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Abstract 
 

THE IMPACT OF GENETIC VARIATION ON RGS AND G PROTEIN 
SIGNALING IN PHYSIOLOGY AND DISEASE 

 
By  

Carolina Montañez Harm 
 
 

Regulators of G protein signaling (RGS) proteins modulate G protein-coupled 
receptor (GPCR) signaling by acting as negative regulators of G proteins. RGS proteins 
critically regulate cell physiology and pathophysiology. Each RGS protein has a distinct 
G protein selectivity profile that correlates to a finely tuned GPCR-G protein 
response. Human genetic variant information has expanded rapidly in recent years, 
including cancer-linked mutations in RGS proteins.  Genetic variants in RGS proteins 
contribute to complex polygenic human traits and pathologies by causing differences in 
protein function that is critical for signaling regulation and physiology. Recent genome-
wide association studies (GWAS) have identified point mutations in RGS proteins that are 
associated with pathologies such as cancers and other diseases (e.g. RGS14 in chronic 
kidney disease). In this body of work, I explored a new analytical method, 3DMTR and 
permutation analysis, to define regions of genetic intolerance in 15 RGS proteins and 
prioritize which cancer-linked mutants in selected RGS proteins to test for altered 
function. Using complimentary cellular and biochemical approaches, RGS4, RGS10 and 
RGS14 were tested for effects on GPCR-Gα activation, Gα binding properties, and 
downstream cAMP levels. My findings show that 3DMTR identified intolerant residues 
that overlap with cancer-linked mutations cause phenotypic changes that negatively 
impact GPCR-G protein signaling and suggests that 3DMTR is a potentially useful 
bioinformatics tool for predicting functionally important protein residues. In addition to 
these findings, my studies expand our knowledge of the multifunctional signaling protein 
RGS14 by defining its role in regulating PTH1R-G protein signaling linked to phosphate 
transport in chronic kidney disease. My studies reveal that PTHR1 stimulates intracellular 
cAMP by coupling to Gs, as expected.  However,  quite unexpectedly, I also found that 
RGS14 stimulates intracellular calcium independent of Gq coupling.  Human RGS14 
binds to the PDZ protein NHERF1. I found that RGS14 and NHERF1 each block PTH-
stimulated calcium, but not cAMP accumulation,  indicating that RGS14 and NHERF1 
regulate PTHR1-calcium signaling by a previously unknown mechanism. These studies 
expand on the fine-tuning roles of RGS14 and other RGS proteins in mediating G protein 
signaling and crosstalk between GPCRs and other signaling pathways linked to 
physiology and disease. 
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CHAPTER 1: INTRODUCTION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

This chapter has been assembled in part from the published1,2 and submitted3 
manuscripts:  
1Squires KE, Montañez-Miranda C, Pandya RR, Torres MP, and Hepler JR (2017). 
Genetic Analysis of Rare Human Variants of Regulators of G Protein Signaling 
(RGS) Proteins and Their Role in Human Physiology and Disease. Pharmacol Rev.  
2Harbin NH, Bramlett SN, Montañez-Miranda C, Terzioglu G, and Hepler JR (2021.) 
RGS14 Regulation of Post-Synaptic Signaling and Spine Plasticity in Brain. Int. J. 
Mol. Sci.  
3Montañez-Miranda C, Bramlett SN, Hepler JR (2022). RGS14 expression in CA2 
hippocampus, amygdala, and basal ganglia: Implications for human brain 
physiology and disease. Hippocampus.  



 2 

 1.1 FOUNDATIONS OF THE GPCR-G PROTEIN FIELD  

Understanding how cells communicate has been the center of attention of many 

scientists for decades. Because of these researchers’ efforts, today we can appreciate 

the molecular mechanism that explains how cells communicate by releasing chemical 

messengers that dictate cell physiology. These messengers are a diverse array of 

chemical signals, or ligands, that include hormones, neurotransmitters, chemokines, 

sensory receptors, odorants, and photons of light. G protein-coupled receptors (GPCRs) 

represent the largest and most ubiquitous group of cell surface receptors. These 

receptors are characterized by a seven-transmembrane (7TM) configuration and activate 

G proteins transducing the signals into intracellular responses. 

The discoveries and developments that led to our understanding of GPCR-G protein 

signaling started between the 1960s and 1970s. During this time, Sutherland discovered 

the second messenger cAMP (Robison and Sutherland, 1971), while Krebs discovered 

the effector of cAMP action (cAMP-dependent protein kinase) (Walsh et al., 1968). In 

1971, Rodbell proposed the existence of a guanine nucleotide regulatory protein that acts 

as a GTP dependent transducer between hormone receptors, adenylyl cyclase (AC) and 

cAMP production (Rodbell et al., 1971). Gilman and colleagues later demonstrated the 

existence of this factor as a necessary third protein independent of receptor or AC (Ross 

and Gilman, 1977). In subsequent studies, the Gilman group purified the first G protein, 

calling it Gαs, “s” for “stimulatory” protein, demonstrating that the guanine nucleotide 

regulatory component observed by Rodbell consisted of a Gαs subunit and a regulatory 

GβƔ dimer, together existing as a functional Gαs heterotrimer to link receptors to 

activation of AC (Gilman, 1987; Northup et al., 1980). A distinct pertussis toxin-sensitive 
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factor was later described to inhibit AC (Hazeki and Ui, 1981). It was then purified and 

identified as a second hormone-regulated G protein, termed Gαi for the “inhibitory” actions 

(Katada et al., 1984). In 1985, this group was the first to reconstitute the three component 

complex to demonstrate the activation/deactivation cycle GPCR-Gα-Effector complex 

(May et al., 1985) and propose the now accepted mechanism of 

hormone/neurotransmitter actions. This research group then cloned, purified, and solved 

the crystal structures of Gαs (Graziano et al., 1987; Harris et al., 1985; Sunahara et al., 

1997), a non-retinal GβƔ complex (Gao et al., 1987; Ueda et al., 1994; Wall et al., 1995), 

the Gαi1 heterotrimeric complex (Coleman et al., 1994; Linder et al., 1990) and the first 

of the isoforms for AC (Krupinski et al., 1989; Tesmer et al., 1997b) to elucidate the 

mechanism of receptor and dual G protein regulation of AC activity (Gilman, 1987). 

Collaborative work between Melvin Simon at Cal Tech, the Gilman group and other labs 

went on to identify the family of heterotrimeric G proteins classified into 4 subfamilies that 

regulate the actions of all GPCRs (Hepler and Gilman, 1992). These include the Gαs 

subfamily (Gαs and Gαolf) that activates AC, the Gαi family (Gαi1, Gαi2, Gαi3, Gαo, Gαt, 

and Gαz) that inhibits adenylyl cyclase, the Gαq family (Gαq, Gα11, Gα14, Gα16) that 

activates phospholipase C, and the Gα13/13 family that activates Rho family monomeric 

GTPases to regulate actin cytoskeleton.  

In the 1980s, the groups of Robert Lefkowitz and Marc Caron were able to successfully 

purify, for the first time, the GPCR adrenoreceptor β2 (β2-AR) (Benovic et al., 1984; Shorr 

et al., 1981), ɑ2A-AR (Regan et al., 1986), and ɑ1B-AR (Lomasney et al., 1986). In 1986, 

Brian Kobilka, in the laboratory of Robert Lefkowitz, and in collaboration with a team of 

scientists at Merck Sharpe and Dohme, were able to clone the gene and cDNA encoding 
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the hamster β2-AR and subsequently create a genomic library  (Dixon et al., 1986). This 

led to the rapid discovery of many other receptors that resembled those of the 7TM 

receptor gene family that share a sequence homology and structure. Currently there are 

~800 annotated GPCRs involved in almost every physiological function including the 

regulation of neurotransmitters, hormones, metabolites, odors, and ions (Schoneberg and 

Liebscher, 2021). GPCRs are the most targeted receptor family, with 34% of the 

pharmaceuticals used today (Hauser et al., 2017).  

