co-expression of GPR3 with APP-C99 

(CTFβ), a direct substrate of γ-secretase, results in increased Aβ generation. This effect is blocked 

by treatment with the selective γ-secretase L-685,458 (205). Overexpression of GPR3 increases 

localization of active γ-secretase complex in detergent-resistant membrane (DRM) or lipid raft 

domains where it is more catalytically active (206). Furthermore, the GPR3-mediated effect on γ-

secretase appears to be at least partially selective for APP-C99 cleavage, as GPR3 expression does 

not alter the proteolysis of the Notch receptor, another γ-secretase substrate (205). Furthermore, 

genetic deletion of Gpr3 in four different AD transgenic mouse models reduced amyloid plaque 
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burden and rescued cognitive deficits in these mice, highlighting GPR3 as a putative therapeutic 

target in AD (207). 

Our lab has previously demonstrated that the GPR3-mediated increase in γ-secretase 

activity and Aβ generation is dependent on β-arrestin signaling and is independent of GαS signaling 

(208). Expression of GPR3 with a GαS dominant negative mutant, the PKA inhibitor H89, or 

adenylate cyclase inactivation via  2’,5’-dideoxyadenosine failed to reduce GPR3-mediated Aβ, 

suggesting an alternative (β-arrestin) pathway may be involved (208). To measure β-arrestin 

recruitment to GPR3, we utilized a PathHunter β-arrestin recruitment assay. In the PathHunter 

assay, a split β-galactosidase (β-gal) complementation assay, cells stably expressing βarr2 tagged 

with an inactive β-gal are transfected with GPR3 (wild-type or mutant) with a ProLink (PK) tag 

attached at the C-terminus. Upon βarr2 binding to GPR3-PK, β-gal is activated. When a β-gal 

substrate is added, luminescence can be measured and is proportional to βarr2-GPR3 binding. 

Utilizing the PathHunter β-arrestin recruitment assay, our lab determined a high basal level of 

βarr2 recruitment to GPR3. Preventing G-protein coupling by mutating a conserved DRY-motif 

on the 3rd transmembrane domain resulted in increased βarr2 recruitment as well as increased 

GPR3-mediated Aβ generation. Conversely, serine-to-alanine mutagenesis of six C-terminal serine 

residues on GPR3 reduced βarr2 recruitment to GPR3 and completely prevented the GPR3-

mediated γ-secretase activity and Aβ generation. Further experiments using siRNAs to silence the 

expression of βarr2 in cells co-expressing GPR3 and APP-C99 reduced Aβ40 and Aβ42 generation 

(208). Collectively, these studies indicate that βarr2 is required for the GPR3-mediated increase in 

γ-secretase activity and Aβ generation and GPR3 C-terminal phosphorylation is a critical regulator 

of this mechanism.  
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In addition, βarr2 can independently increase γ-secretase activity by stabilizing active γ-

secretase complexes in DRM domains (208). βarr2 directly interacts with the APH1A subunit of 

the γ-secretase complex. Interestingly, Gpr3-/- mice display reduced βarr2 interaction with APH1A 

in the cortex (208), suggesting GPR3 may modulate γ-secretase activity by regulating 

βarr2/APH1A interaction.  

A critical role of the GPR3 C-terminus in βarr2 binding was confirmed by another group as 

well. Expression of GPR3 with a truncated C-terminus (GPR3 Q302*) exhibited reduced βarr2 

binding and reduced Aβ generation (209). Interestingly, the researchers also observed a direct 

interaction between GPR3 and APP. They determined that GPR3/APP interaction positively 

correlates with βarr2 binding to GPR3 as well as Aβ generation. Additionally, βarr2 co-

transfection with GPR3 increased GPR3/APP interaction and Aβ production. Surprisingly, 

preventing phosphorylation at S237 on the 3rd intracellular loop (ICL3) using a S237A mutant 

increased βarr2 recruitment to GPR3. Overall, GPR3-mediated Aβ generation involves multiple 

protein-protein interactions between βarr2, APP, and γ-secretase although mechanistically, many 

unanswered questions remain. 

1.4 Dissertation Goal 

Alzheimer’s disease is a progressive neurodegenerative disease with currently no 

successful therapeutic strategy to prevent or slow disease progression. In AD, Aβ dyshomeostasis 

acts as an initial trigger for neuroinflammation, tau posttranslational modifications, tau 

aggregation, and eventual cell death and clinical dementia (18,74,86,210). As such, investigation 

into the basic cellular mechanisms that regulate Aβ pathology is paramount to better understand 
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AD etiology and to develop successful disease-modifying therapeutics. The GPCR family of cell 

surface receptors is a well-studied class of receptors in regulating AD pathology and in particular, 

Aβ pathology. However, much less is known in AD about the GRK family of serine-threonine 

kinases which are critical in modulating GPCR function and GPCR-independent cellular signaling 

pathways in normal physiology and disease.  

 The overall goal of this dissertation is to determine if, and how, the GRK family of kinases 

regulate Aβ generation. Specifically, we sought to determine 1) if GRKs directly regulate the 

activity of the γ-secretase complex and APP processing and 2) if GRK regulation of a specific 

GPCR, i.e., GPR3, can modulate Aβ generation. Our findings reveal that APH1A is a non-

canonical GRK substrate and that the ubiquitously expressed GRKs regulate a phosphorylation 

barcode on APH1A to mediate βarr2 binding and functionally, γ-secretase activity and Aβ 

generation. This novel finding expands the concept of a GRK-mediated phosphorylation barcode 

beyond GPCRs and to a 7TM-domain protein that is not classified as a GPCR. Furthermore, we 

determine that GRK2 specifically regulates GPR3-mediated γ-secretase activity and Aβ generation 

via its kinase function and determine that GRK2 regulation of GPR3 may modulate γ-secretase 

activity via multiple, distinct cellular mechanisms. 
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2.0 GPCR kinases mediate an APH1A phosphorylation barcode to regulate amyloid- β 

generation 

Chapter 2 is a modified version of: 

Todd, N.K, Huang, Y, Lee, J.Y, Doruker, P, Krieger, J.M, Salisbury, R, MacDonald, M, Bahar, I, 

and Thathiah, A. GPCR kinases mediate an APH1A phosphorylation barcode to regulate amyloid-

β generation. Manuscript in Review (2021). 

2.1 Introduction 

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized 

pathologically by the deposition of extracellular plaques composed of the β-amyloid (Aβ) peptide 

and intracellular inclusions of the misfolded and post-translationally modified microtubule 

associated protein tau (18,20). Sequential cleavage of the amyloid precursor protein (APP) by 

BACE1 (β-secretase) and γ-secretase yields Aβ peptides, which range in length from 37-46 amino 

acids (211). γ-secretase is a 4-subunit complex consisting of nicastrin (NCT), anterior pharynx-

defective (APH)1A or  APH1B, presenilin-enhancer 2 (PEN2), and presenilin 1 (PS1) or presenilin 

2 (PS2), the catalytic core of the complex (43,206,212). Our lab previously determined that the G 

protein-coupled receptor (GPCR) scaffolding protein β-arrestin 2 (βarr2) interacts with the 

APH1A subunit of the γ-secretase complex and stabilizes localization of the γ-secretase complex 

in lipid raft, or detergent-resistant membrane (DRM), domains where it is more catalytically active 

(43,206,208,212). Thus, βarr2 interaction with the APH1A subunit of the γ-secretase complex is a 

critical mediator in the pathogenic cascade of Aβ accumulation. 
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The β-arrestin family of proteins (βarr1 and βarr2) recognize and bind to phosphorylated 

serine or threonine residues on the carboxy-terminus (C-terminus) or intracellular loops (ICLs) of 

GPCRs following receptor activation (213,214). GPCR kinases (GRKs) are serine/threonine 

kinases that are primarily responsible for GPCR phosphorylation (144). Evidence within the past 

decade suggests that multiple GRKs can phosphorylate a single receptor at distinct sites. The 

specific phosphorylation pattern or barcode generated by GRKs leads to differential β-arrestin 

binding conformations and downstream signaling events (120,121,139,140,215,216). 

Additionally, recent structural studies suggest multiple functional binding conformations of β-

arrestins with a GPCR. Specifically, the N-terminal domain of β-arrestins can interact with the 

phosphorylated C-terminus of a GPCR or, alternately, a small region on β-arrestin known as the 

finger loop domain can engage with the intracellular cytoplasmic loops (ICLs) of a GPCR 

transmembrane (TM) core (175,177,179,180). These conformationally distinct complexes 

differentially regulate downstream signaling pathways and are regulated by unique GRK-mediated 

phosphorylation barcodes (176,181). Furthermore, GRKs can phosphorylate a growing list of non-

GPCR substrates to regulate GPCR-independent signaling cascades (116,144). Accordingly, we 

postulated that APH1A may be a non-canonical GRK substrate.  

APH1 is a subunit of the γ-secretase complex and is required for active complex assembly 

and stability (49,212). APH1 is a 7TM-domain protein and despite sharing structural similarities 

to 7 transmembrane-domain receptors (7TMRs) or GPCRs, has not been shown to couple to or 

activate heterotrimeric G proteins. In humans, two genes (APH1A and APH1B) encode for the two 

APH1 proteins, APH1A and APH1B, respectively. Similar to GPCRs, APH1A has been shown to 

bind to βarr2 to mediate downstream functional outcomes. We hypothesized that GRK 
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phosphorylation of APH1A regulates βarr2 recruitment to APH1A and catalytic activity of the γ-

secretase complex.  

In the present study, we utilize a combination of label-free quantitative liquid 

chromatography-tandem mass spectrometry (LC-MS/MS), in vitro biochemical assays, structural 

modeling, and molecular dynamics (MD) simulations to investigate the molecular determinants 

that regulate βarr2 interaction with APH1A and how regulation of this critical protein-protein 

interaction mediates Aβ generation. We determine that GRKs 2, 3, 5, and 6 impart unique APH1A 

phosphorylation patterns within the second intracellular loop (ICL2) and C-terminus of APH1A 

to differentially regulate γ-secretase activity and Aβ generation. Furthermore, our MD simulation 

studies reveal that the βarr2 finger loop region engages with ICL2 and ICL3 of APH1A to facilitate 

the interaction between βarr2 and APH1A. Our structural analysis of βarr2 binding to APH1A 

suggests a conformation that closely resembles a fully engaged GPCR-β-arrestin complex. We 

demonstrate that mutagenesis of specific residues in the βarr2 finger loop region or ICL3 of 

APH1A significantly reduces binding and Aβ generation, thus confirming a critical role of this 

interaction in regulating γ-secretase activity. Overall, we propose that GRK-mediated 

phosphorylation barcodes on the APH1A subunit of the γ-secretase complex lead to 

conformationally-distinct APH1A-βarr2 complexes, which differentially affect γ-secretase activity 

and Aβ generation. 
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2.2 Results 

2.2.1 APH1A is phosphorylated in the 2nd intracellular loop (ICL2) and C-terminus 

β-arrestins are canonically involved in GPCR desensitization and internalization via 

recognition and binding to phosphorylated serine and threonine residues in the ICLs and/or C-

terminus of GPCRs (213,217). We previously demonstrated  that APH1A interacts with βarr2 in 

cells and in mouse brain tissue (208). Similar to GPCRs, APH1A contains putative 

phosphorylation sites in ICL2 and the C-terminus based on a phosphorylation-site prediction 

algorithm (218). To determine whether APH1A is indeed phosphorylated, we expressed APH1A 

in HEK293 cells and performed label-free LC-MS/MS analysis on phosphopeptide-enriched 

trypsin digests. LC-MS/MS analysis confirms that APH1A is phosphorylated at S103 and S110 in 

ICL2 and S251 and S257 in the C-terminus (Fig. 3 and Fig. 4).  
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Figure 3. LC-MS/MS analysis identifies sites of APH1A phosphorylation in HEK293 cells 

MS2 spectra of identified APH1A phosphorylated peptides correspond to (A) S103, (B) S110 (C) S110, (D) S251 (E) 

S257. 
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Figure 4. The APH1A subunit of the γ-secretase complex is phosphorylated in ICL2 and the C-terminus 

(A) Table of identified phosphorylated peptides on APH1A determined by label-free LC-MS/MS on trypsin-digested 

and phosphorylation-enriched HEK293 cells following expression of APH1A. (B) Snake diagram of APH1A. The 

phosphorylated amino acids in ICL2 and the C-terminus are indicated in yellow.   
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2.2.2 Chemical inhibition of GRKs affects βarr2 recruitment and Aβ generation in a 

physiological model of AD 

GRKs are serine/threonine kinases primarily responsible for phosphorylating the ICLs and 

C-termini of GPCRs to initiate β-arrestin recruitment. GRKs are also capable of phosphorylating 

non-GPCR substrates (117,144). GRK2, GRK3, GRK5, and GRK6 are ubiquitously expressed in 

tissues throughout the body and in the brain (144,219). We hypothesized that GRK activity is 

involved in mediating the βarr2 interaction with APH1A. To initially test this hypothesis and gain 

preliminary insight into whether GRKs regulate βarr2 recruitment to APH1A and γ-secretase 

activity, we utilized the commercially available Takeda Compound 101 (CMPD101), which 

inhibits the kinase activity of both GRK2 and GRK3 with an IC50 ~32-34nM (220). To measure 

βarr2 recruitment to APH1A, we utilized a PathHunter βarr2 recruitment assay (Fig. 5). 

Surprisingly, we determined that treatment of cells that express APH1A with 10µM CMPD101 

results in a significant increase in βarr2 recruitment to APH1A in comparison to vehicle-treated 

cells (Fig. 6A). To determine whether GRK2 and GRK3 are also involved in regulating Aβ 

generation, we turned to a more biologically and AD-relevant system. As such, we treated a human 

neural progenitor cell (NPC) line, ReN, which harbor familial AD (fAD) mutations in APP 

(221,222), with 10µM CMPD101. Significantly, CMPD101 treatment leads to an increase in both 

Aβ40 and Aβ42 generation in the human fAD NPCs (Fig. 6B). Collectively, our data demonstrate 

that chemical inhibition of GRK2/3 enhances βarr2 interaction with APH1A and Aβ generation. 

Additionally, the studies with the human fAD NPCs suggest a putative pathogenic role of the GRK 

family of kinases in AD. 
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Figure 5. Schematic diagram of the βarr2 recruitment to APH1A PathHunter assay 

Schematic diagram depicting the principle of the PathHunter assay used to detect the βarr2 interaction with APH1A. 

The CHO-βarr2 cells stably express βarr2 covalently attached to a portion of β-galactosidase (enzyme acceptor (EA)) 

and were transfected with ProLink (PK)-tagged APH1A (APH1A-PK). Upon βarr2 binding to APH1A, the EA and 

PK form an active β-galactosidase enzyme. Upon addition of a β-galactosidase substrate, the interaction between βarr2 

and APH1A is detected by a chemiluminescent signal. 

 

  



 42 

 

Figure 6. Chemical inhibition of GRK2 and GRK3 increases βarr2 recruitment to APH1A and Aβ generation 

(A) βarr2 recruitment to APH1AWT in the CHO-βarr2 cell line following treatment with 10μM CMPD101 relative to 

vehicle (0.1% DMSO) for 30 min as measured with the PathHunter assay. ** P < 0.01 by unpaired t-test. (B) Aβ40 

and Aβ42 generation in human fAD neural progenitor cells (NPCs) that stably express APPSwe/Ind. * P < 0.05 by 

ANOVA with Sidak’s post-test.  Data are mean ± SEM of 3 independent experiments performed in triplicate or 

quadruplicate. 

 

2.2.3 GRKs differentially regulate γ-secretase activity and Aβ generation 

We next sought to comprehensively investigate the putative involvement of each 

ubiquitously expressed GRK in mediating APH1A phosphorylation and γ-secretase activity. To 
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accomplish this, we utilized a clustered regularly interspaced short palindromic repeats 

(CRISPR)/Cas9 genome editing strategy (223) to genetically delete Adrbk1, Adrbk2, Grk5, or 

Grk6 in HEK293 cells and generate monoclonal GRK knockout (KO) cell lines, herein referred to 

as GRK2 KO, GRK3 KO, GRK5 KO, or GRK6 KO cells, respectively. The small guide RNAs 

(sgRNAs) for Grk6 were designed to genetically delete all GRK6 isoforms. Successful genetic 

deletion of each Grk was confirmed by Western blot analysis (Fig. 7). Notably, genetic deletion of 

each Grk did not affect protein expression of the other GRKs. Furthermore, we did not detect 

changes in γ-secretase subunit expression in the GRK KO cell lines (Fig. 8).  

We then sought to determine whether genetic deletion of each Grk mediates distinct 

functional outcomes, specifically in the regulation of γ-secretase activity and Aβ generation. We 

transiently expressed APP-C99 (Fig. 9), a direct substrate of γ-secretase, in each GRK KO and an 

unedited CRISPR control cell line and determined the levels of Aβ40 and Aβ42 generation by 

enzyme-linked immunosorbent assay (ELISA). Surprisingly, we detect a 6 to 7-fold increase in 

Aβ40 and Aβ42 generation in GRK2 KO cells in comparison to control cells (Fig. 10A). 

Remarkably, these results are consistent with CMPD101 treatment in human fAD NPCs (Fig. 6B). 