Between the 1980s and 1990s researchers noticed a discrepancy between the 

biochemical GTPase activity of Gα subunits and the turnoff rate of physiological signals 

(Kaur et al., 2011). To understand this phenomenon, studies were done in yeast and 

worm models. Haploid yeast secretes pheromones that act on the GPCRs of the opposing 

mating yeast. In 1982, a mutant pheromone-supersensitive yeast strain sst2 showed long 

lasting pheromone effects when compared to WT yeast (Chan and Otte, 1982) . The 

studies showed the effect of the sst2 protein (sst2p) to have direct action on G protein, 

showing sst2p to be the first identified RGS protein (Dietzel and Kurjan, 1987; Dohlman 

et al., 1995). Meanwhile, studies in c. elegans identified the gene EGL-10, a RGS protein 

that suppresses serotonin signaling through Gαo protein (Koelle and Horvitz, 1996). 

Gilman and colleagues then defined RGS proteins GAP activity at Gαi and Gαq family 

Gα subunits (Berman et al., 1996). Following this discovery, researchers focused on 

defining the biochemical properties, tissue-specific expression, protein complex formation 

and regulation of RGS proteins (Kaur et al., 2011).  

This series of discoveries explain the molecular basis of cell signaling and 

communication from the outside to the inside of the cell, by involving an input receiver 
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(receptor), a transducer (G protein), and an effector enzyme (such as adenylyl cyclase). 

These discoveries laid the foundation for all future work on GPCR-G-RGS complex and 

downstream signaling studies, including my dissertation work understanding how human 

mutations in RGS proteins affect GPCR-G protein signaling. 

 

1.2 CONVENTIONAL G-PROTEIN COUPLED RECEPTORS (GPCR) AND G PROTEIN 

SIGNALING 

G protein coupled receptors (GPCRs) and linked G protein signaling pathways 

regulate vital physiological processes by transducing extracellular stimuli and regulating 

intracellular effectors important for cell and organ physiology (Bourne et al., 1990; Hamm, 

1998; Hepler and Gilman, 1992). Following stimulation by extracellular stimuli (hormones 

or neurotransmitters and others), GPCRs activate heterotrimeric G proteins (GαβƔ) by 

acting as guanine nucleotide exchange factors (GEFs). Activation of the GPCR-G protein 

complex initiates a conformational change in Gα that promotes the exchange of inactive 

guanosine diphosphate (GDP)  for active guanosine triphosphate (GTP) that binds to Gα 

causing a dissociation from the βƔ subunits (Gilman, 1987; Hamm, 1998; Ross and 

Wilkie, 2000). Termination of downstream signaling occurs due to the relatively slow 

intrinsic GTPase activity of Gα subunits hydrolyze GTP to GDP, allowing Gα to re-

associate with GβƔ (Hamm, 1998; Ross and Wilkie, 2000).  Regulators of G proteins 

Signaling (RGS) proteins are critical mediators of G-proteins by tightly mediating the 

magnitude and duration of the intracellular signaling response stabilizing the transition 

state conformation an lowering the free energy required to activate the hydrolysis 

reaction. RGS proteins act as GTPase-accelerating proteins (GAPs) for specific Gα 
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subunits and accelerate the exchange of GTP to GDP, terminating the signaling cascades 

(Berman et al., 1996; Dohlman and Thorner, 1997; Hepler et al., 1997; Hunt et al., 1996; 

Kozasa et al., 1998; Watson et al., 1996).  

GPCR rapid signal turnoff is also accomplished by receptor phosphorylation by 

GPCR kinases (GRKs). However, this process differs from RGS function. By binding 

active GPCRs and phosphorylating them, GRKs  reduce G protein coupling of active 

GPCR. Arrestin then recognizes the active phosphorylated GPCR and outcompetes the 

G protein. Arrestin binding leads to receptor desensitization, internalization, 

dephosphorylation and recycling.  The arrestin-receptor complex acts as a scaffold 

facilitating different signaling cascades, such as Raf-MEK-ERK (Gurevich and Gurevich, 

2019). The N-terminus of all GRKs is homologous to the RGS protein RGS domain, 

termed RGS homology domain (RH) (Day et al., 2004). However, the GRK RGS 

homology domain is different from others by having a distinct binding interface for Gα 

subunits. It is thought that the GRK RH functions to provide specificity fir the GRK to 

interact with a particular Gα subunit or GPCR/Gα complex(Day et al., 2004). In contrast 

to the canonical RGS proteins, the RH domain of GRKs possess a weak ability to activate 

intrinsic GTPase of G proteins, instead it reduces the Gq/11 regulated signaling by 

sequestering active Gαq/11 or by blocking the receptor (Carman et al., 1999; Dhami et 

al., 2002; Gurevich and Gurevich, 2019; Ribeiro et al., 2009).  

 

1.3 REGULATORS OF G PROTEIN SIGNALING (RGS) IN PHYSIOLOGY AND 

DISEASE 
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RGS proteins are a large family (20 members) of diverse multifunctional signaling 

proteins that are classified into four subfamilies based on sequence homology and the 

presence of additional non-RGS domains (Hollinger and Hepler, 2002; Ross and Wilkie, 

2000; Willars, 2006). Functional proteins share a conserved RGS domain that interacts 

with specific active Gα subunits and catalyzes the transition state of GTP hydrolysis by 

Gα (Tesmer et al., 1997a).  While many RGS proteins are small simple proteins that serve 

as dedicated GAPs, some are larger more complex proteins with other domains and 

signaling partners with roles outside of their canonical GAP function (Gerber et al., 2016; 

Hollinger and Hepler, 2002). Figure 1.1 shows a map of all RGS members, and the G 

protein selectivity associated to each family.  

GPCRs transmit extracellular signals into target cells via G protein activation, and 

RGS proteins determine the magnitude and duration of the cellular responses initiated. A 

minor disturbance in the GPCR-G-RGS complex can initiate pathology by disrupting the 

signaling cascade.  Several publications have implicated RGS proteins to play a role in 

pathology including: cancer (Hurst and Hooks, 2009), inflammation (Xie et al., 2016), 

cardiovascular processes (Stewart et al., 2012), and neurodegenerative diseases 

(Ahlers-Dannen et al., 2020). Some RGS proteins (RGS2, 4, 7, 9-2, and 14) have been 

involved in diseases by altering pre and postsynaptic neurotransmission (Gerber et al., 

2016). In cancer,  GPCR-RGS mediated pathways have been linked to mediate 

oncogenic processes (Wu et al., 2019) such as uncontrolled growth, invasion, and 

metastasis. For example, in ovarian cancer studies, decrease expression of RGS10 leads 

to cell proliferation and increased chemoresistance (Alqinyah et al., 2018; Hooks et al., 

2010). Evidence shows that RGS proteins can also modulate diverse GPCR families such 
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as opioid, cannabinoid, and serotonin receptors in the GI tract (Salaga et al., 2016). RGS 

proteins are likely involved in more complex pathways that contribute to disease 

progression due to the role they play serving as central control point in the GPCR 

signaling cascade. 
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Figure 1.1. Regulator of G protein Signaling (RGS) protein family and G alpha 

protein selectivity. RGS proteins are organized by family. Domains are identified by color: RGS 

domain in gold, DEP (disheveled EGL10-Pleckstrin homology domain) in purple, R1 in green, R2 

in teal (Ras/Rap binding domains), GPR (G protein regulator motif) in magenta, GGL (G protein 

g subunit-like domains) in lilac, PTB (phosphotyrosine binding domain) in mint, PDZ (post synaptic 

density protein (PSD95), drosophila disc large tumor suppressor (Dlg1), and zonula occludens-1 

protein(zo-1)domain).   
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1.3.1 The R4 family 

Members of the R4 subfamily compose the largest and best characterized of the RGS 

proteins due to their early discovery and simplicity in structure. R4 family RGS proteins 

include: RGS1, RGS2, RGS3, RGS4, RGS5, RGS8, RGS13, RGS16, RGS18, and 

RGS21. All R4 family members exhibit capacity to bind and act as GAPs for both Gi/o 

and Gq (Hollinger and Hepler, 2002) proteins with varying specificity (Heximer, 2004; 

Heximer et al., 1999; Heximer et al., 1997; Huang et al., 1997) based, in some cases, on 

subtle structural differences (Nance et al., 2013). For example, RGS2 demonstrates much 

greater selectivity for Gq (Heximer et al., 1997), whereas RGS4 demonstrates greater 

selectivity for Gi (Hepler et al., 1997; Heximer et al., 1999). In addition to the canonical 

RGS domain, these small RGS proteins also share an N-terminal amphipathic  helix 

which, in coordination with N-terminal palmitoylation (Tu et al., 2001), facilitates plasma 

membrane localization (Bernstein et al., 2000; Gu et al., 2007; Heximer et al., 2001) and 

consequent actions on G proteins. Outside of this, the N-termini of certain R4 RGS 

proteins show considerable diversity which determine their specificity for receptor 

coupling (Bernstein et al., 2004; Neitzel and Hepler, 2006) and regulation by cellular 

protein degradation pathways (Bodenstein et al., 2007; Davydov and Varshavsky, 2000).  

RGS4 is selectively expressed in the heart and the brain (Ingi and Aoki, 2002; Zhang 

et al., 1998), where its expression and protein stability is tightly controlled by its N-

terminus (Bastin et al., 2012; Bodenstein et al., 2007). While RGS4 protein in the heart is 

found at very low levels under normal cardiac physiology (Stewart et al., 2012), it can be 

upregulated during pathophysiology and cardiac remodeling (Felkin et al., 2011; Jaba et 

al., 2013; Lee et al., 2012; Mittmann et al., 2002; Owen et al., 2001). Additionally, RGS4 
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knockout mice are susceptible to atrial fibrillation (Opel et al., 2015). A great deal is known 

about RGS4 in the brain. First, RGS4 mRNA is decreased in the frontal cortex of 

schizophrenic patients, whereas other R4 family transcripts were not (Mirnics et al., 

2001). Further, several non-coding SNVs (“SNP1”, “SNP4”, “SNP7”, and “SNP18”) are 

found to be associated with RGS4 expression and schizophrenia diagnosis in multiple 

populations (Campbell et al., 2008; Chen et al., 2004; Chowdari et al., 2008; Chowdari et 

al., 2002; Guo et al., 2006; Prasad et al., 2005; So et al., 2008; Williams et al., 2004). 

Aside from schizophrenia, RGS4 mRNA levels and SNVs have been linked with 

Alzheimer’s Disease (Emilsson et al., 2006) and alcoholism (Ho et al., 2010). RGS4 is 

associated with Parkinson’s Disease development, via decreased regulation of dopamine 

receptors and/or muscarinic acetylcholine receptors (Ding et al., 2006; Lerner and 

Kreitzer, 2012; Min et al., 2012), although results are varied (Ashrafi et al., 2017). In 

dopamine-depleted mice, a mouse model for Parkinson’s Disease, RGS4 is upregulated 

and inhibits M4 muscarinic auto receptors, an effect which is mimicked by RGS4 infusion 

onto untreated cells (Ding et al., 2006).  

 

1.3.2 The R7 family 

The R7 family of RGS proteins is composed of RGS6, RGS7, RGS9 and RGS11. 

These are highly homologous proteins mostly expressed in the nervous system where 

they have a role in neuronal G protein signaling controlling nociception, reward behavior, 

motor control, and vision (Anderson et al., 2009; Gerber et al., 2016; Gold et al., 1997). 

The R7 RGS proteins contain distinctive domains that form stable stoichiometric 

heterotrimeric complexes with accessory binding partners that control protein-protein 
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interaction, subcellular localization, and protein stability (Anderson et al., 2009; Sjogren, 

2011). Besides the canonical RGS domain, other domains include the disheveled EGL10-

Pleckstrin homology (DEP) domain, an R7 homology domain, and a G protein  subunit-

like (GGL) domain (Ahlers et al., 2016; Gerber et al., 2016; Gold et al., 1997; Sjogren, 

2011). The RGS domain is located at the C terminus, where it stimulates GTP hydrolysis 

on Gi/o protein subunits (Anderson et al., 2009; He et al., 2000; Hooks et al., 2003; 

Martemyanov and Arshavsky, 2004; Masuho et al., 2013; Posner et al., 1999; Snow et 

al., 1998b; Stewart et al., 2015). The GGL domain, located upstream from the RGS 

domain, is structurally homologous to conventional  subunits of G proteins (Anderson et 

al., 2009; Posner et al., 1999) and binds G5 (type 5 G protein  subunit) as an obligatory 

partner (Anderson et al., 2009), which is crucial for protein stability (Anderson et al., 2009; 

Gerber et al., 2016; Sjogren, 2011; Snow et al., 1998b). Consistent with the brain 

expression patterns of R7 family members, various neurological conditions such as 

anxiety, schizophrenia, drug dependence, and visual complications have been linked with 

the function of these proteins.  

 

1.3.3 The RZ family  

The RZ family is composed of RGS17, RGS19 and RGS20. These all are small 

simple RGS proteins like the R4 family members. However, unique to the RZ family 

members is a conserved string of cysteine residues found near their N-termini that is 

palmitoylated and regulates both their membrane localization and interaction with 

binding partners (De Vries et al., 1996; Nunn et al., 2006). RZ proteins also function as 

adapter proteins for Gα subunit degradation and play important roles in the regulation of 
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signaling and cytoskeletal events in the brain (Mao et al., 2004). All members of this 

family can bind to certain members of the Gαi and Gαq subfamily, but with some 

selectivity (Glick et al., 1998; Mao et al., 2004; Tu et al., 1997).  

 

1.3.4 The R12 family 

The R12 family is a diverse group of RGS proteins, consisting of three members: 

RGS10, RGS12, and RGS14. Each has its own unique structure and function but share 

a conserved RGS sequence and dynamic nuclear shuttling (Burgon et al., 2001; 

Chatterjee and Fisher, 2002; Cho et al., 2005; Shu et al., 2007a; Waugh et al., 2005). 

While RGS10 is a small, simple RGS protein that resembles the R4 family members, 

RGS12 and RGS14 have larger and more complex structures that share homology. Both 

RGS12 and RGS14 contain accessory domains, including two tandem Ras/Rap-binding 

domains (R1 and R2) and a G protein regulatory (GPR) motif. The R1 domains of RGS12 

and RGS14 each interact with small G proteins such as Rap2 and H-Ras to regulate 

MAPK signaling (Shu et al., 2010; Traver et al., 2000b; Vellano et al., 2013a; Willard et 

al., 2009). The GPR motif binds inactive (as opposed to active GTP-bound) G proteins 

and serves as an inhibitor of GDP release (Kimple et al., 2001; Kimple et al., 2002; Kimple 

et al., 2004; Mittal and Linder, 2004) and also a regulator of RGS protein subcellular 

localization and membrane attachment (Brown et al., 2015; Shu et al., 2007a). RGS12 is 

expressed in humans as multiple splice variants (Chatterjee and Fisher, 2000), the 

longest of which (called Trans-Spliced, “RGS12-TS”) contains two additional domains: a 

PDZ domain and a PTB domain. PDZ domains are important regulators of localization 

and interaction with binding partners (Dunn and Ferguson, 2015). For example, RGS12-
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TS binds to CXCR2 via its PDZ domain (Snow et al., 1998a) as a means of directing to 

its target signaling partners. The PTB domain binds phosphotyrosines, and one report 

demonstrated that the PTB domain of RGS12 can attenuate PDGF-induced pERK (Sambi 

et al., 2006). The demonstrated roles of these accessory domains are important to 

consider in RGS protein function/regulation beyond the canonical RGS domains 

highlighted in our review here.  