In contrast, we detect a ~50% reduction in Aβ40 and Aβ42
 generation GRK3 KO and GRK5 KO 

cells (Fig. 10 B and C) and no change in Aβ40 or Aβ42 generation in GRK6 KO cells relative to 

control cells (Fig. 10D). These results establish a role for the GRKs in differential regulation of γ-

secretase activity and Aβ generation. 
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Figure 7. GRK expression in CRISPR GRK KO cell lines 

Western blot characterization of GRK expression in HEK293 CRISPR Control and (A) GRK2 KO, (B) GRK3 KO, 

(C) GRK5 KO, and (D) GRK6 KO cell lysates from 3 different passages of cells (P1, P2, and P3). 
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Figure 8. γ-secretase subunit expression in  GRK KO cell lines 

Western blot characterization of γ-secretase subunit expression in HEK293 CRISPR Control and (A) GRK2 KO, (B) 

GRK3 KO, (C) GRK5 KO, and (D) GRK6 KO cell lysates from 3 different passages of cells (P1, P2, and P3). 
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Figure 9. Expression of C99-FLAG in GRK KO cell lines corresponding to Aβ ELISAs in Figure 10 

Representative Western blot of transfected C99-FLAG in HEK293 CRISPR Control and (A) GRK2 KO, (B) GRK3 

KO, (C) GRK5 KO, (D) GRK6 KO cells used for Aβ ELISA in Fig. 10. 
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Figure 10. Genetic deletion of each GRK differentially regulates γ-secretase activity and Aβ generation 

Aβ40 and Aβ42 generation in HEK293 cells following expression of APP-C99 in CRISPR control cells (white bars) 

and each GRK KO cell line (grey bars): (A) Adrbk1 (GRK2), (B) Adrbk2 (GRK3), (C) Grk5 (GRK5), and (D) Grk6 

(GRK6). **** P < 0.0001 by ANOVA with Tukey’s post-test. Data are mean ± SEM of 3 independent experiments 

performed in triplicate. 
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2.2.4 GRKs differentially regulate APH1A phosphorylation 

Given the identification of phosphorylation sites in ICL2 and the C-terminus of APH1A 

and the differential effects of Grk genetic deletion on Aβ generation, we hypothesized that the 

GRKs generate distinct phosphorylation patterns in APH1A, which differentially affect γ-secretase 

activity and Aβ levels. To test this hypothesis, we first determined the phosphorylation pattern of 

APH1A in each GRK KO cell line. We transiently expressed equivalent amounts of APH1A in 

each GRK KO and control cell line and performed label-free quantitative LC-MS/MS analysis. 

We detect unique APH1A phosphorylation patterns in the GRK2 KO and GRK6 KO cell lines and 

a similar APH1A phosphorylation pattern in the GRK3 KO and GRK5 KO lines. Interestingly, we 

observe the most striking differential phosphorylation changes in ICL2. We identify a novel 

phosphorylation site at S105 and increase in phosphorylation at S110 in the GRK2 KO line (Fig. 

11A and Fig. 12). Genetic deletion of Grk6 also leads to a substantial increase in APH1A 

phosphorylation at S110. In contrast, phosphorylation at S103 is almost completely abolished in 

the GRK2, GRK3, and GRK5 KO cell lines. Genetic deletion of each Grk reduces, but does not 

eliminate, S251 and S257 C-terminal phosphorylation. We observe a greater loss of 

phosphorylation at S257 relative to S251 in each GRK KO cell line, suggesting that 

phosphorylation at S251 may affect or facilitate phosphorylation at S257. Collectively, MS 

analysis of APH1A phosphorylation in the GRK KO cell lines highlights unique ICL2 and C-

terminal phosphorylation patterns, with ICL2 displaying the primary differential sites of 

phosphorylation in APH1A (Fig. 11 A and B). 
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Figure 11. Differential APH1A phosphorylation is mediated by GRKs and regulates interaction with βarr2 

and γ-secretase activity 
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(A) Heat map of the fold change in APH1A phosphorylation following expression in each GRK KO cell line relative 

to control cells as measured by label-free LC-MS/MS in 3 independent experiments. The “x” in specific squares 

indicates that phosphorylation was not detected. (B) Snake diagram of APH1A. The serine residues that display 

increased (red) or decreased (blue) levels of phosphorylation in each GRK KO cell line are indicated. (C) βarr2 

recruitment to APH1A in the CHO-βarr2 cell line following expression of APH1AWT or the APH1A ICL2 and C-

terminal phosphorylation-deficient or phosphorylation-mimetic mutants. * P < 0.05 ** P < 0.01, **** P < 0.0001, by 

two-way ANOVA with Tukey’s post-test. (D) Aβ40 and (E) Aβ42 generation in cells following expression of APP-

C99 and APH1AWT, APH1A phosphorylation-deficient, or phosphorylation-mimetic mutants. * P < 0.05, ** P < 0.01, 

**** P < 0.0001 by two-way ANOVA with Tukey’s post-test. Data are mean ± SEM of 3 independent experiments 

performed in quadruplicate. 
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Figure 12. LC-MS/MS analysis identifies novel APH1 S105 phosphorylation in GRK2 KO 

MS2 spectra of an identified APH1A S105 phosphorylated peptide in GRK2 KO cells.  

 

2.2.5 Site-specific APH1A phosphorylation mediates interaction with βarr2 and γ-secretase 

activity 

Our lab previously demonstrated that βarr2 interacts with APH1A to stabilize the γ-

secretase complex in lipid-raft or DRM domains where the complex is more enzymatically active 

and can process substrates, including APP-C99 (208). As such, we hypothesized that APH1A 

phosphorylation patterns differentially regulate βarr2 recruitment to APH1A and consequent γ-

secretase activity and Aβ generation.  To test this hypothesis and establish the presence of an 

APH1A phosphorylation barcode, we generated individual phosphorylation-deficient 

(APH1AS103A, APH1AS110A, APH1AS251A, and APH1AS257A) and phosphorylation-mimetic 

(APH1AS105D and APH1AS110D) mutants, which correspond to phosphorylation changes observed 

in the GRK KO cell lines relative to control cells (Fig. 11 A and B). In addition, to gain insight 

into a putative multi-site phosphorylation barcode on APH1A, we generated double-

phosphorylation mutants in ICL2 representative of phosphorylation changes in the GRK3/GRK5 
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KO (APH1AS103A/S110A) and GRK2 KO (APH1AS105D/S110D) cell lines, and in the C-terminus 

(APH1AS251A/S257A) as observed in the GRK2/GRK3/GRK5 KO cell lines. We then expressed 

APH1AWT or the phosphorylation mutants along with APP-C99 in CHO-βarr2 cells (Fig. 13) and 

utilized the PathHunter assay to measure βarr2 recruitment to APH1A (Fig. 11C) and ELISAs to 

measure Aβ40 and Aβ42
 generation (Fig. 11 D and E). Following expression of the individual 

phosphorylation-deficient APH1AS103A or APH1AS110A mutants, βarr2 recruitment is reduced or 

unaffected, respectively, relative to cells that express APH1AWT. Neither the APH1AS103A nor 

APH1AS110A mutation affects γ-secretase activity. However, expression of the APH1AS103A/S110A 

double ICL2 phosphorylation-deficient mutant leads to a significant reduction (~60%) in βarr2 

recruitment to APH1A and Aβ generation compared to APH1AWT. These results suggest that 

phosphorylation at both S103 and S110 within ICL2 regulates both βarr2 recruitment and γ-

secretase activity and that loss of phosphorylation at both sites, as observed in both the GRK3 KO 

and GRK5 KO cells (Fig. 11A), significantly hinders βarr2 recruitment and Aβ generation.  

In the GRK2 KO cell line, MS analysis identified a novel phosphorylation site at S105 and 

an increase in phosphorylation at S110 (Fig. 11A). Interestingly, expression of the individual 

APH1AS105D and APH1AS110D phosphorylation-mimetic mutants reduces βarr2 recruitment and 

Aβ generation relative to APH1AWT.  However, expression of the APH1AS105D/S110D double 

phosphorylation-mimetic mutant results in a significant increase in both βarr2 recruitment to 

APH1A and Aβ40 and Aβ42 generation (Fig.11 C to E). These results are consistent with the effect 

we observe in the GRK2 KO cell line (Fig. 10A) and with CMPD101 treatment in CHO-βarr2 

cells (Fig. 6A) and human fAD NPCs (Fig. 6B). Taken together, these data highlight the 

importance of phosphorylation at multiple ICL2 sites, i.e., a phosphorylation barcode, to mediate 

βarr2 recruitment to APH1A and direct the functional outcome of γ-secretase activity.  
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MS analysis of the GRK KO cell lines reveal a decrease in C-terminal phosphorylation at 

S251 and S257 in the GRK2, GRK3, and GRK5 KO lines and only a decrease in phosphorylation 

at S257 in the GRK6 KO line (Fig. 11A). Expression of the individual APH1AS251A and 

APH1AS257A or double APH1AS251A/S257A phosphorylation mutant reduces βarr2 recruitment to 

APH1A relative to APH1AWT. Surprisingly, despite a reduction in βarr2 recruitment, the 

APH1AS251A mutant exhibits increased Aβ generation. In contrast, the APH1AS257A and double 

APH1AS251A/S257A mutants exhibit a decrease in βarr2 recruitment and Aβ generation relative to 

APH1AWT. Given that we observe reduced C-terminal phosphorylation in each GRK KO cell line 

and still detect increased Aβ generation in GRK2 KO cells or equivalent Aβ generation in GRK6 

KO cells relative to control cells (GRK6 KO), we can conclude that APH1A phosphorylation 

changes by GRKs on the C-terminus function in conjunction with ICL2 phosphorylation to dictate 

overall βarr2 binding and downstream functional consequences on γ-secretase activity. 
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Figure 13. Expression of APH1A-PK and C99-FLAG corresponding to PathHunter and Aβ ELISA assays in 

Figure 11 

Representative Western blot expression of C99-FLAG and APH1AWT-PK and (A) APH1A-PK ICL2 phosphorylation-

dead and phosphorylation-mimetic mutants or (B) APH1A-PK C-terminus phosphorylation-dead mutants used for 

PathHunter and Aβ ELISA experiments in Fig. 11. 
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2.2.6 Structural modeling and MD simulations reveal βarr2 finger loop domain 

engagement with APH1A cytoplasmic loops 

After establishing the differential effects of the ubiquitously expressed GRKs in mediating 

an APH1A phosphorylation barcode and a role of each specific APH1A ICL2 and C-terminal 

phosphorylation site in mediating βarr2 binding and γ-secretase activation, we sought to gain 

additional structural insights into the mechanism of the βarr2-APH1A interaction. To this aim, we 

first generated a structural model for the complex formed between APH1A and arr2 using the x-

ray structure resolved for constitutively active rhodopsin (224) in the presence of visual arrestin 

(Fig. 14A). While the relative orientations of the TM helices exhibited some differences between 

APH1A and rhodopsin (Fig. 14B), TM6, TM7, and helix 8 were closely superposable, which 

allowed construction of a structural model for the βarr2-APH1A complex by optimally aligning 

the APH1A and βarr2 molecules onto their counterparts in the resolved rhodopsin-arrestin 

structure and refining the generated model using MD simulations (Fig. 14C). In addition to this 

so-called ‘alignment’ model, we independently generated two additional models termed DOCK1 

(Fig. 15) and DOCK2 (Fig. 16), by docking simulations followed by MD refinement, to explore 

the possible occurrence of alternative binding poses and the robustness of interfacial contacts. Fig. 

5 illustrates the results for the DOCK2 model (Fig. 16 A and B) and displays the time evolution of 

the corresponding interfacial contacts observed during two independent runs of 40 ns carried out 

for this model (Fig. 16C). Equivalent results for the other two models are presented in Fig. 15.  

The three models consistently exhibited interfacial interactions at APH1A ICL2 and ICL3 

and βarr2 finger loop, despite some local differences in specific residue pairs. The C-terminus of 

APH1A was also engaged in close contact with arr2 in the two docking models (Fig. 16B and 
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Fig. 15 A and B) enclosed in the respective yellow (ICL2/3 interactions) and blue (C-terminus 

interactions) circles. Contacts validated by at least two independent models include the three main 

groups of interactions: E183 or R184 (ICL3) with G73, L74 and/or S75 (finger loop); I114-R115 

(ICL2) with V71 -L72 finger loop; and E83-R184 (ICL3) with G73 and S75. Contacts observed 

between the C-terminus of APH1A and arr2 in the DOCK1 and DOCK2 models involved 

APH1A residues R241, C245, Q248 or E249 (C-terminus) making contacts with K153, E156, 

E157 or R52 on arr2. As shown in Fig. 16C and Fig. 15C, these interactions were stably 

maintained during extended portions of the MD runs.  
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Figure 14. Modeling of the APH1A-βarr2 complex based on structural alignment against the complex 

resolved for rhodopsin 

(A) The X-ray structure of rhodopsin bound to arrestin (PDB id 4zwj) used as template. The rhodopsin is in green and 

visual arrestin in yellow. (B) Alignment of APH1A (magenta ribbon, taken from γ-secretase complex; PDB id: 5a63) 

onto rhodopsin (green ribbon; PDB id: 4zwj) using Cealign plugin in PyMOL. The two structures exhibit structural 

similarity between their TM helices, especially TM6 and TM7. (C) Structural model of the complex between APH1A 

and βarr2 generated after structural alignment of APH1A against rhodopsin and further refinement to optimize 

interfacial interactions. Additional models generated by docking simulations and the time evolution of the 

corresponding interfacial contacts in MD simulations are presented in Figs 15 and 16. 
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Figure 15. Structural modeling of the interaction between APH1A and βarr2 and the time evolution of the 

most stable interfacial contacts for the Alignment and DOCK1 models 

(A) Alignment and (B) structural model DOCK1 generated by docking simulations followed by MD refinement 

carried out at full atomic scale in explicit membrane (shown in gray sticks) and water. Note that the simulations were 

performed for the intact γ-secretase complex that displayed tight interaction between APH1A (magenta) and βarr2 
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(salmon), with transient involvement of other γ-secretase complex subunits such as the PS1 (cyan) and NCT (green). 

(C) Interactions between APH1A and βarr2 for two independent runs (40 ns each) carried out for this model (the first 

two columns) and corresponding time-evolution of interactions for both run. The last column displays the cumulative 

fractional time during which those pairs made contacts.  Here, interactions are defined when any pairs of heavy atoms 

belonging to the two respective proteins are separated by less than 5 Å. 
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Figure 16. Structural modeling of the interaction between APH1A and βarr2 and the time evolution of the 

most stable interfacial contacts 

(A) Structural model DOCK2 generated by docking simulations followed by MD refinement carried out at 

full atomic scale in explicit membrane (gray sticks) and water. The simulations were performed for the intact γ-

secretase complex that displays tight interaction between APH1A (magenta) and βarr2 (salmon) and transient 

involvement of other γ-secretase complex subunits such as the PS1 (cyan) and NCT (green). (B) Detailed view of 

interfacial interactions robustly observed at the interface. Residues engaged in persistent interfacial contacts are shown 

in sticks and labeled. (C) Interactions between APH1A and βarr2 for two independent runs (40 ns each) carried out 

for this model (the first two columns) and corresponding time-evolution of interactions for both runs. The last column 

displays the cumulative fractional time during which those pairs made contacts.  Here, interactions are defined when 

any pairs of heavy atoms belonging to the two respective proteins are separated by less than 5 Å. Equivalent results 

for two other models, termed Alignment and DOCK1, are presented in Supplementary Fig S9, supporting the 

robustness of the regions (ICL2 and ICL3 in APH1A and finger loop and C-terminus in βarr2) and residues engaged 

in interfacial association, despite minor redistributions of the specific pairs of residues. 
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2.2.7 βarr2 finger loop engagement with APH1A ICL2 and ICL3 facilitates binding and γ-

secretase activity 

Our computational docking and MD simulation studies indicate a putative model of βarr2 

binding to APH1A that resembles a fully engaged GPCR-arrestin complex (174,175,177).  As 

shown in Fig. 16, MD simulations indicate that the βarr2 finger loop domain engages in 

hydrophobic and polar interactions with ICL2 and ICL3 of the APH1A cytoplasmic core. We 

sought to experimentally validate these interactions and to further determine whether specific 

residues in these regions on βarr2 and APH1A are critical for engagement and downstream 

functional effects on γ-secretase activity. Guided by computational predictions, we generated βarr2 

mutants containing the substitution S75R at the primary site of interaction. Importantly, S75 was 

consistently observed to engage in interfacial associations in all three models (Fig. 15 and Fig. 16). 

We also generated the βarr2 L72E mutation at a secondary site of interaction shared by DOCK1 

and DOCK2 (Fig. 15 and Fig. 16). In HEK293 cells expressing APH1AWT and βarr2WT, βarr2L72E, 

or βarr2S75R, we utilized a co-immunoprecipitation (co-IP) assay to determine the effect of 

mutagenesis of L72 and S75 on the interaction between βarr2 and APH1A. Our data demonstrate 

that mutagenesis of the βarr2 finger loop region at L72 and S75 reduces binding to APH1A (Fig. 

17A), indicating that the βarr2 finger loop domain is critical for interaction with APH1A. 

Given the involvement of L72 and S75 in the βarr2 finger loop domain in interaction with 

APH1A, we then determined the effect of L72E and S75R mutagenesis on γ-secretase activity and 

Aβ generation. We expressed APP-C99 in HEK293 cells along with an empty vector, βarr2WT, 

βarr2L72E, or βarr2S75R (Fig. 18A) and utilized ELISA to measure Aβ40 and Aβ42 generation (Fig. 

17 B and C). As expected, expression of βarr2WT increased Aβ generation in comparison to vector 

control samples. Significantly, the βarr2L72E and βarr2S75R finger loop mutants reduced Aβ 
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generation to control conditions, indicating that engagement of the βarr2 finger loop domain with 

APH1A is necessary for both the βarr2 interaction with APH1A and γ-secretase activity.  

To further investigate the putative involvement of specific residues in ICL3 of APH1A 

identified by MD simulations in the interaction with βarr2, we generated an APH1A ICL3 mutant 

(APH1AR184D) to disrupt interaction with the primary interaction site at S75 on βarr2. In our CHO-

βarr2 cell line, we expressed APP-C99 and APH1AWT or the APH1AR184D mutant (Fig. 18B) and 

utilized the PathHunter assay and ELISA to determine the effect of APH1A ICL3 mutagenesis on 

βarr2 recruitment and the downstream functional effect on γ-secretase activity. Expression of the 

APH1AR184D mutant significantly reduced both βarr2 recruitment to APH1A (Fig. 17D) and Aβ40 

and Aβ42 generation (Fig. 17E) compared to cells expressing APH1AWT. These data provide 

evidence of critical βarr2 finger loop domain interactions with the APH1A cytoplasmic core to 

facilitate γ-secretase activation and Aβ generation.  