RGS10, at 20 kDa, is one of the smallest RGS family proteins, and is highly 

expressed in the brain and immune system (Gold et al., 1997; Haller et al., 2002). In 

humans, there are three splice variants of RGS10, differing by only a few amino acids at 

the N-terminus. However, these small differences can have a substantial effect on RGS10 

function, as the shortest splice variant (lacking only 14 amino acids) has impaired GAP 

activity (Ajit and Young, 2005). RGS10 is also dynamically regulated within the cell. 

Palmitoylation of an N terminal cysteine targets RGS10 to the plasma membrane and 

enhances its GAP activity (Tu et al., 1999), while phosphorylation of a C terminal serine 

targets RGS10 to the nucleus and impedes its GAP activity (Burgon et al., 2001). RGS10 

has been documented in the nuclei of microglia and neurons (Waugh et al., 2005), where 

it may serve to regulate neuroinflammation. Indeed, RGS10 has been shown to promote 

survival of dopaminergic neurons via regulation of neuroinflammatory pathways in 

nigrostriatal circuits (Lee et al., 2011; Lee et al., 2008), implicating a neuroprotective role 

for RGS10 in dopaminergic disorders such as Parkinson’s Disease (Tansey and 

Goldberg, 2010). Interestingly, a polymorphism (V38M or V44M in canonical sequence) 

in RGS10 was found in Japanese patients with Schizophrenia, but it was not found to be 

significantly associated with disease due to sample size (Hishimoto et al., 2004). In 
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peripheral immune cells, RGS10 regulates macrophage activation (Lee et al., 2013b) and 

platelet activation (Hensch et al., 2016) and T lymphocytes (Lee et al., 2016), with 

potential roles in clotting or autoimmune diseases. Additionally, loss of RGS10 in aged 

mice is linked with dysregulated peripheral immune cells and inflammatory cytokines  

(Kannarkat et al., 2015). Last, there is a curious link between RGS10 and chemoresistant 

ovarian cancer (Ali et al., 2013; Cacan et al., 2014; Hooks et al., 2010; Hooks and Murph, 

2015), potentially via a Rheb-GTP/mTOR pathway (Altman et al., 2015). A 

comprehensive review of the roles of RGS10 in neurons and immune cells was recently 

published (Lee and Tansey, 2015). 

 

1.4 REGULATOR OF G PROTEIN SIGNALING 14 IN PHYSIOLOGY  

 
1.4.1 RGS14 is a multifunctional signaling protein 

The RGS domain is evolutionarily conserved among vertebrate and invertebrate 

species (Vatner et al., 2018). RGS14 specifically is conserved in vertebrates such as 

chimpanzee, rhesus monkey, dog, cow, mouse, rat, chicken, zebrafish, and frog, and in 

invertebrates as an early homologue (Homologene). In rodents, where RGS14 has been 

primarily studied, it is expressed in brain, heart, lungs, kidney, and spleen (Agudelo et al., 

2018; Kardestuncer et al., 1998; Snow et al., 1997).  

RGS14 is a complex multi-domain scaffolding protein that integrates G protein, 

mitogen activated kinase/extracellular regulated kinase (MAPK/ERK), and calcium 

signaling pathways (Harbin et al., 2021). RGS14 is highly selective to Gαi/o through its 

canonical RGS domain (Cho et al., 2000b; Hollinger et al., 2001a; Traver et al., 2000b) 

but it also binds to other signaling partners (Figure 1.2). Through the tandem Rap/Ras 



 16 

(R1/R2) binding domain (RBD) RGS14 interacts with monomeric G proteins Rap1 (Traver 

et al., 2000b), Rap2 (Traver et al., 2000b), H-Ras (Shu et al., 2010; Vellano et al., 2013a; 

Willard et al., 2009), and Raf kinases. In the heart, RGS14  diminishes myocardial 

remodeling and attenuates the development of cardiac remodeling through MEK-ERK1/2 

signaling pathway (Li et al., 2016). Within the RBD domain RGS14 binds 

calcium/calmodulin (Ca2+/CaM) and Ca2+/CaM-dependent kinase II (CaMKII) (Evans et 

al., 2018b). The GoLoco/G protein regulatory motif (GPR) binds inactive Gαi1/3-GDP and 

recruits cytosolic RGS14 to the plasma membrane (Hollinger et al., 2001a; Kimple et al., 

2001; Mittal and Linder, 2004).  

Between the RGS and R1 domain a nuclear localization sequence (NLS) is found, 

while the nuclear export sequence (NES) is found within the GPR motif. RGS14 is a 

nucleocytoplasmic shuttling protein, its subcellular movement inside the cell is guided by 

the NLS, and its nuclear export is guided by XPO1 binding to the NES (Gerber et al., 

2018a; Harbin et al., 2021). This shuttling movement has been reported in cultured cell 

lines and neurons (Branch and Hepler, 2017; Cho et al., 2005; Gerber et al., 2018a; Shu 

et al., 2007a; Squires et al., 2021). Studies looking at endogenous RGS14 in B35 

neuroblastoma cells found that it localizes to juxtanuclear membranes encircling the 

nucleus, at the nuclear pore complexes on both sides of the nuclear envelope, within 

intranuclear membrane channels, and within both chromatin-poor and chromatin rich-

regions of the nucleus in a cell cycle dependent manner (Branch and Hepler, 2017). 

Interestingly, recent studies have looked at human RGS14 genetic variants and how 

these affect RGS14 shuttling function in neurons.   
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Human genetic variants L505R and R507Q are located within the nuclear export 

sequence of RGS14 (Squires et al., 2021). These mutations affect binding to Gα1-GDP 

and XPO1, thus affecting normal nuclear localization. RGS14 WT localizes to the soma, 

dendrites, and spines of neurons while L505R concentrated in the nucleus, and R507Q 

exhibits a mixed phenotype (Squires et al., 2021). In addition, phosphorylation 

independent binding partner 14-3-3, inhibits RGS14 nuclear import and 

nucleocytoplasmic shuttling in neurons (Gerber et al., 2018a).  

Interestingly, human, primate, and ovine RGS14 contain an extra sequence of 

amino acids after the GPR motif that code for the carboxy-terminal class I PDZ-

recognition sequence. Recent studies in kidney physiology have shown human RGS14-

PDZ motif to bind scaffolding protein NHERF1 that binds to sodium phosphate 

cotransporter 2a (NPT2A) and mediates renal phosphate transport  (Friedman et al., 

2022). Presence of human RGS14 stabilizes NPT2A-NHERF1 complex, acting as a 

regulator of parathyroid hormone (PTH) sensitive phosphate transport (Friedman et al., 

2022).  
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Figure 1.2 Human RGS14 structure: domains, motifs, and binding Partners. 

RGS14 is a complex multifunctional signaling protein that contains multiple domains and motifs. 