Additional MD simulations for the L72E and S75R mutants corroborated the decreased 

binding to APH1A. As illustrated in Fig. 17F, the L72 of βarr2WT makes contacts with I114, R115, 

D180, and E183 of APH1A within a Cα-Cα distance range of 4-10 Å (dashed curves) while 

intermolecular distances in the presence of the E72 mutant (βarr2L72E) are shifted to longer 

distances (solid curves), indicating that the interaction becomes weaker upon substitution of L72 

with E72. On the other hand, the R75 mutant (βarr2S75R) shows a slightly weaker interactions 

compared to βarr2WT, with a bimodal distribution of inter-residue distances (Fig. 17G). As such, 

one might anticipate a smaller reduction in binding affinity. However, we observed that L72, at 

the middle of the finger loop, is entropically amenable to a diversity of contacts (including those 

with ICL2 D184) which is impaired by the perturbations caused by the S75R mutation. The 

introduction of a charged amino acid R75 in the immediate neighborhood of the hydrophobic 
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residues, L74, and highly flexible G73, further destabilize the interfacial contacts in this region as 

evidenced by the distance changes presented in Fig. 17G. Furthermore, our MD simulations 

conducted with APH1AR184D also clearly show a weakening in the interaction of D184 with finger 

loop residues L74 and S75 (Fig. 17H). Cα-Cα distances of R184-L74 and R184-S75 increase by 

about 2 Å compared to those achieved in APH1AWT, demonstrating the occurrence of a looser 

binding. These structural and dynamic characteristics consistently support the experimentally 

observed decrease in binding affinity for both mutants. Overall, our data suggest a model where 

the GRK-mediated APH1A phosphorylation barcodes regulate βarr2 finger loop domain 

interactions with the cytoplasmic TM core of APH1A to differentially regulate γ-secretase activity 

and proteolytic cleavage of APP-C99 (Fig. 19). 
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Figure 17. βarr2 finger loop engagement with APH1A ICL3 and ICL2 facilitates binding and γ-secretase 

activity 

(A) Co-immunoprecipitation experiments in HEK293 cells expressing APH1A and βarr2WT or the βarr2 finger loop 

mutants (βarr2L72E, βarr2S75R). (B) Aβ40 and (C) Aβ42 generation in HEK293 cells following expression of APP-C99 
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and empty-vector, βarr2WT or βarr2 finger loop mutants. ** p < 0.01 by ANOVA with Tukey's post-test (comparison 

to Empty). # p < 0.05, ### p < 0.001 by ANOVA with Tukey's post-test (comparison to βarr2WT). (D) βarr2 recruitment 

to APH1AWT or APH1AR184D mutant in the CHO-βarr2 cell line. ** P < 0.01 by unpaired t-test. (E) Aβ40 and Aβ42 

generation in the CHO-βarr2 cell line following expression of C99-FLAG and APH1AWT or APH1AR184D. **** P < 

0.0001 by ANOVA with Sidak’s post-test. Data are mean ± SEM from 3 independent experiments performed in 

triplicate or quadruplicate. Results for the βarr2 mutants (F) L72E and (G) S75R and (H) for the APH1A mutant 

R184D are presented in the respective panels using the structural model DOCK1. In each case, a representative 

snapshot for the complex with the mutant (top), and the histograms of the intermolecular Cα-Cα distances between the 

indicated residue pairs of APH1A and βarr2 are shown (bottom, solid curves) based on duplicate runs (total of 80 ns) 

conducted for the indicated mutant. Dashed curves indicate the counterparts obtained with the βarr2WT or APH1AWT 

proteins. 
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Figure 18. Expression of C99-FLAG and βarr2 or APH1A corresponding to Aβ ELISA and PathHunter 

assays in Figure 17 

(A) Representative Western blot expression of C99-FLAG and βarr2WT, βarr2L72E, or βarr2S75R used in Aβ ELISAs in 

Fig. 6. (B) Representative Western blot expression of C99-FLAG and APH1AWT-PK or APH1AR184D-PK used in Aβ 

ELISA and PathHunter assays in Fig. 17. 

2.3 Discussion 

GRKs are a family of proteins canonically involved in GPCR phosphorylation that regulate 

receptor desensitization and internalization. GRK phosphorylation of GPCRs also leads to the 

activation of intracellular signaling cascades via G proteins and β-arrestins (144,213,214). 

Different ligands or stimuli initiate distinct GRK phosphorylation patterns or barcodes on GPCRs 

to differentially regulate cellular signaling (140,225). Here, we uncover a role for the four 

ubiquitously expressed GRKs in phosphorylation of a non-canonical substrate, APH1A, an integral 
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component of the γ-secretase complex. Quantitative LC-MS/MS analysis indicates that APH1A is 

phosphorylated at S103 and S110 within ICL2 and at S251 and S257 on the C-terminus. Further 

investigation reveals that chemical inhibition of GRK2/3 increases the direct interaction between 

βarr2 and APH1A as well as γ-secretase activity and Aβ generation in a human fAD NPC model. 

Genetic deletion of each ubiquitously expressed Grk, namely GRK2, 3, 5, and 6, generates unique 

phosphorylation patterns in ICL2 and the C-terminus of APH1A and differentially affects γ-

secretase activity and Aβ generation. Intriguingly, we determine that distinct APH1A 

phosphorylation barcodes differentially regulate interaction with the GPCR scaffolding protein 

βarr2. Further structural modeling and MD simulation studies reveal that a conserved region in 

βarr2, known as the finger loop, interacts with the cytoplasmic TM core (ICL2/3) of APH1A. 

Experimental validation of the computational modeling studies indicate that the βarr2 finger loop 

domain and APH1A TM core interaction regulates γ-secretase catalytic activity. Collectively, 

these studies suggest a model whereby specific APH1A phosphorylation barcodes dictate unique 

βarr2-APH1A binding conformations that affect γ-secretase substrate recognition of APP-C99 and 

consequent proteolytic cleavage and Aβ generation (Fig. 19).  

In this study, we uncover a functional role for the ubiquitously expressed GRKs in 

differential modulation of γ-secretase activity. In the GRK2 KO cells, we observe a substantial 

increase in γ-secretase activity and Aβ generation (Fig. 10A). Surprisingly, we observe an increase 

in ICL2 phosphorylation at S105 and S110 in the GRK2 KO cells and S110 in the GRK6 KO cells 

(Fig. 11 A and B), suggesting potential compensatory phosphorylation at S105 and S110 by other 

kinases in these cell lines and hierarchical phosphorylation of APH1A by GRKs. Indeed, GRKs 

are known to act in a hierarchical fashion to mediate ICL and C-terminal phosphorylation of many 

GPCRs to regulate downstream functional signaling outcomes (167,169–171). We also detect an 
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increase in Aβ generation following chemical inhibition of GRK2/3 in human fAD NPCs (Fig. 

6B). These results suggest that GRK2-mediated APH1A phosphorylation precludes pathogenic 

phosphorylation at S105 and S110 in ICL2 by other GRKs. In agreement with these data, we 

observe a decrease in constitutive γ-secretase activity and Aβ generation in both the GRK3 KO 

and GRK5 KO cells in comparison to control cells, which suggests that GRK3 and GRK5 activity 

contributes to increased γ-secretase activity and Aβ generation. Interestingly, our lab recently 

determined that both GRK3 and GRK5 are abundantly localized around amyloid plaques in human 

AD brains (146). Together, these data support the hypothesis that GRK3 and GRK5 activity may 

contribute to pathogenic Aβ generation while GRK2 activity may act in a protective manner to 

regulate γ-secretase activity.  

Genetic deletion of each ubiquitously expressed Grk reduces APH1A C-terminal 

phosphorylation. The APH1A phosphorylation patterns in the GRK KO cell lines also suggest 

hierarchical GRK phosphorylation at the C-terminus. In each GRK KO line, we detect a greater 

loss of phosphorylation at S257 than at S251. Accordingly, phosphorylation at S251 may dictate 

the level of phosphorylation at S257 by GRKs. In fact, GRK2 has been demonstrated to 

preferentially phosphorylate serine and threonine residues that are preceded by negatively charged 

amino acids (226) which may explain how loss of phosphorylation at S251 could reduce S257 

phosphorylation to an even greater extent.  

While individual APH1A ICL2 and C-terminal serine mutants can independently alter 

interaction with βarr2 and/or γ-secretase activity, the double serine-mutant results suggest that 

unique, multi-site APH1A phosphorylation patterns determine differential functional outcomes 

with regard to regulating βarr2 interaction and γ-secretase cleavage of APP-C99. Furthermore, 

ICL2 and C-terminal phosphorylation of APH1A appears to act in conjunction to modulate the 
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overall outcome of βarr2 recruitment and γ-secretase activity. For example, we measure an 

increase in γ-secretase activity in the GRK2 KO cells (Fig. 10A), where levels of APH1A ICL2 

phosphorylation at S103 and S105 are elevated in comparison to a reduction in C-terminal S251 

and S257 phosphorylation (Fig. 11A). Given that loss of S251 and S257 C-terminal 

phosphorylation alone (APH1AS251A/S257A) reduces βarr2 recruitment to APH1A and γ-secretase 

activity (Fig. 11 C to E), our GRK2 KO data suggest an important role of ICL2 phosphorylation 

in determining the functional γ-secretase outcomes. Likewise, our MD simulation data reveals a 

critical role of APH1A ICL2 and regulating engagement with βarr2 (Fig. 15 and Fig. 16) which 

would be altered by the addition or removal of negatively charged phosphates. Overall, we 

establish the existence of an APH1A phosphorylation barcode in ICL2 and the C-terminus that 

regulates βarr2 recruitment and γ-secretase activity.   

Our previous work demonstrated that overexpression of βarr2 stabilizes localization of the 

γ-secretase subunits in DRMs where the complex is catalytically active (208). In support of our 

previous finding, CMPD101 treatment (Fig. 6) and APH1AS103D/S105D expression (Fig. 11 C to E), 

which increase βarr2 recruitment to APH1A, result in increased γ-secretase activity and Aβ 

generation. Interestingly, our data in this study also reveal that phosphorylation of APH1A at 

distinct sites can differentially regulates βarr2 recruitment and γ-secretase activity (Fig. 11 C to 

E). Accordingly, APH1A phosphorylation patterns that reduce βarr2 recruitment do not 

necessarily reduce γ-secretase activity, as observed with the APH1AS103A, APH1AS105D, and 

APH1AS251A mutants. APH1A contains two histidine residues, H171 and H197 within TM5 and 

TM6 respectively, that have been shown to be critical for γ-secretase complex assembly and 

stability, APP-C99 substrate recognition, and aspartyl proteolytic cleavage (51,52). We postulate 

that APH1A ICL2 and C-terminal phosphorylation allows for differential βarr2 binding modes to 
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ICL2/3 of the APH1A TM core, which in turn, induce conformational shifts in TM5 and TM6 of 

APH1A to regulate APP-C99 binding and γ-secretase activity. Additionally, the binding 

conformation of βarr2 may also sterically prevent entry of γ-secretase substrates. Collectively, we 

argue that γ-secretase activity is regulated by both the extent of βarr2 recruitment and the distinct 

APH1A-βarr2 conformation following binding (Fig. 19).  

Structural analysis of β-arrestin interaction with GPCRs indicates that there is a biphasic 

interaction between β-arrestin and the receptor (177). Initial β-arrestin binding to a GPCR is 

mediated via GPCR C-terminal phosphorylation. However, β-arrestin can also transition into a 

fully engaged conformation with the receptor where a small structural region in β-arrestins known 

as the finger loop engages with the cytoplasmic TM core of the receptor (174,175,179,180). 

Notably, our computational modeling data suggest a similar, critical role of the APH1A TM 

cytoplasmic core, i.e., ICL2 and ICL3, in binding to βarr2 finger loop residues, which resembles 

a fully-engaged GPCR-β-arrestin complex. Our MD simulations are supported by APH1A MS and 

mutagenesis studies which suggest that ICL2 phosphorylation in particular is a critical determinant 

of βarr2 binding and functional effect on γ-secretase activity and APP-C99 cleavage. A recent 

paper investigating how GPCR phosphorylation patterns direct β-arrestin signaling concluded that 

the position of phosphates on a GPCR is more important than the total number of phosphorylated 

residues in determining the outcomes of β-arrestin binding and downstream signaling. Importantly, 

the authors conclude that phosphorylation patterns that favor β-arrestin binding are not necessarily 

the same as those that favor β-arrestin signaling (121). We observe a similar mechanism with 

APH1A phosphorylation, βarr2 binding, and the downstream functional effect on APP-C99 

cleavage by the γ-secretase complex where APH1A phosphorylation mutants that decrease βarr2 

recruitment do not always reduce γ-secretase activity (Fig. 11 C to E).  
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We predict changes to the APH1A phosphorylation barcode may occur via direct or 

indirect changes in GRK activity in the brain. Our lab recently demonstrated that GRKs are 

differentially expressed across AD-affected regions and in different cell types in the brain. 

Significantly, we observed a decrease in GRK2, GRK5, and GRK6 expression in AD brain tissue 

relative to age-matched control samples (146). As such, changes in GRK levels across brain 

regions and during disease progression may directly affect constitutive GRK phosphorylation of 

APH1A and alter γ-secretase activity. Furthermore, we cannot rule out the possibility of 

unidentified, endogenous interacting partners of APH1A that can induce conformational changes 

in APH1A to directly recruit GRKs. Alternatively, changes in GPCR signaling in different brain 

regions with age and by other AD etiologies may indirectly alter the activity of GRKs, thus 

changing the APH1A phosphorylation barcode and effecting γ-secretase activity. Multiple GPCRs 

have been demonstrated to contribute to the pathophysiology of AD, including regulating APP 

proteolytic processing (100,227). Since both GPCR signaling complexes and the γ-secretase 

complex preferentially partition into DRMs (206,228,229), it is conceivable that GPCR 

dysregulation, e.g., changes in expression level or ligand stimulation, will alter GRK activity in 

cells and in the local DRM environment, which may lead to changes in APH1A phosphorylation 

and γ-secretase activity. Intriguingly, the constitutively active, orphan GPCR GPR3 is increased 

in the AD brain, and in vitro GPR3 expression increases DRM localization of the γ-secretase 

complex (205). Furthermore, genetic deletion of Gpr3 in mice reduces βarr2 interaction with 

APH1A in cortical brain tissue (208), reduces γ-secretase activity and Aβ generation, and alleviates 

cognitive deficits in four AD transgenic mouse models (207). Thus, constitutive GPR3 activity 

may modulate the APH1A phosphorylation barcode by recruiting specific GRKs to the local DRM 

environment of the γ-secretase complex to alter the APH1A phosphorylation barcode.   
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Overall, our analysis opens the door for computational drug screening to identify and 

design small molecules or peptides to modulate βarr2 interaction with APH1A. As advances in 

amyloid and tau brain imaging along with AD biomarker discovery continue to be made, the 

opportunity to detect and intervene early in AD progression becomes more possible. The work 

here suggests a new avenue for therapeutic drug screening to disrupt critical APH1A-βarr2 

interactions and reduce Aβ generation early in disease progression in an effort to negate the Aβ 

concentration-dependent pathogenic cascade cumulating in neurodegeneration and dementia. 
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Figure 19. GRKs differentially regulate γ-secretase activity by mediating an APH1A phosphorylation barcode 

GRKs mediate APH1A phosphorylation within ICL2 and the C-terminus of APH1A to regulate βarr2 recruitment via 

interactions between the βarr2 finger loop domain and the cytoplasmic TM core (ICL2/3) of APH1A. (A) In HEK293 

cells, phosphorylation of APH1A leads to βarr2 recruitment and γ-secretase cleavage of APP-C99 to generate Aβ. (B) 

In GRK2 KO cells, APH1A ICL2 phosphorylation at both S105 and S110 is elevated relative to control cells. The γ-

secretase complex exhibits increased activity and cleavage of APP-C99. (C) In GRK3 KO and GRK5 KO cells, 

APH1A displays reduced levels of ICL2 phosphorylation at S103 and S110 relative to control cells. The γ-secretase 

complex exhibits decreased activity and cleavage of APP-C99. (D) In GRK6 KO cells, APH1A phosphorylation at 

S110 alone is elevated relative to control cells. The γ-secretase activity and Aβ generation are unaffected relative to 
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control cells. We hypothesize that changes in the phosphorylation barcode affect both the extent of βarr2 recruitment 

to APH1A and the APH1A-βarr2 conformation following binding. We predict the positioning of H171 and H197 in 

APH1A is altered by βarr2 engagement, which affects recognition and cleavage of APP-C99. The phosphorylation 

sites highlighted in red and blue indicate elevated or reduced levels of phosphorylation, respectively, relative to control 

(or basal) levels of phosphorylation at the sites highlighted in yellow. Figure was made using BioRender.com. 

2.4 Materials and Methods 

2.4.1 Antibodies and Compounds 

Rabbit polyclonal antibodies to human PS1-NTF (B19.3, 1:20,000), APH1AL (B82.3, 

1:1,000), PEN-2 (B126.2, 1:1,000) and the APP C terminus (B63.3, 1:10,000) and the mouse 

monoclonal antibody 9C3 (1:3,000) directed against the C terminus of NCT have been previously 

described and were the gift of Dr. Bart De Strooper (VIB and KU Leuven, Leuven, Belgium; UK 

Dementia Research Institute and University College London, London, United 

Kingdom)(230,231). Antibodies to the following were purchased: GRK2 (mouse, C-9, SantaCruz 

Biotechnology, 1:1000), GRK3 (rabbit, D8G6V Cell Signaling Technologies, 1:1000), GRK5 

(mouse, D-9, SantaCruz Biotechnology, 1:1000), GRK6 (rabbit, D1A4, Cell Signaling 

Technologies, 1:1000), FLAG (mouse, M2, Sigma, 1:1,000), βarr2 (mouse, H-9, SantaCruz 

Biotechnology, 1:1000), hemagglutinin (HA) (mouse, HA.11, BioLegend, 1:1000), hemagglutinin 

(HA) (rabbit, C29F4, Cell Signaling Technologies, 1:1000). Takeda Compound101 was purchased 

from Hello Bio, and octyl-β-D-glucopyranoside was purchased from EMD Millipore.  
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2.4.2 Plasmid Construction 

All mutations in APH1A and βarr2 were generated with the XL II Site-Directed 

Mutagenesis Kit (Agilent Technologies) according to manufacturer’s instructions.  