The RGS (Regulator of G protein Signaling) domain binds active Gαi/o-GTP to catalyze the 

GTPase activity of the Gα subunit.  The NLS (Nuclear Localization Sequence) motif and 

translocate RGS14 into the nucleus. Binding partner 14-3-3y binds to RGS14 in a phosphorylation 

dependent manner at serine 218 disrupting RGS14 interaction with active Gαi at the plasma 

membrane. R1 and R2 are the tandem Ras/Rap binding domains where active H-Ras-GTP, 

Rap2A-GTP and Raf kinases bind at the R1 domain. Within the RBD domain RGS14 binds 

calcium/calmodulin (Ca2+/CaM) and Ca2+/CaM-dependent kinase II (CaMKII). The GoLoco/Gα 

protein regulatory motif (GPR) binds inactive Gαi1/3-GDP and recruits cytosolic RGS14 to the 

plasma membrane.  The NES (Nuclear Export Sequence) binds XPO1 and guides RGS14 outside 

of the nucleus. The PDZ motif (DSAL) binds NHERF1 that binds to sodium phosphate 

cotransporter 2a (NPT2A) and mediates renal phosphate transport.  
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1.4.2 The role of RGS14 in the brain 

RGS14 protein expression has been reported in rodent brain, heart, lung, kidney, 

and spleen (Agudelo et al., 2018; Kardestuncer et al., 1998; Snow et al., 1997). While 

recent studies have identified roles for RGS14 in heart (Li et al., 2016), adipocytes (Vatner 

et al., 2018), and kidney (Friedman et al., 2022),  most studies of RGS14 have centered 

on understanding its role in the brain.  Within brain, RGS14  is highly expressed in the 

hippocampus, most notably area CA2. RGS14 protein is undetectable in brain at birth but 

is upregulated during early postnatal development being detected at P7 and reaching 

highest persistent expression levels in adulthood (Evans et al., 2014). Within rodent 

hippocampal area CA2, RGS14 has been reported in pyramidal neurons specifically 

within postsynaptic dendrites and spines of pyramidal neurons (Evans et al., 2014; Lee 

et al., 2010a; Traver et al., 2000b).  

The hippocampus plays a crucial role in many aspects of learning and memory 

including episodic, spatial, object recognition, social and contextual memory (Bird and 

Burgess, 2008; Broadbent et al., 2010; Broadbent et al., 2004; Evans et al., 2015; Harbin 

et al., 2021; Tzakis and Holahan, 2019). Neurons of the hippocampus have a robust 

capacity to express plasticity. Long term potentiation (LTP) is the stable increase in 

synaptic strength in responses to brief periods of synaptic stimulation that is very 

prominent in the hippocampus (Bliss-Moreau et al., 2011; Collingridge et al., 2004; Lynch 

et al., 1990). LTP is a cellular correlate and underlying mechanism of memory formation 

and storage  (Bliss-Moreau et al., 2011; Collingridge et al., 2004; Evans et al., 2015). 

Area CA3-derived Schaffer collateral synapses on CA2 neurons lack the capacity to 

produce LTP, where RGS14 is highly expressed. However, knock-out mice lacking 
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RGS14 in area CA2 gain capacity for high-frequency stimulation (LTP) that was absent 

before, showing that RGS14 is a natural break on LTP (Evans et al., 2018d; Harbin et al., 

2021; Lee et al., 2010a) 

To test the effect of presence or absence of RGS14 in hippocampal based learning 

and memory two key mouse behavior studies were performed. First, declarative memory 

was measured using a novel object recognition test (Ennaceur and Delacour, 1988). 

When comparing signs of object recognition between WT and KO RGS14 mice, RGS14 

KO spent more time exploring and contacting the novel object than WT mice (Lee et al., 

2010a). Next, spatial learning was tested using the Morris water maze. This test utilizes 

visual cues as a guide for rodents to find a submerged platform while they navigate the 

swim arena (Vorhees and Williams, 2006). Both RGS14 WT and KO littermates learned 

the task, but RGS14-KO mice showed a significantly enhanced (and unexpected) initial 

learning rate that was sustained each day (Lee et al., 2010a).  

Synaptic plasticity is often described in terms of changes in synaptic strength.  

However, plasticity also is associated with structural changes within the spine 

(Bernardinelli et al., 2014). Synaptic stimulation resulting in LTP induces an enlargement 

of dendritic spines that results from the parallel trafficking of AMPA-containing vesicles 

and their insertion into postsynaptic spines (Matsuzaki  2004, Nishiyama and Yasuda 

2015). RGS14 is enriched in spines and dendrites and is thus well situated to play a role 

in structural plasticity. To explore RGS14 roles in structural plasticity, studies examined 

induced spine plasticity in CA1 and CA2 pyramidal neurons (Evans et al., 2018d).   

Hippocampal slices from RGS14 KO and WT mice expressing EGFP were subjected to 

two-photon glutamate uncaging and imaged using two-photon fluorescence microscopy.  
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RGS14 was found to negatively regulate long-term structural plasticity of dendritic spines 

in CA2 neurons (Evans et al., 2018d). Loss of RGS14 (KO) resulted in a large increase 

in structural volume change when compared to wild type (WT) mice (Evans et al., 2018d). 

CA2 neurons lacking RGS14 also displayed significantly enhanced spine calcium 

transients during plasticity induction compared to wild type control mice. Of note, viral 

delivery of RGS14 to CA2 neurons rescued the WT phenotype (no plasticity) whereas 

RGS14 delivery to CA1 neurons blocked normal plasticity there.  Together, these findings 

indicate that RGS14 plays a vital role in synaptic plasticity by regulating synaptic strength 

and structural plasticity, in part, by restricting calcium in CA2 spines (Evans et al., 2018d). 

Based on these findings, we speculate that the absence of RGS14 during early 

postnatal development (until P7) may allow for a period of enhanced learning and linked 

plasticity that enable pups to develop social recognition. Social recognition memory in 

animals is essential for social hierarchy, mate and offspring recognition, territorial 

defense, interspecies recognition, and for the general establishment and maintenance of 

groups (Ferguson et al., 2002; Tzakis and Holahan, 2019). The absence of RGS14 may 

lead to enhanced plasticity  in CA2 that allows pups to connect with their environment 

and form strong bonds with their littermates and maternal bonding. After P7, the 

upregulation of RGS14 and its sustained expression throughout adulthood may serve to 

filter episodic memories, creating a period to develop new synapses that are structured 

based on environmental cues. Further studies will be needed to test these ideas. 

RGS14 in primate brain has not been extensively explored, however recent studies 

have characterized the expression of RGS14 in adult rhesus macaques and humans 

(Squires et al., 2018a). In the rhesus macaque brain, RGS14 immunoreactivity was found 
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in hippocampus much like rodents, but also was highly expressed in other limbic 

structures and the basal ganglia. Strong immunoreactivity was observed in the caudate 

nucleus, putamen, substantia nigra pars reticulata, globus pallidus, and moderate staining 

in the amygdala (Squires et al., 2018a).   RGS14 also is expressed in these brain 

structures in rodents(Foster et al., 2021) and speculation about RGS14 roles in these 

brain regions and their relationship to the hippocampus will be discussed in depth below.  

Within the primate hippocampus, RGS14 was robustly expressed in CA2 and CA1 

regions, but absent in CA3 and the dentate gyrus (Squires et al., 2018a). Consistent with 

protein expression in rodent CA2, RGS14 was found in pyramidal cell bodies and 

dendrites. In contrast to rodent CA1 region that shows a discrete expression of RGS14 

(Lee et al., 2010a),  strong RGS14 expression was found in the neuropil pre and 

postsynaptic profiles, pyramidal cell bodies, and proximal dendritic profiles (Squires et al., 

2018a).  

Neurologically healthy post-mortem human brains showed a strong RGS14 

expression in pyramidal cells of CA2 and CA (Squires et al., 2018a). In contrast, RGS14 

was absent in human hippocampal area CA3 (Squires et al., 2018a). Interestingly, the 

neuropil staining in human CA1 and CA2 was lighter than the monkey brain (Squires et 

al., 2018a). This phenomenon could be explained by protein degradation during post-

mortem delay and immersion fixations of the tissue (Squires et al., 2018a).  

Overall, RGS14 expression in human hippocampus is consistent with what is 

reported for rodent and monkey brain. Monkey and human brain show a strong 

expression of RGS14 in pyramidal neurons of area CA2 consistent with the rodent brain 

(Squires et al., 2018a). Strong immunoreactivity is found in cellular and neuropil of 
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primate CA1, specifically in glutamatergic terminals that originate from CA2 axonal 

projections, cell bodies, dendrites, and spine of pyramidal neurons (Squires et al., 2018a). 

However, the presynaptic functions of RGS14 in CA1 remain unexplored.  

 

1.4.3 The role of RGS14 outside of the brain  

RGS14 exists in peripheral tissues as well, where it plays important role in 

physiology. RGS14 protein expression can be found in ventricular tissue of healthy and 

hypertrophic mice (Li et al., 2016). In humans, RGS14 mRNA is found in the ventricular 

myocardium of patients with dilate and ischemic cardiomyopathy (Mittmann et al., 2002; 

Zhang and Mende, 2011), and RGS14 protein is detected in the left ventricle of healthy 

patients and those with dilated cardiomyopathy (Li et al., 2016). A recent study elucidated 

RGS14 role in the heart where is found to be downregulated in human failing hearts, 

murine hypertrophic hearts, and isolated hypertrophic cardiomyocytes (Li et al., 2016). 

Interestingly, its overexpression alleviated cardiac hypertrophy and dysfunction, 

suggesting RGS14’s involvement in cardiac remodeling signaling through the MEK-

ERK1/2 pathway (Li et al., 2016).  

 Another emerging area of RGS14 peripheral action is the kidney. Recent GWAS 

studies have identified single nucleotide polymorphisms (SNPs) within the RGS14 gene 

locus associated with kidney dysfunction (Chen et al., 2019; Mahajan et al., 2016; Urabe 

et al., 2012). Subjects with genetic polymorphisms within and outside the RGS14 gene 

locus have higher susceptibility to nephrolithiasis (Chen et al., 2019; Guan et al., 2020; 

Long et al., 2018a; Urabe et al., 2012; Yasui et al., 2013), reduced glomerular filtration 

rates (Mahajan et al., 2016), and elevated levels of serum phosphate (Kestenbaum et al., 
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2010), all of which are indicative of kidney dysfunction (Brown and Razzaque, 2015). 

Additionally, SNPs within the RGS14 gene are associated with elevated levels of 

parathyroid hormone (PTH) (Robinson-Cohen et al., 2017) and fibroblast growth factor 

23 (FGF23) (Robinson-Cohen et al., 2018), which are both critical for proper kidney 

function (Silver et al., 2012). Supporting this data, we have determined RGS14 

expression in the kidney is high in human tissue, specifically in the proximal and distal 

tubule of the nephron (Friedman et al., 2022) further suggesting a role for RGS14 in 

kidney function and disease.  

 Much less is known about RGS14 role in the immune system. RGS14 RNA and 

protein is found in mouse lymphoid tissue and cells, including thymus, spleen, lymph 

node, peritoneal cells, white blood cells, naïve B cells and bone marrow cells (Beadling 

et al., 1999; Cho et al., 2000a; Reif and Cyster, 2000; Snow et al., 1997), where it is 

downregulated in response to B lymphocyte stimulation (Reif and Cyster, 2000). RGS14 

is also expressed in THP-1 human monocytes/macrophages and in J774.A1 mouse 

macrophages, where it acts on aMB2 integrin during phagocytosis through the RBD 

domain of RGS14 (Lim et al., 2013). Recent transcriptome analysis of myeloid cells and 

microglia from brain revealed RGS14 mRNA expression in subsets of brain-derived 

myeloid cells (Bennett et al., 2016; Zhang et al., 2014), indicating a role for RGS14 in 

immune function in the central nervous system as well as the periphery. 

 Recent studies reported RGS14 expression in mouse subcutaneous/inguinal white 

adipose tissue (Agudelo et al., 2018; Vatner et al., 2018). Surprisingly, loss of RGS14 

expression in mice leads to a reduction in white adipose tissue and increase in brown 

adipose tissue, resulting in improved metabolism and extending lifespan (Vatner et al., 
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2018). However, the mechanism of enhanced longevity in RGS14-KO mice and body 

regions where RGS14 could be regulating metabolism and ageing remains unknown.  

 

Goals of my research project 

Although studies from our lab have focused mostly on understanding the role of 

RGS14 in synaptic signaling, I have focused on studying how RGS14 can modulate cell 

signaling outside of the brain in humans and the impact of genetic variation on RGS 

function..  Cell signaling plays a critical role in health and disease and abnormal regulation 

of these signaling events can lead to serious health problems. Considering the complexity 

of the GPCR-G-RGS signaling cascade, a slight change due to a genetic mutation can 

corrupt the cascade flow by disrupting protein function and cellular homeostasis.  Recent 

GWAS (Genome-Wide Association Studies) have identified RGS14 point mutations to be 

associated to multiple diseases, most notably kidney disfunction. In addition, The 

Catalogue of Somatic Mutations in Cancer (COSMIC) has reported RGS14 point 

mutations in human cancer samples. Here, I explore the role of RGS14 in cell signaling 

and the effect of naturally occurring mutants in renal pathophysiology and signal 

transduction in cancer by disrupting the cellular homeostasis.
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CHAPTER 2:  FUNCTIONAL ASSESSMENT OF CANCER-LINKED MUTATIONS IN 

SENSITIVE REGIONS OF RGS PROTEINS PREDICTED BY 3DMTR ANALYSIS 
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Hepler JR (2022). Functional assessment of cancer-linked mutations in sensitive 
regions of RGS proteins predicted by 3DMTR analysis. Mol. Pharm.  
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2.1 ABSTRACT  

Regulators of G protein signaling (RGS) proteins modulate G-protein coupled receptor 

(GPCR) signaling by acting as negative regulators of G proteins. Genetic variants in RGS 

proteins are associated with many diseases, including cancers, although the impact of 

these mutations on protein function is uncertain. Here we analyze the RGS domains of 

15 RGS protein family members using a novel bioinformatic tool that measures the 

missense tolerance ratio (MTR) using a three-dimensional (3D) structure (3DMTR). 

Subsequent permutation analysis can define the protein regions that are most 

significantly intolerant (P<0.05) in each dataset. We further focused on RGS14, RGS10, 

and RGS4.  RGS14 exhibited seven significantly tolerant, and seven significantly 

intolerant residues; RGS10 had six intolerant residues; and RGS4 had eight tolerant and 

six intolerant residues. Intolerant and tolerant-control residues that overlap with 

pathogenic cancer mutations reported in the COSMIC cancer database were selected to 

define the functional phenotype. Using complimentary cellular and biochemical 

approaches, proteins were tested for effects on GPCR-Gα activation, Gα binding 

properties, and downstream cAMP levels. Identified intolerant residues with reported 

cancer-linked mutations RGS14-R173C/H and RGS4-K125Q/E126K, and tolerant 

RGS14-S127P and RGS10-S64T resulted in a loss-of-function phenotype in GPCR-G 

protein signaling activity. In downstream cAMP measurement, tolerant RGS14-D137Y 

and RGS10-S64T, and intolerant RGS10-K89M resulted in change of function 

phenotypes. These findings show that 3DMTR identified intolerant residues that overlap 

with cancer-linked mutations cause phenotypic changes that negatively impact GPCR-G 
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protein signaling and suggests that 3DMTR is a potentially useful bioinformatics tool for 

predicting functionally important protein residues.  

 

Significance Statement Human genetic variant/mutation information has expanded 

rapidly in recent years, including cancer-linked mutations in RGS proteins.  However, 

experimental testing of the impact of this vast catalogue of mutations on protein function 

is not feasible.  We used the novel bioinformatics tool 3DMTR to define regions of 

genetic intolerance in RGS proteins and prioritize which cancer-linked mutants to 

test.  We found that 3DMTR more accurately classifies loss-of-function mutations in 

RGS proteins than other databases thereby offering a valuable new research tool.  
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2.2 INTRODUCTION 

Since the publication of the human genome and the development of bioinformatic 

sequencing tools, human genetic variant information is being identified rapidly. These 

advances led to the creation of many publicly available databases that reflect both healthy 

and diseased human populations. However, experimental testing of the vast catalogue of 

identified mutations is simply not feasible.  Missense mutations are genetic variations 

where a single base pair substitution produces a different amino acid at the same position. 