2.4.3 Cell Lines 

The HEK293 cell line was purchased from American Type Culture Collection. The CHO-

KI β-arrestin 2 cell line (CHO-βarr2) was purchased from DiscoveRx. The ReNCell GA2 familial 

Alzheimer’s disease (fAD) human neural progenitor cell (hNPC) line was a kind gift From Dr. 

Rudolph E. Tanzi and Dr. Doo Yeon Kim (Harvard University, Cambridge, MA) and generated as 

previously described (222). 

2.4.4 Cell Culture 

HEK293 cells were maintained in complete media containing DMEM/F12 with 

GlutaMAX (Fisher Scientific) and supplemented with 10% fetal bovine serum (ThermoFisher 

Scientific). Cells were maintained at 37°C and 5% CO2. CHO-K1 βarr2 cells were maintained in 

F12 media supplemented with 10% heat-inactivated fetal bovine serum, 1x Pen-Strep-Glutamine, 

and 3µg/mL hygromycin. Cells were maintained at 37°C and 5% CO2. Human fAD NPCs 

(ReNCell) were plated and maintained on Matrigel GFR matrix (Corning) – coated 6-well plates 

and T75 cell culture flasks, respectively. Human fAD NPCs were expanded in ReNCell 

proliferation media containing DMEM/F12 with GlutaMAX (Fisher Scientific) supplemented with 

1x B-27 supplement (Gibco), 2 μg/mL heparin (StemCell Technologies), 20 ng/mL hEGF 
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(Millipore Sigma), 20 ng/mL bFGF (Millipore Sigma) and filtered through a 0.2 μm Fisherbrand 

disposable PES filter (Fisher Scientific). Human fAD NPCs were maintained at 37°C, 5% O2, and 

5% CO2.  

2.4.5 Generation of HEK293 GRK Knockout Monoclonal Cell lines by CRISPR/Cas9 

Genetic deletion of Adrbk1, Adrkb2, Grk5, and Grk6 was performed using the vector 

pSpCas9(BB)-2A-Puro (Px459v2.0; Addgene plasmid no.  62988; deposited by F. Zhang)(223). 

Two sets of forward and reverse, small guide RNAs (sgRNAs) were designed targeting exon 1 of 

the Adrbk1 gene, exon 1 of the Adrbk2 gene, exon 3 of the Grk5 gene, and exon 2 of the Grk6 

gene. The DNA sequences for each sgRNA are as listed in Table 1. Underlined letters indicate 

additional nucleotides added to the sgRNA sequence corresponding to the Bbs1 restriction site. 

Each set of target sgRNAs was annealed at 37°C and cloned into the Px459v2.0 plasmid via the 

Bbs1 restriction site. Low passage HEK293 cells plated at a density of 1.4x106 cells /well in 6-

well plates were transfected with 1μg of each target plasmid (2μg DNA total/well) using X-

tremeGENE HP DNA reagent (Sigma Aldrich) according to manufacturer’s instructions. After 48 

hours, medium supplemented with puromycin (3μg/mL) was added for 24 hours. Cells were 

washed with PBS and allowed to recover from puromycin for 24 hours in complete media. Cells 

were then serially diluted and plated in 96-well plates to generate individual clones. The CRISPR 

control cell line was generated by transfection with the empty Px459v2.0 plasmid. Successful 

deletion of Adrbk1, Adrbk2, Grk5, and Grk6 was verified by Western blot analysis for GRK2, 

GRK3, GRK5, GRK6 and polymerase chain reaction genotyping using primers flanking exon 1, 

1, 3, and 2 of Adrbk1, Adrbk2, Grk5, and Grk6 respectfully listed in Table 2. gDNA was extracted 

using KAPA genotyping kit (Kapa Biosystems) according to manufacturer’s instructions. 
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Monoclonal Adrbk1-, Adrbk2-, Grk5-, and Grk6 –deleted cell lines were then expanded and used 

in subsequent assays. 

2.4.6 Mass Spectrometry 

Pelleted cells were solubilized in 10% SDS; 100mM TEAB, probe sonicated, vortexed, and 

centrifuged to remove insoluble material. Total protein was quantified by Micro BCA (Pierce). 1.5 

mg protein was digested with trypsin on Straps (Protifi), desalted on Peptide Desalted Columns 

(Thermo). Phosphopeptides were enriched with Fe cartridges on an AssayMAP Bravo (Agilent). 

Phosphopeptide enrichments were loaded onto an EASY C18, 1.7µm 2.1x50cm column at 300 

nL/min with an UltiMate™ 3000 RSLCnano HPLC system, eluted over a 120-min gradient and 

analyzed on Orbitrap Eclipse™. The instrument was operated in MS2. MS1 spectra were acquired 

at a resolving power of 120,000. MS2 spectra acquired in the Orbitrap with CID normalized 

collision energy = 38. Dynamic exclusion was enabled to minimize the redundant selection of 

peptides previously selected for MS/MS. Phosphopeptides were identified (FDR 0.05) and 

quantified in Proteome Discoverer (2.5).  

2.4.7 Aβ enzyme-linked immunosorbent assay (ELISA) 

Aβ40 and Aβ42 levels were determined by standard sandwich ELISA using end-specific 

antibodies provided by Janssen Pharmaceutica as previously described (207). Briefly, 96-well 

plates were coated and incubated overnight with monoclonal antibodies JRFcAb40/28 and 

JRFcAb42/26, which recognize the C terminus of Aβ species terminating at amino acid 40 or 42, 

respectively. Horseradish peroxidase (HRP)–conjugated JRFAbN/25 was used as the detection 
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antibodies for human Aβ. Culture media from HEK293 cell and ReNCell fAD neuronal culture 

experiments were subjected to Aβ40 and Aβ42 ELISA. Aβ levels in each condition were normalized 

to C99-FLAG expression. 

2.4.8 β-arrestin PathHunter Assay 

On day 1, the CHO-K1 β-arrestin cell line was seeded on black, clear bottom 96-well plates 

at a cell density of 30,000 cells per well. Two plates were plated per experiment – one for 

PathHunter assays and one in parallel Aβ ELISAs. On day 2, cells were transfected with wild-type 

or mutant pCMV-APH1A-PK1 and pCMV-C99-FLAG using X-tremeGENE HP DNA 

transfection reagent (Millipore Sigma) according to manufacturer’s instructions. On day 3, media 

was changed to F12 media (serum-free) for 16h. On day 4, one plate of cells was rinsed with PBS 

and analyzed with the PathHunter β-arrestin assay from DiscoveRx according to the 

manufacturer’s protocol. Media and cells were collected from the second plate for Aβ ELISA and 

Western blot analysis of APH1A-PK and C99. RLU values were normalized to APH1A-PK 

expression levels in each condition. 

2.4.9 Co-immunoprecipitation Assays 

On day 1, HEK293 cells were plated in 10cm dishes a density of 6x106 cells/dish. On day 

2, cells were transfected with 3xHA-βarr2 WT, S75R, or L72E mutant and APH1A cDNA using 

X-tremeGENE HP DNA transfection reagent (Millipore Sigma) according to manufacturer’s 

instructions. On day 3, the culture media was refreshed. On day 4, cells were collected and pelleted 

via centrifugation at 4°C. Cell pellets were lysed on ice for 1 hour in 1mL of ice-cold lysis buffer 
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(1% octyl-β-D-glucopyranoside, 1x complete protease inhibitor cocktail (Roche), 1x phosphatase 

inhibitor cocktails 2 and 3 (Millipore Sigma) in 25mM HEPES/150mM NaCl/1mM EDTA buffer. 

20μL of pre-washed Protein G Dynabeads (Invitrogen) were incubated in 3% BSA at 1hr at room 

temperature on a rotator with 2μg of HA.11 or negative control antibody. Following incubation, 

500μg of sample lysate was added to the 20μL of pre-coupled Dynabeads and incubated with 

rotation at 4°C for 16 hours (overnight). On day 5 following overnight incubation, the unbound 

fraction was collected, and beads were washed 3 times with lysis buffer. Following the final wash, 

bound fractions were collected in 20μL of 0.1M Glycerol pH2.8. 10μL of 1M Tris pH8.0 was 

added to each sample to neutralize and 10μL 4x Laemmeli Sample Buffer (Bio-Rad) + 4% β-

mercaptoethanol (Bio-Rad) was added to bring the final volume to 40 μL. Samples were then 

heated for 10 minutes at 70°C and separated by SDS-PAGE and transferred to 0.45μm 

nitrocellulose membranes (Bio-Rad) using the Power Blotter Station (Invitrogen). Membranes 

were blocked for 1 hour at room temperature with agitation in 5% milk and incubated overnight 

on a shaker in appropriate antibody dilutions. The following day, membranes were washed 3 times 

for 10 minutes in 1XTBS-Tween (0.1% v/v) and incubated in a goat anti-Rabbit IgG (H+L) HRP-

conjugated secondary antibody (1:10,000, Bio-Rad) for 1 hour at room temperature. Membranes 

were washed for 10 minutes, 3 times in 1XTBS-Tween (0.1% v/v) and 5 minutes, 3 times in 

1XTBS. Chemiluminescence was measured upon addition of Western Lightning Plus-ECL, 

Enhanced Chemiluminescence Substrate (Perkin Elmer).  

2.4.10 Generation of a βarr2-APH1A complex based on structural alignment 

As APH1A bears structural similarities to the GPCRs, our original model for βarr2-APH1A 

complex was based on the X-ray structure of rhodopsin-arrestin complex (PDB id 4zwj) (224). We 
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aligned the APH1A subunit from the cryo-EM resolved γ-secretase complex (PDB id 5fn5) (232) 

against rhodopsin and the βarr2 molecules (PDB id 3p2d) (233) against the arrestin chain, then 

built the ‘alignment’ model for  the βarr2-APH1A complex with the aligned chains and further 

refinement by energy minimization and MD simulations (see Fig. 14).  

2.4.11 Generation of structural models for βarr2-APH1A complex using docking 

simulations 

We used the HADDOCK 2.2 Server (234,235) for docking βarr2 onto APH1A. APH1A 

subunit was taken from the relaxed cryo-EM structure of γ-secretase complex (PDB id 5fn2, chain 

C) (232) . Two independent dockings were performed based on the active and inactive states of 

arrestin, named as DOCK1 and DOCK2. The active state for Dock1 comes from the crystal 

structure of visual arrestin chain (PDB id: 5w0p, chain A) (120) bound to rhodopsin. Dock2 is 

performed with the inactive conformer of βarr2 (PDB id: 3p2d) (233) in the apo state. The finger 

loop adopts a helical conformation in the active state bound to rhodopsin, whereas it is unstructured 

in the apo βarr2. HADDOCK performs flexible protein-protein docking when the active residues, 

i.e., those involved in the protein-protein interaction, are provided. In our case, finger loop residues 

of arrestin and their counterparts in the APH1A were defined as active residues to allow for their 

conformational flexibility. As a result of each docking, 200 poses were produced and clustered. 

We use the best-scoring cluster/pose from DOCK1 and DOCK2 for further refinements by full 

atomic simulations (see below). The first cluster from DOCK1 contained 186 out of 200 generated 

poses (HADDOCK score: -89.2). Modeling was performed on this complex to convert the visual 

arrestin chain into βarr2. The first cluster from DOCK2 included 59 out of 200 generated poses 

with a HADDOCK score of -99.0.  



 81 

2.4.12 MD simulations of the βarr2-APH1A complex (WT and mutated) 

All atom MD systems with explicit membrane were set-up using GHARMM-GUI 

membrane builder (236) , and simulations were performed using NAMD (237) with the 

CHARMM36m force field (238) for proteins and the CHARMM36 lipids (239), and the TIP3P 

water model. We performed two independent runs on each model of the complex explained above, 

namely Alignment, DOCK1 and DOCK2. Typically, a given system comprised approximately  

675 POPC lipid molecules, 78,080 water molecules, 215 Na+ ions, and 228 Cl- ions, i.e., a total of 

340,560 atoms in a 160 Å x 160 Å x 142 Å box. We relaxed the systems using the equilibration 

steps in CHARMM-GUI and performed NPT dynamics for 40 ns with 2 fs time step. Nosé-Hoover 

constant pressure (1 bar) and temperature (310 K) were used. To study the effect of mutations on 

the complex, we generated three additional runs each containing one mutation (L72E and S75R in 

βarr2, and R184D in APH1A), for DOCK1 model and the same protocol as that described above. 

For trajectory analysis and visualization we used VMD (240) and Pymol (version 1.8). 
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Table 1 DNA sequences for each sgRNA used to generate the CRISPR GRK KO cell lines 

Underlined letters indicate additional nucleotides added to the sgRNA sequence corresponding to the Bbs1 restriction 

site. 

 

  

Gene Target Direction sgRNA Sequence 

Adrbk1 

A 
Fwd 5’-CACCGCGTCGGCCAGCACCGCCTCC-3’ 

Rev 5’-AAACGGAGGCGGTGCTGGCCGACGC-3’ 

B 
Fwd 5’-CACCGGAGAAGAGCAAGGCCACGC-3’ 

Rev 5’-AAACGCGTGGCCTTGCTCTTCTCC-3’ 

Adrbk2 

A 
Fwd 5’-CACCGGTCGCCTTGCTCTTCTCCA-3’ 

Rev 5’-AAACTGGAGAAGAGCAAGGCGACC-3’ 

B 
Fwd 5’-CACCGCAGCAAGAGGATCGTCCTGC-3’ 

Rev 5’-AAACGCAGGACGATCCTCTTGCTGC-3’ 

Grk5 

A 
Fwd 5’-CACCGCGGAAAAGCAGCCTCCCGAT-3’ 

Rev 5’-AAACATCGGGAGGCTGCTTTTCCGC-3’ 

B 
Fwd 5’-CACCGCAGTTTTGTGAAACCAGGCC-3’ 

Rev 5’-AAACGGCCTGGTTTCACAAAACTGC-3’ 

Grk6 

A 
Fwd 5’-CACCGCACTGCCTCAGAACTGCCTC-3’ 

Rev 5’-AAACGAGGCAGTTCTGAGGCAGTGC-3’ 

B 
Fwd 5’-CACCGATTGCTCCCACAGGTGGCGG-3’ 

Rev 5’-AAACCCGCCACCTGTGGGAGCAATC-3’ 
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Table 2 Sequencing primers used to validate the CRISPR GRK KO cell lines 

Gene Exon Direction Primer Sequence 

Adrbk1 1 
Fwd 5’-CTGGTTCGGGGTCAGATT-3’ 

Rev 5’-GTCTGGGGCTTAGGGTCT-3’ 

Adrbk2 1 
Fwd 5’-AGGAAGAGGAGGAGGAGT-3’ 

Rev 5’-ATTTCAGAGACTGGAACGAC-3’ 

Grk5 3 
Fwd 5’-CACTGTAATCAGAGAATGTGATG-3’ 

Rev 5’-CTCCACTTTATAGCAATAGCAAC-3’ 

Grk6 2 
Fwd 5’-GTCCTTCTCCCCTTTCTTC-3’ 

Rev 5’-CTCTCCTTTTCAAAGTGGAAT-3’ 
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3.0 GRK2 orchestrates GPR3-mediated amyloid-β generation 

3.1 Introduction 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized by two 

main pathological hallmarks – extracellular amyloid plaques composed of aggregated amyloid-β 

(Aβ) peptides and intraneuronal inclusions of post-translationally modified and misfolded 

microtubule-associated protein tau (18). The dyshomeostasis of Aβ and generation of amyloid 

plaques occurs prior to the onset of tau pathology, neuronal loss, and clinical dementia in AD (24). 

Thus, Aβ dyshomeostasis is hypothesized to be an initial trigger of AD pathogenesis. Aβ peptides 

are generated via proteolytic processing of the amyloid precursor protein (APP) by β-secretase 

(BACE1) and γ-secretase, a four-subunit protease complex consisting of nicastrin (NCT), anterior 

pharynx-defective 1 (APH1), presenilin-enhancer 2 (PEN2), and a catalytic presenilin-1 (PS1) or 

presenilin-2 (PS2) subunit (45,211). The activity of β-secretase and γ-secretase activity can be 

modulated by the activity of G protein-coupled receptors (GPCRs) (227,228,241,242). As such, 

GPCRs are intriguing, druggable targets to modulate Aβ homeostasis without directly inhibiting 

β- or γ-secretases, a therapeutic approach that has proven challenging given the many secretase 

substrates and significant off-target side-effects of secretase inhibition.  

In particular, the orphan GPR3 is an interesting putative therapeutic target in AD. GPR3 is 

elevated in the AD brain and modulates γ-secretase activity and generation of Aβ peptides (205). 

Genetic deletion of Gpr3 in multiple AD transgenic mouse models alleviates amyloid plaque 

burden and cognitive deficits observed in these mice (207). Mechanistically, the GPR3-mediated 

effect on γ-secretase activity and Aβ generation requires recruitment of the multifunctional GPCR 
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scaffolding protein β-arrestin 2 (βarr2) (208). β-arrestin recruitment to GPCRs is mediated by 

GPCR carboxy-terminal (C-terminal) and intracellular loop (ICL) phosphorylation, canonically by 

the family of kinases known as GPCR kinases (GRKs). Significantly, βarr2 recruitment to GPR3 

and downstream GPR3-induced Aβ generation are reduced and ablated, respectively, following 

serine-to-alanine mutagenesis of six GPR3 C-terminal residues (208). Thus, GPR3 

phosphorylation, putatively via specific GRKs, is a critical step in regulating Aβ generation in AD. 

GRK2, GRK3, GRK5, and GRK6 are ubiquitously expressed throughout tissues and in the 

brain (144,219). However, in the cerebral cortex and hippocampus, two regions affected in AD 

brains with high Aβ burden, GRK2-family of GRKs (GRK2/GRK3) are more highly expressed 

than GRK5 and GRK6 (145). Furthermore, one previous study demonstrated an increase in GPR3 

internalization following the expression of GRK2 and βarr2 (243), suggesting GRK2 may be 

responsible for GPR3 phosphorylation. Therefore, we hypothesized that GRK2 regulates GPR3-

mediated γ-secretase activity and Aβ generation. Here, we show that the kinase activity of GRK2 

indeed orchestrates GPR3-induced γ-secretase activity and Aβ generation by regulating βarr2 

recruitment to GPR3. Furthermore, we demonstrate that a GPR3 mutant, which is biased towards 

βarr2 recruitment and signaling, increases direct βarr2-γ-secretase interaction. Collectively, our 

data suggest that developing biased GPR3 ligands that can reduce GRK2 phosphorylation of GPR3 

may provide therapeutic benefit in preventing early Aβ dyshomeostasis in AD. 
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3.2 Results 

3.2.1 GRK2 regulates GPR3-mediated Aβ generation in HEK293 cells 

Previous studies from our lab have determined that C-terminal phosphorylation and βarr2 

recruitment to GPR3 positively regulate γ-secretase processing of APP and generation of Aβ 

peptides (205,208). Another group demonstrated that co-expression of βarr2, GRK2, and GPR3 in 

HEK293 cells reduced cell-surface localization of GPR3, and co-expression of GRK2 and GPR3 

was able to reduce constitutive cAMP generation in HEK293 cells (243). However, the authors 

did not directly measure the effect of GRK2 on βarr2 recruitment to GPR3 nor any downstream 

βarr2-signaling. Nonetheless, GRK2 was a likely candidate we suspected may regulate GPR3 

phosphorylation, βarr2 recruitment to GPR3 and the GPR3-βarr2-mediated effect on γ-secretase 

activity. As such, we hypothesized that genetic deletion of the Adrbk1 gene (GRK2 gene) would 

reduce GPR3-mediated Aβ generation in HEK293 cells.  

Since GPR3 is an orphan GPCR and has no known ligand, we turned to a GPR3-

overexpression system. We have previously shown that GRK2 KO cells exhibit increased 

constitutive γ-secretase activity and Aβ generation compared to control cells, independent of a 

specific receptor (Fig. 10A). However, because the cells here would be overexpressing GPR3, we 

could attribute any effect of GRK2 KO on γ-secretase activity and Aβ generation to altered GPR3 

signaling and not an effect on GRK2 constitutive regulation of γ-secretase. To first determine if 

genetic deletion of Adrbk1 affected GPR3-mediated Aβ generation, we expressed GPR3 and APP-

C99 into HEK293 CRISPR control and GRK2 KO cells (Fig. 20), as previously described in Figs. 

7 and 8, and measured secreted Aβ40 and Aβ42 from culture media using an ELISA. Interestingly, 

GPR3 expression in GRK2 KO cells leads to a significant decrease in Aβ40 and Aβ42 release than 
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the control cells (Fig. 21A). To further test whether GRK2 kinase activity regulated GPR3-

mediated Aβ generation, we treated control cells or GRK2 KO cells with 10μM CMPD101, a 

selective GRK2/3 inhibitor, overnight and measured secreted Aβ40 and Aβ42 from culture media 

using an ELISA. Chemical inhibition of GRK2/3 with CMPD101 decreased Aβ40 and Aβ42 levels 

compared to vehicle-treated control cells and to a similar level as vehicle-treated GRK2 KO cells 

(Fig. 21A). Of significance, treatment of the GRK2 KO cells with CMPD101 did not further reduce 

Aβ generation compared to vehicle-treated GRK2 KO cells, suggesting that the inhibition of 

GRK2, and not GRK3, regulates GPR3-mediated Aβ generation (Fig. 21A).  

To further evaluate whether GRK2 specifically regulates GPR3-mediated γ-secretase 

activity and Aβ generation, we performed Aβ ELISA in HEK293 CRISPR control and GRK2 KO 

cells co-expressing GPR3, APP-C99, and an empty vector control or GRK2 K220R, a kinase-dead 

dominant-negative mutant. Our ELISA data indicated that expression of GRK2 K220R mutant in 

control cells decreases Aβ40 and Aβ42 generation to a similar level as GRK2 KO cells with the 

empty-control plasmid (Fig. 21B). Similar to CMPD101 treatment, GRK2 K220R expression in 

GRK2 KO cells did not further reduce Aβ generation compared to GRK2 KO cells with the empty 

vector (Fig. 21B). Collectively, these data indicate that GRK2 kinase activity regulates GPR3-

mediated γ-secretase activity and Aβ generation in HEK293 cells.  

 

3.2.2 GRK2 regulates GPR3-mediated Aβ generation in fAD neurons 

 We next wanted to evaluate whether GRK2 regulates GPR3-mediated γ-secretase activity 

and Aβ generation in a more physiologically relevant model of AD. To do this, we turned to a 

human neural progenitor cell (NPC) line, ReN, that harbors familial AD (fAD) mutations in APP 
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(221,222) which we differentiated for 4 weeks into mature neuronal cultures (Fig. 22A). We 

expressed GPR3 into the 4 week-differentiated fAD neurons and treated overnight with vehicle or 

10μM CMPD101 and used ELISAs to measure the amounts of secreted Aβ40 (Fig. 22B) and Aβ42 

(Fig. 22C). As expected, overexpression of GPR3 in the fAD neurons increased the generation of 

Aβ40 and Aβ42. Furthermore, treatment of the fAD neurons with the GRK2/3 inhibitor significantly 

reduced the amount of Aβ generation. Overall, the data from HEK293 cells and fAD neurons 

suggest that GRK2 kinase activity regulates GPR3-mediated Aβ generation in multiple cellular 

models, including a physiologically relevant model of fAD. 
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Figure 20. Representative Western blot images for Aβ ELISA assays corresponding to Figure 21. 

(A) Representative Western blot of the HA-GPR3
WT

 and C99-FLAG transfection in HEK control and GRK2 KO cells 

± 10μM CMPD101 treatment. (B) Representative Western blot of the HA-GPR3
WT

, C99-FLAG, and GRK2 K220R 

transfection in HEK control and GRK2 KO cells.  
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Figure 21. GRK2 regulates GPR3-mediated Aβ generation 

(A) Aβ40 and Aβ42 generation in HEK293 CRISPR control and GRK2 KO cells expressing APP-C99 and HA-GPR3WT 

± 10μM CMPD101. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001 by ANOVA with Tukey’s post-test. (B) 

Aβ40 and Aβ42 generation in HEK293 CRISPR control and GRK2 KO cells expressing APP-C99 and HA-GPR3WT ± 

GRK2 K220R. * P < 0.05, *** P < 0.001, **** P < 0.0001 by ANOVA with Tukey’s post-test. Data represent means 

of 3 independent experiments (n = 3) performed in triplicate. In each independent experiment, the control condition 

was normalized to 100%. 
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Figure 22. 4 week-differentiated fAD neuron characterization 

(A) Confocal images of 4 week-differentiated fAD neurons stained with DAPI (blue) and the neuronal marker MAP2 

(white). (B) Aβ40 and (C) Aβ42 generation in 4 week-differentiated fAD neurons expressing an empty-vector or HA-

GPR3WT and treated with 0.1% DMSO vehicle or 10μM CMPD101. * P < 0.05 by ANOVA with Tukey’s post-test. 

Data represent means of 3 independent experiments (n = 3) performed in triplicate. In each independent experiment, 
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the control condition was normalized to 100%. (D) Representative Western blot of HA-GPR3WT transfection of 4 

week-differentiated fAD neurons for an Aβ ELISA experiment. 

3.2.3 GRK2 regulates βarr2 recruitment to GPR3 

Given that GRK2 regulates GPR3-mediated Aβ generation and βarr2 recruitment to GPR3 

is necessary for GPR3-mediated Aβ generation, we hypothesized that GRK2 regulates βarr2 

recruitment to GPR3. To test this hypothesis, we utilized a bioluminescence resonance energy 

transfer (BRET) assay in HEK293 control and GRK2 KO cells to measure constitutive βarr2 

interaction with GPR3. Control and GRK2 KO cells were transfected with GPR3 tagged with 

enhanced yellow fluorescent protein (GPR3EYFP) and βarr2 tagged with Renilla luciferase 

(βarr2Rluc). The GRK2 KO cells exhibited significantly reduced ∆BRET than control cells (Fig. 

23A), suggesting that GRK2 indeed regulates βarr2 interaction with GPR3. Additionally, 

expressing the GRK2 K220R mutant into control cells significantly reduced ∆BRET compared to 

control cells without the GRK2 dominant-negative mutant. However, expression of GRK2 K220R 

did not reduce ∆BRET to the level of the GRK2 KO cells. This data suggests that GRK2 kinase 

activity may only be partially responsible for mediating βarr2 recruitment to GPR3. 

 To further confirm the functional role of GRK2 in mediating βarr2 recruitment and 

binding to GPR3, we utilized a co-immunoprecipitation (Co-IP) assay. In cross-linked HEK293 

control or GRK2 KO cells, we and looked at the interaction between immunoprecipitated HA-

tagged GPR3 and endogenous βarr2. The Western blot of the Co-IP experiment shows reduced 

βarr2 binding to GPR3 in GRK2 KO cells compared to control cells (Fig. 23B) and adds further 

support for a functional role of GRK2 in regulating βarr2 recruitment and binding to GPR3. 
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Figure 23. GRK2 regulates βarr2 recruitment to GPR3 

(A) βarr2 recruitment to GPR3WT was measured in HEK293 control ± GRK2 K220R and GRK2 KO cells via BRET 

assay. **** P < 0.0001 by ANOVA with Dunnett’s multiple comparison test. Data represent means of 3 independent 

experiments (n = 3) performed in triplicate. In each independent experiment, the control condition was normalized to 

100%. (B) Co-immunoprecipitation experiment in HEK293 control or GRK2 KO cells expressing HA-GPR3WT.  

3.2.4 GPR3-βarr2 signaling regulates βarr2 interaction with γ-secretase 

 Following βarr2 recruitment to GPR3, the subsequent steps in the signaling cascade that 

regulate γ-secretase activity and Aβ generation are relatively unknown. However, our lab has 

previously demonstrated that βarr2 interacts directly with the APH1A subunit of the γ-secretase 

complex to stabilize localization of all subunits into DRM domains and increase proteolytic 

cleavage of APP-C99 (208). Furthermore, genetic deletion of Gpr3 in mice reduces amyloid 

plaque burden in AD transgenic mice and reduces direct βarr2-APH1A interaction in the cortex. 

Therefore, we hypothesized that GPR3-βarr2 signaling can regulate γ-secretase activity by 
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increasing βarr2 binding to the APH1A subunit of the γ-secretase complex. To test this hypothesis, 

we expressed APH1AWT along with wild-type GPR3 (GPR3WT), a GPR3 βarr2-biased mutant 

(GPR3DRY), or a GPR3 G-protein-biased mutant (GPR3S/A) in CHO-βarr2 cells and utilized a βarr2 

PathHunter assay to measure βarr2 recruitment to APH1A (Fig. 5). We have previously shown 

that the GPR3DRY mutant increases βarr2 recruitment to GPR3 and increases GPR3-mediated Aβ 

generation compared to GPR3WT. Additionally, the GPR3S/A C-terminal phosphorylation-dead and 

G-protein-biased mutant reduces constitutive βarr2 recruitment to GPR3 and decreases GPR3-

mediated Aβ generation compared to GPR3WT (208). Interestingly, expression of the GPR3DRY 

mutant increased βarr2 recruitment to APH1A by ~50% compared to the cells expressing GPR3WT 

(Fig. 24). In contrast, the cells expressing the GPR3S/A C-terminal phosphorylation-dead mutant 

exhibited no difference in βarr2 recruitment to APH1A compared to the GPR3WT-expressing 

condition (Fig. 24). Thus, we can conclude that decreasing constitutive βarr2 recruitment to GPR3 

does not directly affect βarr2 interaction with APH1A, but biasing GPR3 towards a βarr2 signaling 

pathway significantly increases βarr2 interaction with APH1A. 
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Figure 24. GPR3- βarr2 signaling regulates βarr2 interaction with γ-secretase 

(A) βarr2 recruitment to APH1A in the CHO-βarr2 cell line expressing HA-GPR3WT, HA-GPR3DRY, or HA-GPR3S/A. 

**** P < 0.0001 by ANOVA with Tukey’s post-test. Data represent means of 3 independent experiments (n = 3) 

performed in triplicate. In each independent experiment, the control (GPR3WT) condition was normalized to 100%. 

(B) Representative Western blot of APH1A-PK and HA-GPR3WT/ HA-GPR3DRY/ or HA-GPR3S/A transfection in 

CHO-βarr2 cells. 

3.3 Discussion 

The orphan GPCR GPR3 is a positive regulator of γ-secretase activity and the generation 

of Aβ peptides in AD (205,209). GPR3 regulation of γ-secretase requires the recruitment of the 

multifunctional scaffolding protein βarr2 and downstream β-arrestin-mediated signaling pathways 

(208). The family of kinases known as GRKs are canonical regulators of GPCR phosphorylation 

and β-arrestin recruitment to GPCRs. Furthermore, specific GRKs can differentially regulate 

distinct downstream signaling outcomes via unique phosphorylation patterns on the ICLs and C-
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terminus of a GPCR (140,217). Thus, selective GPCR ligands that favor recruitment and 

phosphorylation by specific GRKs can differentially bias receptor signaling and physiological 

outcomes. Here, we uncover a role of GRK2 in modulating GPR3-mediated γ-secretase activity 

and Aβ generation. We determine that genetic deletion of Adrbk1 (GRK2) or GRK2 inhibition are 

sufficient to significantly reduce GPR3-mediated Aβ generation in both HEK293 cells and in 

mature fAD neurons. Additionally, we determine that βarr2 recruitment to GPR3 is almost 

completely abolished in GRK2 KO cells; however, inhibiting GRK2 activity with a GRK2 

dominant-negative mutant only partially inhibits βarr2 recruitment. Furthermore, we demonstrate 

that biasing GPR3 signaling towards increased βarr2 recruitment and signaling increases direct 

interaction between βarr2 and the APH1A subunit of the γ-secretase complex – an interaction 

previously demonstrated to regulate γ-secretase activity and proteolytic processing of APP (Fig. 

19) (208,244). Intriguingly, preventing GPR3 C-terminal phosphorylation which has been shown 

to reduce βarr2 recruitment to GPR3 and GPR3-mediated Aβ generation (208) has no effect on 

βarr2-APH1A interaction suggesting that multiple possible mechanisms of GPR3 regulation of γ-

secretase activity may exist. Collectively, these studies suggest a model whereby GRK2 

orchestrates βarr2 recruitment to GPR3 and downstream signaling to regulate Aβ generation. Our 

data support the development of GPR3 biased ligands, against GRK2 phosphorylation, to prevent 

Aβ dyshomeostasis in the early stages of AD.  

In both the HEK293 cells and mature fAD neurons, inhibiting GRK2 kinase activity with 

CMPD101 or GRK2 K220R is sufficient to reduce GPR3-mediated Aβ generation (Figs. 21 and 

22). However, inhibiting GRK activity with the kinase-dead dominant-negative GRK2 K220R 

mutant only partially reduces βarr2 recruitment to GPR3 in the BRET assay (Fig. 23A). Therefore, 

GRK2 kinase activity is necessary for regulating GPR3-mediated Aβ generation but not sufficient 
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to prevent βarr2 interaction with GPR3. As such, GRK2 likely plays an additional role as a 

molecular scaffold, independent of kinase function, in recruiting βarr2 to GPR3. In fact, another 

group has shown that GRK2 can regulate GPR3 signaling independent of kinase function (243). 

Upon co-expression of GPR3 and the GRK2 K220R mutant, the authors measured a decrease in 

cAMP generation similar to when a wild-type GRK2 was co-expressed with GPR3. Nonetheless, 

the authors did note that GRK2 kinase activity was required to reduce GPR3 cell-surface 

localization. Because preventing GRK kinase activity alone results in the same decrease in GPR3-

mediated Aβ generation as in the GRK2 KO cells (Fig. 21), GPR3-mediated Aβ generation most 

likely is dependent on a unique GRK2-mediated phosphorylation pattern on GPR3 to allow for a 

distinct GPR3-βarr2 conformation that functionally increases γ-secretase activity. Putatively, 

GPR3 internalization following GRK2 phosphorylation may be required for the positive regulatory 

effect on γ-secretase activity and Aβ generation as well. Additional quantitative mass spectrometry 

experiments measuring the changes in GPR3 phosphorylation in the GRK2 KO cells and upon 

GRK2 inhibition in control cells are necessary moving forward to identify the specific residues 

GRK2 may be responsible for phosphorylating to regulate Aβ generation.  

Our lab previously demonstrated that direct βarr2 interaction with the APH1A subunit of the 

γ-secretase complex regulates Aβ generation via the extent of βarr2 interaction and putatively the 

conformation of the βarr2-APH1A complex (Fig. 19). In addition, we have previously shown that 

biasing GPR3 signaling towards βarr2 recruitment and signaling by preventing G-protein coupling 

with a GPR3DRY mutant increases GPR3-mediated Aβ generation (208). Interestingly, the same 

GPR3DRY mutant increased the interaction between βarr2 and APH1A by ~50% compared to cells 

expressing GPR3WT (Fig. 24). One potential mechanism for GPR3 signaling increasing the βarr2-

APH1A interaction is via ‘activation’ of βarr2 following interaction with GPR3. Following 
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recruitment and interaction with GPR3, βarr2 may adopt an ‘active’ conformation that is 

maintained via interactions with plasma membrane phospholipids (245). In this ‘active’ 

conformation, βarr2 would be in a more favorable conformation to bind APH1A.  A previous 

report suggests that arrestins can adopt a stable active conformation, maintained at the plasma 

membrane, following recruitment to a GPCR – a mechanism the authors describe as ‘catalytic 

activation’ of β-arrestins (245). Because we have demonstrated that βarr2 interaction with APH1A 

resembles a fully engaged GPCR-β-arrestin complex (Figs 15-17), βarr2 binding to GPR3 and 

subsequent release from GPR3 in this conformation would increase the probability of binding to 

APH1A. Further investigation into how GRK2 regulation of GPR3 signaling affects βarr2-APH1A 

interaction is needed to fully understand how GRK2 regulates GPR3-mediated Aβ generation. 