Variations in protein structure can affect folding, stability and aggregation, thereby 

affecting the function of signaling proteins (Thusberg and Vihinen, 2009).  Functionally 

relevant genetic variation has been reported in many proteins, including the regulators of 

G-protein signaling (RGS) (Squires et al., 2021). 

RGS proteins play a vital role modulating G Protein Coupled Receptor (GPCR)-G 

protein signaling events.  All RGS proteins share an evolutionary conserved RGS domain 

that binds active Gα subunits and acts as GTPase accelerating proteins (GAPs), 

negatively regulating GPCR-Gα signaling (Hollinger and Hepler, 2002; Tesmer et al., 

1997a; Willars, 2006). Outside of their GAP function, RGS proteins competitively bind 

active Gα and receptors to promote the rapid cycling of Gα subunits between active and 

inactive states (McCoy and Hepler, 2009).  

Recent deep sequencing studies have shown GPCR-G protein complexes to be 

frequently mutated in cancer (DiGiacomo et al., 2020; Kan et al., 2010; O'Hayre et al., 

2013). GPCRs are expressed in cancerous tissues and mediate proliferation, survival, 

invasion, and metastasis (Gutkind, 1998; Hurst and Hooks, 2009). The pro-oncogenic 

effects of overexpressed constitutively activating mutations in GPCRs (DiGiacomo et al., 
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2020; Moore et al., 2016; O'Hayre et al., 2013; Wright et al., 2019) and G subunit, 

(DiGiacomo et al., 2020; Ideno et al., 2018; Nairismagi et al., 2016; Van Raamsdonk et 

al., 2009; Van Raamsdonk et al., 2010; Wu et al., 2011) have led to enhanced 

downstream signaling in reported cancer studies. Cancer-derived activated mutations in 

Go can induce oncogenic transformation (Garcia-Marcos et al., 2011), while inactivated 

mutations in Gi/o-receptors can lead to enhanced cAMP activity (Chaudhary and Kim, 

2021). These studies suggest that the loss of G binding and GAP function in RGS 

proteins can promote oncogenic activity. 

Multiple sequence-based analytical tools provide information and predictions 

about evolutionary conserved areas of a protein that are vital for structure and function 

(Nobrega and Pennacchio, 2004). Interestingly, sequence-based tools, like missense 

tolerance ratio (1DMTR) (Traynelis et al., 2017) and SIFT, access the same genetic 

variant databases to run their algorithms but interpret the predictive effect of a mutation 

in different ways. Recently, a novel tool known as 3DMTR permutation analysis (3DMTR) 

(Perszyk et al., 2021) has been developed but not yet widely tested. The improved 

3DMTR algorithm calculates the missense tolerance ratio for the neighboring residues in 

three-dimensional (3D) distance from protein crystallography or cryo-EM data.  

RGS proteins are divided in subfamilies based on sequence homology and other 

shared domains (Hepler, 1999; Sjogren and Neubig, 2010; Stewart and Fisher, 2015; 

Willars, 2006). Here we analyzed the RGS domains of 15 RGS proteins with reported 

structures, and focused on assessing three RGS proteins in particular: RGS14, RGS10 

and RGS4.  RGS14 and RGS10 are members of the D/R12 family. RGS14 is a complex 

multidomain signaling molecule selective for Gαi/o (Cho et al., 2000b; Vellano et al., 
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2011a) and is highly expressed in brain regions essential for learning and memory (Harbin 

et al., 2021). RGS10 is a smaller molecule that selectively binds Gαi/o members (Hunt et 

al., 1996; Popov et al., 1997; Watson et al., 1996). In contrast to RGS14, RGS10 is 

broadly expressed making it an essential regulator of physiological processes including 

inflammatory responses and survival signaling (Alqinyah et al., 2018). Much smaller than 

RGS14, RGS4 is part of the R4 subfamily and is highly expressed in brain where it has 

been linked to psychiatric disorders(Schwarz, 2018; Terzi et al., 2009), and in opioid 

reward and addiction (Sakloth et al., 2020). RGS4 is selective for Gαi/o and Gαq members 

(Hepler et al., 1997; Tesmer et al., 1997a), preferring signaling by Gαi/o over Gαq in a 

neuronal model (Masuho et al., 2020).  

In the present study, we carry out a functional assessment of the predictive 

capabilities of the novel 3DMTR applied to RGS proteins.  We combine this with available 

somatic mutational information found in cancer samples to determine the effect these 

genetic variants will have on RGS14/10/4 protein structure and function. We test how 

cancer mutations in significant regions of the protein can lead to changes in RGS function 

assessed by various cell based and biochemical assays.  
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2.3 MATERIALS AND METHODS 

Three-dimensional missense tolerance with permutation analysis (3DMTR) 

 The 3DMTR permutation analysis is described in Perszyk, R.E. et. al. 20201 

(Perszyk et al., 2021). To perform 3DMTR analysis on RGS protein structures, the 

encapsulated application MATLAB (Mathworks, version R2019b), available on GitHub 

(https://github.com/riley-perszyk-PhD/3DMTR, current version v2.000) was used. The 

protein structures of the analyzed RGS proteins were obtained from the Protein Data 

Bank (rcbs.org). Reference of all the crystal structures used is available in the 

supplementary section Table 1 (Supp. Table 1). Variant datasets of all RGS genes were 

downloaded from the Genome Aggregation Database (gnomAD) website 

(https://gnomad.broadinstitute.org/, version 2.1.1). The translated coding gene 

sequences of RGS proteins were used (RGS1, NM_002922.4; RGS2, NM_002923.4; 

RGS3, NM_144488.6; RGS4, NM_001102445.2; RGS5, NM_003617.4; RGS6, 

NM_001204416.3; RGS7, NM_001282773.2; RGS8, NM_033345.3; RGS9, 

NM_001081955.3; RGS10,  NM_001005339.2; RGS12, NM_002926.3; RGS14, 

NM_006480.5; RGS16, NM_002928.4; RGS17, NM_012419.5; RGS18, NM_130782.3). 

The closest 21 residues were used in the 3DMTR calculations since the RGS protein 

domain structures are small (~120 residues) to provide more stratified scores. 

Permutation analysis was preformed using 1000 iterations by randomizing the residue 

location. Permutation significance was determined where the 3DMTR score was outside 

the 2xSTD range (permutation standard deviation of each residue) calculated from the 

permutation mean score for each residue. We define the residues that are identified with 

permutation analysis as either significantly intolerant or significantly tolerant depending 

https://github.com/riley-perszyk-PhD/3DMTR
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on which tail of the permutation distribution they fall within. Additionally, having an MTR 

score of < 0.5 is very rare (the 5%ile score for the 1DMTR is 0.5462, http://mtr-

viewer.mdhs.unimelb.edu.au/). Previous work suggests that the 3DMTR and the 1DMTR 

generally produce a similar set of MTR scores, albeit the scores are rearranged based on 

the different selection criteria, so we believe this cut off is also appropriate for the 3DMTR 

scores. Thus, we deem the residues with 3DMTR scores ≤0.5 as being important and will 

call highly intolerant.  

 

Cell culture and reagents 

 Human embryonic kidney (HEK) 293 cells were cultured in 1X Dulbecco’s Modified 

Eagle’s Medium (DMEM), without phenol red indicator, supplemented with 10% fetal 

bovine serum (FBS), 2mmol/L L-glutamine, 100 units/mL penicillin, and 100 mg/mL 

streptomycin. HEK cells were kept in a humidifier incubator with 5% CO2 at 37oC. Trypsin-

EDTA 0.25% was used during cell culture procedures. Cells were seeded 8x105  in 2 mL 

of transfection medium per well in six-well plates. Transfection media was formulated with 

5% FBS in DMEM phenol-red free media and polyethyleneimine (PEI) was the 

transfection agent used.   

 The Hemagglutinin (HA) epitope‐tagged α2a‐adrenergic receptor (HA‐α2a‐AR) 

construct was kindly provided by Dr. Joe Blumer (Medical University of South Carolina). 