Surprisingly, serine-to-alanine mutagenesis of six GPR3 C-terminal serine residues (GPR3S/A) did 

not affect the extent of βarr2-APH1A interaction (Fig. 24). This mutant has previously been shown 

to decrease βarr2 recruitment to GPR3 as well as GPR3-mediated Aβ generation (208). This new 

finding suggests that in addition to regulating βarr2 interaction with APH1A, GPR3 may regulate 

γ-secretase processing of APP via additional mechanisms. Overall, we identify GRK2 as a critical 

regulator of GPR3-mediated γ-secretase activity and Aβ generation. Designing GPR3 ligands to 

bias signaling way from GRK2 may provide therapeutic benefit in the early stages of AD. 
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3.4 Materials and Methods 

3.4.1 Antibodies and Compounds 

Rabbit polyclonal antibodies to human APH1AL (B82.3, 1:1,000) has been previously 

described and were the gift of Dr. Bart De Strooper (VIB and KU Leuven, Leuven, Belgium; UK 

Dementia Research Institute and University College London, London, United 

Kingdom)(230,231). Antibodies to the following were purchased: GRK2 (mouse, C-9, SantaCruz 

Biotechnology, 1:1000), βarr2 (mouse, H-9, SantaCruz Biotechnology, 1:1000), hemagglutinin 

(HA) (mouse, HA.11, BioLegend, 1:1000), hemagglutinin (HA) (rabbit, C29F4, Cell Signaling 

Technologies, 1:1000), MAP2 (Synaptic Systems, 1:500). Takeda Compound101 was purchased 

from Hello Bio, and octyl-β-D-glucopyranoside was purchased from EMD Millipore.  

 

3.4.2 Plasmid Construction 

All mutations in APH1A and βarr2 were generated with the XL II Site-Directed 

Mutagenesis Kit (Agilent Technologies) according to manufacturer’s instructions.  

 

3.4.3 Cell Lines 

The HEK293 cell line was purchased from American Type Culture Collection. The GRK2 

KO cells were generated using CRISPR/Cas9 genome-editing and described previously (Section 

2.4.5). The CHO-KI β-arrestin 2 cell line (CHO-βarr2) was purchased from DiscoveRx. The 
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ReNCell GA2 familial Alzheimer’s disease (fAD) human neural progenitor cell (hNPC) line was 

a kind gift From Dr. Rudolph E. Tanzi and Dr. Doo Yeon Kim (Harvard University, Cambridge, 

MA) and generated as previously described (222). 

 

3.4.4 Cell Culture 

HEK293 cells were maintained in complete media containing DMEM/F12 with 

GlutaMAX (Fisher Scientific) and supplemented with 10% fetal bovine serum (ThermoFisher 

Scientific). Cells were maintained at 37°C and 5% CO2. CHO-K1 βarr2 cells were maintained in 

F12 media supplemented with 10% heat-inactivated fetal bovine serum, 1x Pen-Strep-Glutamine, 

and 3µg/mL hygromycin. Cells were maintained at 37°C and 5% CO2. Human fAD NPCs 

(ReNCell) were plated and maintained on Matrigel GFR matrix (Corning) – coated 6-well plates 

and T75 cell culture flasks, respectively. Human fAD NPCs were expanded in ReNCell 

proliferation media containing DMEM/F12 with GlutaMAX (Fisher Scientific) supplemented with 

1x B-27 supplement (Gibco), 2 μg/mL heparin (StemCell Technologies), 20 ng/mL hEGF 

(Millipore Sigma), 20 ng/mL bFGF (Millipore Sigma) and filtered through a 0.2 μm Fisherbrand 

disposable PES filter (Fisher Scientific). To differentiate the human fAD NPCs into neurons, 

media was changed to ReNCell differentiation media containing DMEM/F12 with GlutaMAX 

(Fisher Scientific) supplemented with 1x B-27 supplement (Gibco) and 2 μg/mL heparin 

(StemCell Technologies (no growth factors) and filtered through a 0.2 μm Fisherbrand disposable 

PES filter (Fisher Scientific). Cells underwent half-media changes over other day for 4 weeks until 

the time of experiment. Human fAD NPCs and differentiated neurons were maintained at 37°C, 

5% O2, and 5% CO2.  
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3.4.5 Aβ enzyme-linked immunosorbent assay (ELISA) 

Aβ40 and Aβ42 levels were determined by standard sandwich ELISA using end-specific 

antibodies provided by Janssen Pharmaceutica as previously described (207). Briefly, 96-well 

plates were coated and incubated overnight with monoclonal antibodies JRFcAb40/28 and 

JRFcAb42/26, which recognize the C terminus of Aβ species terminating at amino acid 40 or 42, 

respectively. Horseradish peroxidase (HRP)–conjugated JRFAbN/25 was used as the detection 

antibodies for human Aβ. Culture media from HEK293 cell and 4 week-differentiated ReNCell 

fAD neuronal culture experiments were subjected to Aβ40 and Aβ42 ELISA. Aβ levels in each 

condition were normalized to C99-FLAG expression. 

 

3.4.6 Bioluminescence Resonance Energy Transfer (BRET) Assay 

HEK293 CRISPR control and GRK2 KO cells plated in 6-well plates at a density of 

1.4x106 cells/well were transfected with 3xHA-GPR3EYFP and βarr2Rluc (ratio 4:1) using X-

tremeGENE HP DNA reagent (Millipore Sigma) according to manufacturer’s instructions. In all 

experiments, the total amount of DNA transfected was equalized between conditions by addition 

with empty pcDNA3.0 expression vector. An additional transfection condition was included for 

both CRISPR control and GRK2 KO cells with only the βarr2Rluc construct and empty expression 

vector. 24 hours after transfection, media was refreshed with 2mL of complete media (DMEM/F12 

+ GlutaMax +10% FBS) and incubated at 37°C for another 24 hours. Cells were then transferred 

to 96-well BRET assay plates (Costar #3917, Corning) at a density of 100,000 cells per well coated 

with 100μg/μL poly-L-lysine.  Additional cells from each transfection condition were plated in a 
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non-coated, 96-well cell culture plate for Aβ40 and Aβ42 ELISA analysis the following day. After 

24 hours, BRET assay cells were washed twice with PBS and coelentrazine-h (Promega) was 

added to a final concentration of 5 μM. Cells were incubated in the dark for 15 minutes at 37°C 

before BRET measurements were made on a BioTek synergy neo2 plate reader. BRET ratio was 

calculated as emission at 540nm/emission at 460nm.  Delta BRET (∆BRET) is defined as the 

540nm/460nm BRET ratio of cells expressing both βarr2Rluc and 3xHA-GPR3EYFP minus the 

540nm/460nm BRET ratio of cells expressing only the βarr2Rluc construct in the same cell line in 

the same experiment.  

 

3.4.7 β-arrestin PathHunter Assay 

On day 1, the CHO-K1 β-arrestin cell line was seeded on black, clear bottom 96-well plates 

at a cell density of 30,000 cells per well. Two plates were plated per experiment – one for 

PathHunter assays and one in parallel for Western blot analysis of plasmid expression. On day 2, 

cells were transfected with pCMV-APH1A-PK1 and pEZ-3xHA-GPR3WT, pEZ-3xHA-GPR3DRY, 

or pEZ-3xHA-GPR3S/A using X-tremeGENE HP DNA transfection reagent (Millipore Sigma) 

according to manufacturer’s instructions. On day 3, media was changed to F12 media (serum-free) 

for 16h. On day 4, one plate of cells was rinsed with PBS and analyzed with the PathHunter β-

arrestin assay from DiscoveRx according to the manufacturer’s protocol. Cells were collected from 

the second plate for Western blot analysis of APH1A-PK and HA-GPR3. RLU values were 

normalized to APH1A-PK expression levels in each condition. 
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3.4.8 Co-immunoprecipitation Assay 

On day 1, HEK293 cells were plated in 10cm dishes at a density of 6.5x106 cells/dish and 

transfected with 3xHA-GPR3WT using X-tremeGENE HP DNA transfection reagent (Millipore 

Sigma) according to manufacturer’s instructions. Complete media was refreshed after 24 hours in 

transfection media. 48 hours post-transfection, cells were washed twice with room-temperature 

reaction buffer (PBS, 30mM HEPES buffer, pH 7.4) and cross-linked with dithiobis(succinimidyl 

propionate) (DSP) for 30 minutes at room temperature with gentle agitation. Crosslinking was 

terminated through the addition of 20mM Tris, pH 7.5 for 15 minutes. Cross-linked cells were 

collected and pelleted via centrifugation at 4°C. Cell pellets were lysed on ice for 1 hour in 1mL 

of ice-cold lysis buffer (1% n-octyl-β-D-glucopyranoside, 1x complete protease inhibitor cocktail 

(Roche), 1x phosphatase inhibitor cocktails 2 and 3 (Millipore Sigma) and 0.1M phosphate buffer, 

pH 7.15) and cleared by centrifugation (14,000 x g for 20 min at 4°C). Lysate concentrations were 

determined via Bradford assay. 300μg of lysate was pre-cleared in 50μL of pre-washed, Protein G 

Sepharose 4 Fast Flow beads (GE Healthcare) for 2 hours on a rotator at 4°C. Samples were then 

centrifuged at 5,000 x g for 5 min and sample supernatant was incubated in 1μg of anti HA.11 

antibody or goat-serum negative control for 2 hours on a rotator at 4°C. Samples were then added 

to 30μL of  pre-washed, Protein G Sepharose 4 Fast Flow beads and incubated overnight on a 

rotator at 4°C. The following day, samples were centrifuged at 5,000 x g for 5 min and unbound 

fraction was collected. Protein G beads were vigorously washed 4 times in ice-cold lysis buffer. 

Following the final wash, bound fractions were collected as follows. 30μL of 2.5X Laemmeli 

Sample Buffer (Bio-Rad) + 2.5% β-mercaptoethanol (Bio-Rad) was added to washed beads and 

heated for 10 minutes at 70°C. Samples were centrifuged for 10 minutes at 10,000 x g and 

supernatant/bound fraction was collected. Samples were separated by SDS-PAGE (4-20% mini-
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PROTEAN TGX pre-cast gels, Bio-Rad) and transferred to 0.45μm nitrocellulose membranes 

(Bio-Rad) using the Trans-Blot Turbo Transfer System (Bio-Rad). Membranes were blocked for 

1 hour at room temperature with agitation in 5% milk and incubated overnight on a shaker in 

βarr1/2 and anti HA (Cell Signaling Technology) antibodies. The following day, membranes were 

washed 3 times for 10 minutes in TBS-Tween (0.1% v/v) and incubated in a goat anti-Rabbit IgG 

(H+L) HRP-conjugated secondary antibody (1:10,000, Bio-Rad) for 1 hour at room temperature. 

Membranes were washed for 10 minutes, 3 times in TBS-Tween (0.1% v/v) and 5 minutes, 3 times 

in TBS. Chemiluminescence was measured upon addition of Western Lightning Plus-ECL, 

Enhanced Chemiluminescence Substrate (Perkin Elmer). 

3.4.9 Immunostaining and Confocal Microscopy 

Human fAD NPCs (ReNCell GA2) were plated at a density of 7x105 cells/well on Matrigel-

coated coverslips in a 6-well plate and differentiated for 4 weeks according to the protocol outlined 

in 3.4.4. After 4 weeks of differentiation, cells were transfected with 3xHA-GPR3WT or empty 

vector using LipofectamineSTEM (ThermoFisher) according to manufacturer’s instructions at a 

ratio of 1:7 DNA:LipofectamineSTEM reagent in differentiation media (Day 1). On the day 

following transfection (Day 2), a half media change was done on each well and 0.1% vehicle or 

10μM CMPD101 final concentration was added to each well. On Day 3, media was collected for 

ELISA assays and cells on the coverslips were fixed in a solution of 4% paraformaldehyde for 

15min at room temperature and washed 3x with 1xPBS. Coverslips were then blocked with 5% 

normal donkey serum for 1 hour at room temperature and stained with MAP2 (Guinea Pig 1:5000) 

primary antibody overnight. The following day, cells were incubated for1 hour at room 

temperature with anti-guinea pig AlexaFluor647 secondary antibody and subsequently washed 3x 
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in 1x PBS. Cells were mounted onto coverslips with ProLong Diamond Antifade Mounting Media 

with DAPI, (Invitrogen) for visualization by Confocal microscopy. Images  were  obtained  with  

a  Nikon  A1R  HD25  confocal  microscope.  
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4.0 Discussion  

This dissertation uncovered a novel role of the GRK family of kinases in directly regulating 

γ-secretase activity and the generation of pathogenic Aβ peptides. Additionally, these findings 

highlight the role of a specific GRK, GRK2, in regulating γ-secretase activity and Aβ generation 

indirectly via canonical regulation of the GPCR GPR3. GRKs directly mediate γ-secretase activity 

via regulating distinct phosphorylation patterns, or barcodes, on the ICL2 and C-terminus of the 

APH1A subunit of the γ-secretase complex which in turn recruits the multifunctional GPCR 

scaffolding protein βarr2. This mechanism closely resembles the mechanism by which GRKs exert 

precise control of GPCR signaling and orchestrate distinct downstream signaling cascades 

following GPCR activation (217). Significantly, these findings highlight the βarr2-APH1A 

interaction as a potentially viable therapeutic target to regulate γ-secretase activity in disease. 

Furthermore, the work here expands upon the mechanism by which GPR3 signaling regulates γ-

secretase activity and further illuminates GPR3 as a potential therapeutic target in AD. 

Collectively, these findings increase our understanding of the multifaceted roles of GRKs in 

regulating cellular signaling in human health and disease.  

The results in Chapter 2 highlight the role of phosphorylation on the APH1A subunit of 

the γ-secretase complex and establish the existence of an APH1A phosphorylation barcode, 

mediated by the GRK family of kinases, which regulates direct interaction with the GPCR 

scaffolding protein βarr2 and functionally, γ-secretase cleavage of APP and generation of Aβ 

peptides. Phosphorylation of the NCT and PS1 subunits by members of the AGC family of kinases 

has been demonstrated previously (56,59,246,247); however, our work provides the first evidence 

of phosphorylation on the APH1A subunit. Utilizing label-free quantitative LC-MS/MS, we were 
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able to reproducibly measure high levels of phosphorylation on APH1A within ICL2 and the C-

terminus in total HEK293 cell lysate overexpressing APH1A. Work from our lab (208) and another 

(244) have demonstrated that β-arrestins (βarr1 and βarr2) interact with APH1 to regulate active 

γ-secretase complex assembly and localization in DRM domains where proteolytic activity most 

efficiently occurs. Given the 7TM domain structure of APH1 resembles the 7TM domain structure 

of a GPCR and the common interaction with β-arrestins, we reasoned that APH1 phosphorylation 

may mediate APH1-β-arrestin interaction similarly to GPCR-β-arrestin interactions. Indeed, we 

found that the ubiquitously expressed GRKs regulate the phosphorylation of APH1A using 

genetically engineered GRK KO cell lines and label-free, quantitative LC-MS/MS. Functionally, 

we discovered that the genetic deletion of each Grk results in differential changes in γ-secretase 

proteolytic processing of APP-C99 and secretion of Aβ peptides. Guided by the mass spectrometry 

data in each GRK KO cell line, we generated phosphorylation-deficient and phosphorylation-

mimetic APH1A mutants corresponding to specific phosphorylation changes in ICL2 and the C-

terminus. We demonstrated that specific phosphorylation combinations or patterns from the 

mutants correspond to similar changes in γ-secretase activity as in the individual GRK KO cells. 

Additionally, we measure βarr2 recruitment to each APH1A mutant and demonstrate that the 

extent of βarr2 recruitment does not always parallel the extent of γ-secretase activity. This finding 

suggests that the functional effect of βarr2 binding to APH1A likely depends, at least partially, on 

the specific conformation that the APH1A-βarr2 complex adopts. These APH1A mutagenesis 

experiments act collectively as a proof-of-concept for the existence of an APH1A phosphorylation 

barcode, mediated by GRKs, to regulate Aβ generation. Based on our results, we propose a model 

of constitutive GRK regulation of γ-secretase activity and APP proteolytic processing. This model 

significantly expands the role of GRKs in health and disease, as γ-secretase has over 90 known 
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substrates and has been implicated in multiple diseases, in particular, AD and multiple types of 

cancer.  

To gain a deeper understanding of the APH1A-βarr2 interaction and the functional effect 

on γ-secretase activity, we utilized computational docking and molecular dynamic simulations to 

predict the structure of APH1A-βarr2 and to gather insight into critical residues mediating 

interaction. Our computational modeling data revealed putative key residues within the βarr2 

finger loop domain (L72 and S75) and the APH1A ICL3 (R184), which we further validate in in 

vitro cell-based assays to demonstrate these residues are in fact important for interaction as well 

as functionally affect γ-secretase activity and Aβ generation. These findings show that βarr2 

binding to APH1A closely resembles a fully-engaged GPCR-βarr2 complex (175,178). 

Mutagenesis of the β-arrestin finger loop domain significantly hinders arrestin-GPCR interactions 

and functional downstream signaling from GPCRs and structural studies have highlighted this 

region in arrestin as functionally important for β-arrestins to adopt an ‘active’ conformation 

(121,178). Thus, we propose a model whereby the specific GRK-mediated APH1A 

phosphorylation barcode regulates γ-secretase activity by modulating distinct binding 

conformation(s) of βarr2 to APH1A which alter γ-secretase complex recognition of substrate 

(APP-C99) and/or proteolytic activity of the complex. 

The results in Chapter 3 further elucidate the mechanisms by which the orphan GPCR 

GPR3 regulates γ-secretase activity and Aβ generation in AD. Our work demonstrates that GRK2 

in particular is able to regulate βarr2 recruitment and binding to GPR3 and the downstream 

functional increase in γ-secretase activity and Aβ generation. Importantly, we discover that the 

kinase function of GRK2 is critical in regulating GPR3-mediated Aβ generation. We demonstrate 

that biasing GPR3 signaling towards a βarr2 pathway, in expense of the GαS signaling pathway, 
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increases direct interaction between βarr2 and APH1A. However, preventing GPR3 C-terminal 

phosphorylation, which has been previously shown to reduce βarr2 recruitment and Aβ generation 

compared to GPR3WT, has no effect on downstream APH1A-βarr2 interaction. Overall, these 

findings suggest that GPR3 may regulate γ-secretase activity and proteolytic processing of APP-

C99 by multiple, distinct mechanisms. Further elaboration into these putative mechanisms will be 

explored later in this section.   

4.1 APH1 C-terminal phosphorylation in β-arrestin binding and γ-secretase activity 

One interesting question for further investigation is the functional role of APH1A C-

terminal phosphorylation in regulating βarr2 binding and regulation of γ-secretase activity. Our 

data in Chapter 2 suggest that genetic deletion of each ubiquitously expressed GRK individually 

results in a decrease in phosphorylation at S251 and S257 on the C-terminus. Our APH1A 

mutagenesis data also suggest that loss of phosphorylation at both of these residues functionally 

results in reduced βarr2 interaction and γ-secretase processing of APP. However, when ICL2 

residues are phosphorylated in conjunction with loss of C-terminal phosphorylation (GRK2 KO 

cells), γ-secretase activity is increased. Although this may indicate that ICL2 phosphorylation may 

be important for βarr2 to adopt an ‘active’ conformation that functionally results in increased Aβ 

generation, the C-terminus of APH1A could be involved in initial recognition and binding to β-

arrestins. In fact, structural analysis of β-arrestin interactions with GPCRs demonstrates that 

GPCRs initially interact with the N-domain of β-arrestin, prior to finger loop domain engagement 

with the cytoplasmic core of the receptor, to allow arrestin to adopt an active conformation 

(175,177,179,180). In particular, GPCR C-terminal phosphorylation disrupts an ‘ionic lock’ on β-



 110 

arrestin to allow for the finger loop domain to swing outward and engage with a GPCR cytoplasmic 

core (178). Significantly, one study demonstrated that treatment of cells with APH1A or APH1B 

C-terminal peptides (ACT or BCT, respectively) concentration-dependently reduced γ-secretase 

activity and Aβ generation as well as interaction with βarr1 (244). Thus, inhibiting β-arrestin 

engagement with the APH1 C-terminus is sufficient to reduce γ-secretase cleavage of APP-C99. 

However, ICL2 phosphorylation also appears sufficient to overcome loss of APH1A C-terminal 

phosphorylation to allow for β-arrestin 2 to adopt an ‘active’ conformation to increase γ-secretase 

activity as demonstrated in the GRK2 KO cell line. A comprehensive analysis on how APH1 C-

terminal peptides inhibit the interaction between both βarr1 or βarr2 and APH1A and APH1B is 

necessary moving forward to gain complete understanding of the functional significance of the 

APH1 C-terminal domain in regulating interaction with arrestin and γ-secretase activity.   

One limitation to our experimental approach in Chapter 2 is our computational alignment 

and docking analysis was done modeling the APH1A-βarr2 interaction after the solved crystal 

structure of rhodopsin-bound arrestin1 (visual arrestin). In this solved structure (224), arrestin1 is 

fully engaged with the rhodopsin cytoplasmic core. Moving forward, completing docking 

experiments and MD simulations modeling APH1A-βarr2 interaction off of a partially engaged 

GPCR-β-arrestin complex would give additional mechanistic insights into initial modes of arrestin 

binding to the APH1A C-terminus and the role of phosphorylation in regulating this interaction. 

For example, the structure of the β2V2R chimeric GPCR bound to βarr1 in a partially engaged 

complex (175) could be a good starting point for additional computational experiments into the 

binding mechanism of APH1A and βarr2. Here, we would be able to assess whether initial βarr2 

engagement with the APH1A C-terminus resembles initial arrestin recruitment to a phosphorylated 

GPCR. Furthermore, completing additional modeling experiments mimicking APH1A 
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phosphorylation (or phosphorylation deficiency) will provide additional and needed insights into 

the specific conformations both βarr2 and APH1A adopt upon binding and how these distinct 

conformations may regulate the recognition of γ-secretase substrates and γ-secretase proteolytic 

activity.   

The predicted human APH1A structure from the open-source, structure prediction database 

AlphaFold 2.0 (248) exhibits high similarity to the solved structure of APH1A in complex with γ-

secretase (249,250) and in our computational model in complex with βarr2, particularly within the 

TM domains, ICL2 and ICL3. However, the AlphaFold-predicted structure displays low 

confidence in the C-terminal structure following helix 8. Nonetheless, the AlphaFold-predicted 

structure of the C-terminus predicts a short α-helical structure containing both S251 and S257 – 

two residues on which we measure phosphorylation. GPCR C-termini are typically considered to 

be disordered, and we do not predict further secondary structure in the APH1A C-terminus 

following helix 8 in our computational models based off of the solved rhodopsin structure (Figs. 

15 and 16). Therefore, phosphorylation changes at S251 or S257 could putatively alter a short 

helical structure of the C-terminus on APH1A to regulate binding to βarr2 and γ-secretase activity. 

Ultimately, further modeling and structural analysis of APH1A is necessary to elucidate the role 

of the C-terminus and C-terminal phosphorylation in regulating binding to βarr2 and γ-secretase 

function.  

4.2 Mechanisms of GPR3-mediated γ-secretase activity and Aβ generation 

The results in Chapter 3 present evidence that GRK2 kinase activity regulates GPR3-

mediated Aβ generation through multiple mechanisms. Previous evidence suggests that GRK2 can 
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regulate GPR3 GαS
 signaling independent of GRK2 kinase function. Our data also demonstrate 

that inhibiting GRK2 kinase activity by overexpression of a GRK2 K220R dominant negative still 

results in ~75% of βarr2 recruitment to GPR3 compared to cells not expressing the GRK2 

dominant negative mutant (empty-vector-expressing cells). However, we demonstrate that 

regulation of GPR3-mediated Aβ generation by GRK2 is kinase dependent. Therefore, we 

hypothesize that βarr2 is able to bind to GPR3 in different conformations depending on whether 

GPR3 is phosphorylated by GRK2 (βarr2*) or GPR3 is not phosphorylated by GRK2 (βarr2o). 

βarr2* represents an ‘active’ conformation of βarr2 that allows for downstream activation of γ-

secretase and Aβ generation via 2 hypothesized mechanisms (Fig. 25A).  

Our data in Chapter 3 demonstrate that biasing GPR3 towards the βarr2 pathway by 

expressing the GPR3DRY mutant increases direct βarr2 interaction with the APH1A subunit of the 

γ-secretase compared to cells expressing GPR3WT. In our current model, we predict that increasing 

βarr2 recruitment to the GRP3DRY mutant increases the concentration of βarr2* (activated βarr2). 

Mechanistically, activated conformations of βarr2 have been shown to remain at the plasma 

membrane following dissociation from a class A GPCR (β2AR) (245). This active conformation 

is stabilized via βarr2 C-domain interaction with plasma membrane phosphoinositides and inositol 

phosphates (particularly phosphatidylinositol 4,5 bisphosphate (PIP2) and inositol hexaphosphate 

(IP6)) (251) and allows for βarr2 to interact with downstream effectors including binding to 

proteins in clathrin-coated structures. Disrupting interactions with the plasma membrane results in 

a reduced pool of active βarr2 and decreased downstream arrestin signaling. This mechanism has 

been termed ‘catalytic activation’ of β-arrestins, and we hypothesize that GRK2 phosphorylation 

of GPR3 allows βarr2 to adopt an activate conformation that is maintained at the plasma membrane 

following dissociation from GPR3 (βarr2*). We demonstrated in Chapter 2 that βarr2 engages with 
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the APH1A subunit of γ-secretase similarly to a fully engaged βarr2-GPCR complex involving 

finger loop domain residues. In our model, the βarr2* conformation adopted by βarr2 following 

binding to GRK2-phosphorylated GPR3 allows for more favorable binding to APH1A in the local 

DRM environment and increased γ-secretase proteolytic cleavage of APP-C99 and Aβ generation.  

Additionally, our lab has previously demonstrated that GPR3 C-terminal serine-to-alanine 

mutagenesis (GPR3S/A mutant) reduces βarr2 recruitment to GPR3 and reduces GPR3-mediated 

Aβ generation compared to GPR3WT (208). Surprisingly, cells expressing the GPR3S/A mutant do 

not reduce βarr2-APH1A interaction compared to GPR3WT-expressing cells. Thus, the GPR3S/A 

mutant likely reduces γ-secretase activity via a different mechanism than catalytic activation of 

βarr2. Previous work has shown that GRK2 kinase activity is necessary to reduce cell-surface 

localization of GPR3 despite not being required to halt G-protein signaling (243). Therefore, we 

hypothesize that GPR3 trafficking is also involved in regulating Aβ generation. Interesting 

unpublished data from out lab demonstrates that GPR3 strongly localizes to the Golgi compartment 

in cells and, within the Golgi, is co-localized with APP. However, the GPR3S/A mutant exhibits 

statistically significantly reduced Golgi localization and reduced Golgi co-localization and total-

lysate co-immunoprecipitation with APP. Interestingly, GPR3-APP interaction has been shown to 

regulate Aβ generation, and reduced GPR3-APP interaction results in reduced Aβ secretion (209). 

Cells expressing GPR3S/A do not exhibit any changes in APP localization compared to GPR3WT-

expressing cells. Some early, preliminary data hint that GRK2 may regulate GPR3 localization to 

the Golgi and co-localization with APP (Appendix Fig. 1), although more experiments and 

replicates are needed to draw conclusions. Our working hypothesis is that from the Golgi, GPR3 

traffics back to the plasma membrane with APP and can undergo additional signaling. Therefore, 

the GPR3WT turnover rate is greater than that of GPR3S/A and can undergo more rounds of 
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phosphorylation by GRK2, βarr2 recruitment and activation, and increased interaction with 

APH1A and γ-secretase activity. Thus, following inhibition of GRK2 kinase activity or in GRK2 

KO cells, βarr2 can be recruited to GPR3 but adopts an ‘inactive’ conformation (βarr2o) that is not 

catalytically activated by GPR3, does not undergo favorable interaction with APH1A, and does 

not interact with endocytosis and/or trafficking machinery to traffic to the Golgi where it interacts 

with APP and is recycled back to the plasma membrane to undergo additional signaling (Fig. 25B).  

To continue to test our hypotheses regarding these mechanisms moving forward, I would 

first investigate whether βarr2 is indeed catalytically activated following binding to GPR3. To 

accomplish this, I would utilize the Co-IP assay expressing GPR3, APH1A, and either βarr2WT or 

a βarr2KRK/Q mutant. The βarr2KRK/Q mutant (K233Q, R237Q, K251Q) maintains recruitment to a 

GPCR, but not continued binding to IP6 at the plasma membrane following recruitment (245,251). 

The βarr2KRK/Q mutant does not translocate to clathrin-coated structures (CCS) at plasma 

membrane following recruitment to β2AR and cannot mediate receptor endocytosis (245). 

Preventing the non-GPCR interactions at the plasma membrane (IP6) prevented βarr2 from 

interacting with downstream partners to mediate signaling. By immunoprecipitating βarr2 and 

measuring interaction with APH1A, I could determine if preventing βarr2-plasma membrane 

interactions affect downstream interaction with APH1A. Additionally, I could utilize the GPR3DRY 

mutant and/or GRK2 KO cells to test if biasing GPR3 signaling affects the βarr2-APH1A 

interaction and is dependent on maintaining an active conformation at the plasma membrane. 

Additionally, more immunostaining experiments in GRK2 KO cells need to be conducted to make 

conclusions about the effect of GRK2 on GPR3 Golgi localization, GPR3-APP co-localization at 

the Golgi, and GPR3 trafficking. Cell surface biotinylation assays or total internal reflection 

fluorescence (TIRF) microscopy can be used in control and GRK2 KO cells expressing GPR3WT 



 115 

or GPR3S/A to determine if the cell-surface expression and turnover rate of GPR3 is altered by 

preventing GPR3 C-terminal phosphorylation or by genetic deletion of Adrbk1.  

It is important to note that in this study we only investigated the role of GRK2 in regulating 

GPR3-mediated Aβ generation. While some evidence presented here suggests that GRK3 kinase 

activity is not involved in regulating this pathway, we do not comprehensively analyze the role of 

each ubiquitously expressed GRK in regulating GPR3 signaling. Many GPCRs undergo 

phosphorylation by multiple GRKs, and we expect this to hold true for GPR3 as well. Moving 

forward, a comprehensive analysis of the roles of GRK3, GRK5, and GRK6 is needed to fully 

understand how GRK regulation of GPR3 phosphorylation, βarr2 recruitment to GPR3, and GPR3 

trafficking regulate γ-secretase activity and Aβ generation.  
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Figure 25. Proposed mechanism GPR3-mediated Aβ generation and regulation by GRK2 

(A) GRK2 regulates βarr2 recruitment to GPR3. GRK2 kinase activity is not required to recruit βarr2 and prevent GαS 

G-protein signaling but is necessary to internalize GPR3 and to initiate GPR3-dependent Aβ generation. We propose 

GPR3 regulates γ-secretase activity and Aβ generation by two distinct mechanisms. Firstly, GRK kinase activity 

allows for βarr2 to bind and adopt an ‘active’ conformation (βarr2*) that is maintained at the plasma membrane via 

non-GPCR interactions with the phosphoinositides and inositol phosphates (PIP2 and IP6). βarr2* is in a conformation 
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favorable to bind with the APH1A subunit of the γ-secretase complex in the local DRM/lipid raft environment to 

stabilize the complex and increase proteolytic processing of APP. Secondly, GRK2 kinase activity regulates GPR3 

internalization and trafficking to the Golgi, where it directly interacts with APP. GPR3-APP interaction at the Golgi 

increases GPR3 trafficking back to the plasma membrane, increasing GPR3 turnover and allowing additional βarr2 

signaling cascades culminating in increased Aβ generation. (B) GRK2 K220R kinase dead mutant expression still 

allows for 75% of βarr2 recruitment to GPR3 and is able to prevent GαS G-protein signaling downstream of GPR3. 

However, βarr2 adopts an ’inactive’ conformation upon binding to non-GRK2-phosphorylated GPR3 (βarr2o) which 

cannot be maintained at the plasma membrane and does not interact with APH1A. Additionally, βarr2o-bound GPR3 

does not initiate GPR3 internalization of trafficking and therefore GPR3 exhibits slower turnover and interaction with 

APP. In GRK2 KO cells, βarr2 recruitment to GPR3 is almost entirely abolished and results in reduced γ-secretase 

activity and Aβ generation.  

4.3 Exploring GPR3 as a putative regulator of the APH1A phosphorylation barcode 

The data presented in Chapter 2 suggest that GRKs exhibit a level of constitutive regulation 

of APH1A phosphorylation and γ-secretase activity. A significant unanswered question remaining 

is what induces changes in the APH1A phosphorylation barcode to alter γ-secretase proteolytic 

activity. As discussed previously, we hypothesize this may occur via 1) direct changes in GRK 

activity due to changes in expression level in specific cell types and/or regions of the brain with 

normal aging or in disease, or 2) via indirect changes in GRK activity due to altered GPCR 

signaling. Both GPCRs and the γ-secretase complex partition into DRM domains where signaling 

complexes are concentrated (206,252). Of particular interest, GPR3 presents an intriguing 

candidate receptor that may regulate the APH1A phosphorylation barcode. GPR3 expression is 

increased in the AD brain and modulates γ-secretase activity via βarr2 signaling (205,208). In 

Chapter 3 we demonstrate that biasing GPR3 signaling towards a βarr2 pathway by expressing the 
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GPR3DRY mutant directly increases βarr2 interaction with APH1A. Furthermore, we demonstrate 

that GRK2 regulates βarr2 recruitment to GPR3 and downstream signaling. Interestingly, GRK2 

is a critical regulator of constitutive APH1A phosphorylation (Chapter 2). Genetic deletion of 

Adrbk1 (GRK2 KO) increases APH1A ICL2 phosphorylation and significantly increases 

constitutive γ-secretase activity and Aβ generation. Furthermore, GPR3-mediated γ-secretase 

activity is decreased in GRK2 KO cells compared to control cells. Therefore, we propose a model 

whereby increased GPR3 expression (or increased GPR3 activation) in AD competes as a substrate 

for GRK2 and reduces GRK2-mediated APH1A phosphorylation (Fig. 26). This effect would have 

two consequences. Firstly, GRK2 kinase activity mediates βarr2 recruitment to GPR3 – activating 

GPR3-βarr2 signaling cascades, increasing βarr2 interaction with APH1A and increasing γ-

secretase activity and Aβ generation. Secondly, reduced GRK2 phosphorylation of APH1A would 

increase ICL2 phosphorylation and increase βarr2 recruitment to APH1A to allow for an APH1A-

βarr2 conformation conducive for APP-C99 substrate recognition and proteolytic processing by 

the active γ-secretase complex. Overall, these two mechanisms combine to significantly increase 

Aβ generation and further highlight the development of GPR3 ligands to bias signaling away from 

GRK2 phosphorylation and βarr2 signaling.  

 The next steps to take in evaluating the role of GPR3 in modulating the APH1A 

phosphorylation barcode would be to directly measure APH1A phosphorylation following 

expression of GPR3 in both control cells and GRK2 KO cells. To do so, we can utilize a similar 

label-free quantitative LC-MS/MS approach as used in the experiments of this dissertation. We 

expect the overexpression of GPR3WT, and GPR3DRY to a greater extent, will increase APH1A 

phosphorylation at ICL2 in particular (S105 and S110). Furthermore, we hypothesize that this 

increase in APH1A ICL2 phosphorylation will be negated by the genetic deletion of Adrbk1 in the 
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cells. Another interesting experiment would be to test the effect of GPR3aa18-27 on GPR3-

mediated Aβ generation and a putative effect on regulating APH1A phosphorylation. In the recent 

study that characterized the N-terminal GPR3aa18-27 as a putative GPR3 ligand (201), the authors 

did not measure the effect on βarr2 recruitment to GPR3. By using a βarr2 PathHunter assay, 

BRET assay, or Co-IP assay, we can determine if GPR3aa18-27 has an effect on regulating βarr2 

recruitment to GPR3. If so, we could then treat GPR3-expressing cells with GPR3aa18-27 and 

determine how modulating GPR3 signaling with GPR3aa18-27 alters APH1A phosphorylation as 

well as γ-secretase activity and Aβ generation. 
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Figure 26. Proposed mechanism of GPR3 modulation of the APH1A phosphorylation barcode in normal 

physiology and in Alzheimer’s disease and GRK2 regulation of these mechanisms 

(A) GRK2 kinase activity is a constitutive regulator of both GPR3 signaling and APH1A phosphorylation. Under 

normal physiological conditions, GRK2 kinase activity regulates βarr2 recruitment to GPR3 to desensitize and 

internalize the receptor. Following binding to GPR3, βarr2 adopts an active conformation that is stabilized at the 

plasma membrane via phosphoinositide and inositol phosphate interactions (βarr2*) and allows for efficient binding 

to the APH1A subunit of γ-secretase to regulate basal proteolytic processing of APP. GRK2 also regulates APH1A 
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phosphorylation and acts to inhibit pathogenic APH1A phosphorylation, particularly at S105 and S110 in ICL2. GRK2 

negatively regulates constitutive γ-secretase activity and results in a basal level of Aβ generation. (B) GPR3 expression 

is increased in the AD brain. Increased GPR3 expression outcompetes with APH1A for GRK2 phosphorylation. As a 

consequence, there is an increased amount of active βarr2* to bind to APH1A and stabile the γ-secretase in DRM 

domains where it is most catalytically active. Additionally, the reduced GRK2 regulation of APH1A (dashed line) 

allows for increased ICL2 pathogenic phosphorylation (putatively via GRK3 and GRK5) and exacerbates the effect 

on βarr2 binding, γ-secretase activity, and increased Aβ generation. 

4.4 Evaluating the APH1A-βarr2 interaction as a therapeutic target 

The γ-secretase complex has over 90 known substrates including APP and Notch1, a 

single-pass transmembrane protein involved in cell proliferation and tumorigenesis in multiple 

cancers (41,54). As such, targeting γ-secretase therapeutically has been investigated in both AD 

and cancer, yet no drug has been FDA approved to date in part by the many off-target effects of γ-

secretase modulation (253,254). In AD, γ-secretase inhibitors (GSIs) have failed in clinical trials 

due to liver toxicity and worsening of cognition, hypothesized to be due to impaired Notch 

cleavage and accumulation of substrates that results in non-AD neurodegeneration (46). More 

recent clinical trials investigating Notch-sparing, γ-secretase modulators (GSMs) have also failed 

for similar reasons, suggesting other mechanisms of γ-secretase are affected (255). However, some 

of these failures may be due to the later stages of clinical dementia the patients in clinical trials 

were at, and the pathological alterations and cellular dysfunction caused by Aβ dyshomeostasis 

had already occurred at the time of GSI/GSM administration and were not affected by γ-secretase 

modulation. Therefore, a reasonable approach to targeting γ-secretase activity and Aβ in AD may 

be to target a cellular pathway or pathways upregulated in AD which increases γ-secretase activity 
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and Aβ generation, without directly targeting the γ-secretase complex itself and to administer this 

treatment at the earliest signs of AD progression based on biomarker analysis. Ultimately, a 

combination of approaches will likely be needed to address the multifaceted origins and cellular 

dysfunctions in AD. 

The APH1A-βarr2 interaction is an intriguing putative therapeutic target in AD. Both βarr1 

and βarr2 are upregulated in the AD brain, and interaction between both β-arrestins and APH1A 

has been shown to increase γ-secretase activity and cleavage of APP (208,244). One study showed 

that in cells, treatment with the APH1A or APH1B C-terminal peptides (ACT and BCT, 

respectively) concentration-dependently reduced Aβ generation without affecting Notch1 cleavage 

(244). However, these peptides are relatively large and would be difficult to administer into the 

brain of AD patients. Our computational analysis and in vitro validation of the βarr2-APH1A 

binding interface provides an excellent starting point to perform computational drug screens for 

small molecules to target and disrupt the interaction between β-arrestins and APH1A. Putative hit 

compounds can be tested using the βarr2 PathHunter assay coupled to an Aβ ELISA as performed 

in Chapter 2. Hits can further be validated as putative drug candidates by determining if they inhibit 

γ-secretase cleavage of substrates other than APP, such as Notch1, N-cadherin, and RAGE. Ideal 

compounds would specifically inhibit γ-secretase cleavage of APP.  

Another interesting drug candidate screen would be for putative extracellular APH1A 

ligands. Although APH1A has no known ligand and is not classified as a receptor, it is capable of 

binding to β-arrestin in a similar manner as a GPCR. GPCR ligands can alter receptor conformation 

in ways to bias against β-arrestin binding and downstream signaling. It is therefore reasonable to 

believe that small molecules exist or can be designed to bind to the extracellular APH1A interface 

to alter APH1A conformation in a way that prevents βarr2 binding or recognition of APP-C99 as 
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substrate. Indeed, other 7TM proteins can only couple to β-arrestins and exhibit no G-protein 

binding or activation. A recent paper has characterized two non-canonical 7TM receptors as 

‘arrestin-coupled receptors’ – the decoy 6 receptor (D6R) and the complement C5a receptor 

subtype 2 (C5aR2) (256). Each of these 7TM proteins has an endogenous ligand, CCL7 and C5a 

for the D6R and C5aR2, respectively, and displays distinct β-arrestin binding profiles mediated by 

distinct GRKs. This raises the interesting question as to whether APH1A may have an endogenous 

ligand or, at a minimum, could be modulated pharmacologically to direct GRK-mediated 

phosphorylation, β-arrestin binding, and γ-secretase activity. Additional computational screening 

of small molecules could provide a starting point for APH1A biased-ligand development.  

Beyond AD, targeting the APH1A-βarr2 interaction could also provide therapeutic benefit 

in multiple cancers as well. Not only is increased γ-secretase activity and cleavage of Notch1 

implicated in increased tumorigenesis in breast, lung, ovarian, and pancreatic cancer (among 

others) (253,257–259), these types of cancers are also associated with expression level changes in 

the ubiquitously expressed GRKs (260). Therefore, alterations in GRK expression in cancer could 

be a potential driver of increased Notch1 cleavage, cell proliferation, and a worse prognosis in 

patients. Therefore, targeting the APH1A-βarr2 interaction may be beneficial to prevent putative 

changes in activity caused by GRK-mediated APH1A phosphorylation in cancers as well as AD. 

4.5 Concluding Remarks 

The dyshomeostasis of Aβ peptides is an initial driver of the pathogenic cascade of cellular 

events culminating in Alzheimer’s disease. Despite years of drug development, no successful 

disease-modifying therapeutic has been developed. As such, research seeking to understand basic 
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disease-driving mechanisms is paramount to better focus drug discovery efforts and to identify 

novel and beneficial therapeutic targets in AD. The work in this dissertation represents efforts to 

understand a basic, cellular mechanism regulating γ-secretase activity and Aβ generation. This 

dissertation reveals a novel mechanism of constitutive regulation of APH1A phosphorylation, 

βarr2 interaction, and γ-secretase activity by the GRK family of kinases. The work here broadens 

the functional role of GRKs in mediating phosphorylation barcodes to direct distinct signaling 

pathways in normal physiology and disease. Additionally, the work here further elucidates the 

mechanism of GPR3-mediated Aβ generation. Collectively, our work suggests that targeting the 

APH1A-βarr2 interface with small molecules may be a putative therapeutic target in AD, and 

further highlights the development of GPR3 biased ligands to reduce GRK2-mediated 

phosphorylation and βarr2 signaling in AD. 
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Appendix A  

 

Appendix Figure 1. Preliminary evidence of reduced GPR3 Golgi localization and co-localization with APP in 

a GRK2 KO cell line. 

(A) Confocal microscopy images of HEK293 control and GRK2 KO cells expressing HA-GPR3WT and APP695 and 

immunostained for HA-GPR3WT (green), APP (white), and the Golgi marker GCC1 (red). White arrowheads indicate 

the Golgi and GPR3 localization in the Golgi. (B-E) Pearson correlation coefficients determining the extent of co-

localization between (B) GPR3 and APP in the whole cell, (C) GPR3 and GCC1 in the whole cell, (D) GPR3 and 

APP in the Golgi, and (E) GPR3 and GCC1 in the Golgi. Data represent individual coverslips (black circles) from 1 

experiment (n = 1) ± SEM. P-values are from unpaired t-test. 
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Appendix B  

Contribution of GPCRs to Cognitive and Neuropsychiatric Symptoms of AD 

Section 1.3.1 includes modified text from: 

Y. Huang, N. Todd, A. Thathiah, The role of GPCRs in neurodegenerative diseases: avenues for 

therapeutic intervention. Curr. Opin. Pharmacol. 32, 96–110 (2017). 

 

 

GPCRs and cognitive deficits in AD 

AD leads to significant degeneration of various brain regions and the alteration of multiple 

neurochemical pathways. Magnetic resonance imaging (MRI) studies have shown that a reduction 

in the volume of the hippocampus and entorhinal cortex, which are affected early in disease 

progression (18,261), and cortical thickness of the medial temporal, inferior temporal, temporal 

pole, angular gyrus, superior parietal, superior frontal, and inferior frontal cortex correlate with the 

cognitive deficits observed in AD patients (262). Furthermore, changes in multiple neurochemical 

pathways, including the acetylcholine, serotonin, adenosine pathways have been shown to be 

involved in the cognitive impairments observed in AD. 

Currently, there is no effective treatment for AD. Levels of acetylcholine are reduced in 

the brains of AD patients (263). As such, acetylcholinesterase inhibitors have been shown to 

temporarily ameliorate disease symptoms (264) by decreasing acetylcholine breakdown, which 

results in an increase in cholinergic neurotransmission and a mild improvement in cognitive 

function. Excitotoxicity due to overstimulation of glutamatergic neurotransmission (265) is also 

associated with the pathophysiology of AD (266). Memantine is an N-methyl-D-aspartate 

(NMDA) receptor antagonist that inhibits NMDA receptor-mediated calcium influx into neurons 

(267) and protects excessive glutamate-induced neuronal death and excitotoxicity (266), providing 
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temporary improvement in cognitive function (268). Until recently, acetylcholinesterase inhibitors 

and memantine were the only available symptomatic treatments that slow the decline in cognitive 

function in individuals with AD (264). Recently, the monoclonal Aβ antibody aducanumab 

(Aduhelm) received FDA approval for use in patients with MCI or mild dementia, although there 

is still much debate over whether administration to patients delays cognitive decline (269). This 

section highlights some of the GPCRs that have been rigorously evaluated in the modulation of 

cognitive function in AD mouse models in recent literature.  

Glutamate receptors mediate most of the excitatory neurotransmission in the mammalian 

brain (270). The metabotropic glutamate receptor (mGluR) family mediate glutamate 

neurotransmission. mGluR5 has been shown to be involved in cognitive function and Aβ 

generation. Genetic deletion of mGluR5 has been shown to alleviate cognitive impairment and Aβ 

production in an APPswe/PSEN1∆E9 AD mouse model, which overexpresses human APP 

harboring the Swedish mutation and human presenilin-1 lacking exon 9 (271). Interestingly, 

pharmacological inhibition of mGluR5 with 3-[(2-methyl-1,3-thiazol-4-yl)ethynyl]-pyridine 

(MTEP), an antagonist, has also been shown to alleviate the cognitive deficits in the same AD 

mouse model (272). Similarly, treatment with the mGluR5 negative allosteric modulator 2-chloro-

4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)1H-imidazol-4-yl)ethynyl) pyridine (CTEP) 

alleviates the cognitive deficits and reduces the amyloid plaque burden in two AD mouse models 

(273). These studies suggest that allosteric modulators of mGluR5 may be an effective therapeutic 

strategy for some AD cases. 

Extensive serotonergic denervation of the neocortex and hippocampus has been observed 

in AD patients. Reduction in 5-hydroxytryptamine (5-HT, serotonin) and 5HT1A, 5-HT2A, 5-

HT4, and 5-HT6 receptor levels have been reported in the hippocampus and/or prefrontal cortex 
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of AD patients. In rodent models, activation of 5-HT2A and 5-HT4 receptors leads to an 

improvement in hippocampal-dependent learning and memory (274,275) via G protein- or β-

arrestin-dependent activation of extracellular signal-regulated kinase (ERK) (276,277). In contrast, 

antagonism of the 5-HT1A and the least studied 5-HT5A receptors has been shown to ameliorate 

the memory deficits in a rat AD model (278,279), possibly through an inhibition of Gαi signaling 

which leads to the activation of the NMDA receptor (280,281). Interestingly, both 5-HT6 receptor 

agonists and antagonists enhance learning and memory (282) through potentially different 

mechanisms of action. Activation of the 5-HT6 receptor has been shown to stimulate Gαs protein-

dependent brain-derived neurotrophic factor (BDNF) mRNA expression and Fyn kinase-

dependent activation of ERK1/2 in wild-type rats (283). Both BDNF and ERK1/2 have been shown 

to be associated with cognitive function (284,285). In contrast, 5-HT6 receptor antagonists have 

been shown to stimulate glutamate and acetylcholine release in rat brains, which has been shown 

to improve scopolamine- and MK-801-induced deficits in associative learning (285). These studies 

support the potential benefit of selective modulation of the 5-HT receptor subtypes for AD therapy. 

Expression of the adenosine A1and A2A receptors (A1R and A2AR) has been reported to 

be elevated in the frontal cortex of the human AD brain (286). Caffeine, a nonselective adenosine 

receptor inhibitor, has been shown to enhance memory consolidation in humans (287) and reduce 

Aβ levels and improve cognitive function in an AD mouse model (288). Similarly, caffeine and 

the A2AR antagonist SCH58261 has been shown to be protective against Aβ-induced cognitive 

impairment (289). Interestingly, conditional deletion of astrocytic A2ARs has been shown to 

enhance alleviate the memory deficits in AD transgenic mice through Gαs-coupled signaling (290), 

whereas activation of the Gαi-coupled A1R and inhibition of PKA has been shown enhance long-

term depression (LTD) (291). These studies potentially suggest that activation of Gαs-coupled 
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receptors, such as the A2AR, which activates PKA, may suppress LTD and promote long-term 

potentiation (LTP), whereas Gαi-coupled receptors, such as the A1R may be involved in the 

induction of LTD. 

In addition to GPCRs with identified ligands, the orphan GPCR GPR3 has been shown to 

modulate Aβ generation and cognitive function in vivo. Levels of GPR3 are elevated in the human 

AD brain (205,208). Genetic deletion of Gpr3 has been shown to alleviate the learning and memory 

deficits in an AD mouse model and reduce amyloid pathology in four AD mouse models (207). 

The GPR3-mediated effect on amyloid pathology involves β-arrestin recruitment, independently 

of Gαs coupling (208). GRP3 will be discussed in further detail in section 1.3.4. Together, mGluRs, 

5-HT receptors, adenosine receptors, and other GPCRs such as GPR3 that are involved in affected 

neurochemical pathways in AD suggest viable therapeutic avenues for the treatment of cognitive 

deficits in AD. 

 

GPCRs and neuropsychiatric symptoms in AD 

The corticotrophin-releasing hormone (CRH) receptor 1 and 2 (CRHR1 and CRHR2) are GPCRs 

associated with depression (292,293). Interestingly, a greater density of amyloid plaques has been 

observed in the hippocampus of AD patients with a previous history of major depression (294). 

Reports also show that genetic deletion of Crhr1 in the PSAPP AD mouse model, which 

overexpress a chimeric mouse/human APP gene with human APP Swedish mutation and human 

presenilin-1 lacking exon 9, leads to a reduction in amyloid pathology (295). Pharmacological 

studies in the Tg2576 AD mouse model, which overexpresses human APP with the Swedish 

mutation, with the CRHR1 antagonist antalarmin in acutely (7days) or in chronically (9-months) 

stressed mice reduces Aβ production and involves the Gαs signaling pathway (296); however, pre-

treatment with antalarmin failed to inhibit an increase in Aβ levels in acutely (3-hours) stressed 
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wild-type mice. In vitro cell-free γ-secretase activity assays with the CRHR1 antagonists astressin, 

antalarmin, and NBI-27914 have been shown to modulate Aβ generation in the absence of CRHR1, 

suggesting that the compounds tested may have CRHR1-independent effects on the modulation of 

γ-secretase activity (293). Treatment of wild-type mice with the CRHR1 antagonist antalarmin 

reduces depression-like behaviors, whereas genetic deficiency of Crhr2 leads to an increase in 

depression-like behaviors (297). Although both receptors have considerable sequence similarity, 

the two receptors have different expression patterns in the brain and affinities for CRH (298). 

Interestingly, CRHR1 is more abundantly expressed in the pituitary gland, and atrophy of this 

region is associated with the neuropsychiatric symptoms in AD (299). The in vivo studies suggest 

that a highly selective antagonist specific for CRHR1 may be beneficial for the symptoms of 

depression in AD; however, careful monitoring of Aβ levels would also be necessary to fully assess 

the therapeutic potential. 
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