The G protein used in our studies were Glu-Glu tagged Gαo (Gαo-EE) and the pertussis‐

resistant mutant C351G of Gαo (Gαo-CG) which was purchased from the cDNA Resource 

Center (cDNA.org, Bloomsberg, PA). Mas‐GRK3ct‐Luc and Ven‐Gβγ were described 

previously (Hollins et al., 2009). Human Flag‐tagged RGS14 (Flag‐RGS14 WT), human 

http://mtr-viewer.mdhs.unimelb.edu.au/
http://mtr-viewer.mdhs.unimelb.edu.au/
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Flag-RGS14-S127P, human Flag-RGS14-D137Y, human Flag-RGS14-R173C, human 

Flag-RGS14-R173H, human Flag-tagged RGS10 wildtype (Flag-RGS10 WT), human 

Flag-RGS10-S64T, human Flag-RGS-K89M, hemagglutinin epitope‐tagged rat RGS4 

wildtype (HA‐RGS4 WT), rat HA-RGS4-K125Q, rat HA-RGS4-E126K, rat HA-RGS4-

E135K were generated as previously described (Bernstein et al., 2004; Shu et al., 

2007a).  Pertussis toxin #181 was purchased from List Biological Laboratories, Inc 

(Campbell, CA). UK 14,304 was obtained from Sigma‐Aldrich (U104, St. Louis, MO).  

Forskolin was obtained from Sigma-Aldrich (F6886, St. Louis, MO).  

 

Kinetic Bioluminescence Resonance Energy Transfer (BRET) 

 Kinetic BRET experiments were performed as previously described (Brown et al., 

2016a; Lambert et al., 2010). After a 48 hr transfection, cells were resuspended in 

Tyrode’s solution (140 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L MgCl2, 1 mmol/L CaCl2, 

0.37 mmol/L NaH2PO4, 24 mmol/L NaHCO3, 10 mmol/L HEPES, and 0.1% glucose, pH 

7.4) and plated on white 96‐well Optiplates (Perkin Elmer Life Sciences, Waltham, MA). 

Fluorescence measurements were made using the TriStar LB 941 plate reader (Berthold 

Technologies, Bad Wildbad, Germany) with 485‐nm excitation and 530‐nm emission 

filters to confirm acceptor expression. After a 10 min application of 5 μmol/L 

coelenterazine H (Nanolight Technologies, Pinetop, AZ), in vivo kinetic BRET was 

recorded using sequential measurements through 485‐ and 530‐nm emission filters. 

BRET was recorded for 30 seconds with no stimulation to establish basal BRET. After 30 

seconds of basal BRET recording, α2A-adrenergic receptor agonist UK 14,304 (100M) 

was injected into the cells. The presence of the agonist induces Gα protein activation and 
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the change in BRET is calculated by dividing the mas‐GRK3ct‐Luc signal (530 nm) by the 

Ven‐Gβγ signal (485 nm) and subtracting the average BRET signal observed from the 

first 30 seconds of observation (basal BRET). With each experiment, a kinetic BRET 

control was performed using pertussis insensitive Gαo. Pertussis toxin was added to the 

transfection media to all wells. Any BRET signal recorded in the control wells transfected 

with pertussis sensitive Gαo was regarded as noise and subtracted from experimental 

kinetic BRET recordings. Data was collected using the MikroWin 2010 software (Mikrotek 

Laborsysteme GmbH, Overath, Germany) and analyzed using Microsoft Excel and 

GraphPad Prism 9.  

 

Co-immunoprecipitation of RGS and Gαo 

 After a 24 hours transfection, HEK cells were washed three times with cold 1X 

PBS. Cells were scraped into AMF lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 

2 mM DTT, 10 mM NaF, 14 mM MgCl2, 10 mM AlCl3, 1X Roche protease inhibitor, 1X 

Halt phosphatase inhibitor) and lysed at 4°C for one hour while rotating end-over-end. 

Lysates were cleared by centrifuging at 13000 RPM for 10 min at 4°C. For each condition, 

50 uL of  affinity gel beads were used. Anti-FLAG M2 affinity gel (Sigma A2220) was used 

to immunoprecipitated Flag-RGS14 and Flag-RGS10, while monoclonal anti-HA agarose 

beads (Sigma A2095) was used for HA-RGS4 immunoprecipitations. Affinity gel beads 

were washed three times with cold 1X PBS and then blocked with 4% BSA in PBS at 4°C 

for one hour while rotating end-over-end. Cleared cell lysate was collected for input, and 

the remaining lysate was added to blocked anti-FLAG M2 affinity beads or anti-HA 

agarose beads. Immunoprecipitation of Flag-tagged RGS from lysate was performed at 
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4°C for two hours while rotating end-over-end, while HA-tagged RGS was performed 

overnight. After immunoprecipitation, the beads-RGS complex was washed three times 

with cold 0.1% Tween-20 in PBS. Input and immunoprecipitated samples were denatured 

by boiling in Laemmli buffer for 5 min.  

 

Analysis of immunoblots  

 Denatured cell lysate samples in Laemmli Buffer were resolved on 13.5% SDS-

PAGE, and samples were then transferred to nitrocellulose membranes. Membranes 

were blocked in 5% non-fat milk for one hour at room temperature. For FLAG-tagged 

RGS (RGS10 WT and mutants, or RGS14 WT and mutants.), HRP-conjugated anti-FLAG 

antibody (Sigma A8592, 1:15,000) was diluted in TBS/T and incubated with the 

membranes for 45 minutes at room temperature. For HA-tagged RGS4 and mutants, Anti-

HA-Peroxidase rat monoclonal antibody (Roche Cat# 12013819001, 1:5000) diluted in 

TBS/T was used. For Gαo, anti-EE (Covance MMS-115R, 1:1000) was diluted in 5% non-

fat milk and incubated with membranes overnight at 4°C. HRP-conjugated goat anti-

mouse IgG secondary antibody (Jackson ImmunoResearch 115-035-003, 1:5000) was 

diluted in TBS/T and incubated with membranes for 45 minutes at room temperature. 

Blots were developed using ECL and imaged using the ChemiDoc MP Imaging system 

(BioRad). 

 

GloSensorTM cAMP assay 

To measure intracellular cAMP levels, we used the GloSensorTM cAMP assay. The 

cAMP GloSensorTM  was obtained from Promega and the assay was performed following 
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the manufacturer’s instructions (Promega, Madison, WI, USA).  HEK293 cells were 

harvested (15,000 cells per individual well) in tissue culture-treated 96-well flat bottom 

plate. Cells were kept in 37oC tissue culture incubator 5-10% CO2 overnight. Cells were 

transfected with 50ng of  pGloSensor-20F cAMP, 50ng α2-AR, 50ng RGS of interest, and 

pcDNA in DMEM serum free media. After 24 hours, the media is removed without 

disrupting the cell monolayer and 100L of the equilibrium medium is added (2% v/v 

dilution of the GloSensor cAMP Reagent stock solution). Incubation with the equilibration 

reagent is done for 2 hours and cells are kept in 37oC tissue culture incubator 5-10% CO2 

in the dark. After 2 hours, basal luminescence intensity was measured  at 0 and at 5 

minutes using a luminometer (FLUOstar) in triplicates. To measure α2-AR-Gαi/o directed 

inhibition of cAMP, cells are pre-incubated with 100 L of 100 M UK14,304 (agonist) or 

DMSO  (vehicle) in HBSS for 10 minutes at room temperature following basal readings. 

At 10 minutes, cAMP production is stimulated by adding 10M forskolin and 

luminescence is measured every 5 minutes for a total of 50 minutes. The data in relative 

light units (RLU) from triplicates wells were averaged and a response over time graph is 

generated. Normalization was done by dividing each time point following forskolin 

stimulation over basal luminescence, then each time point is divided by empty vector 

(50ng pcDNA alone) control. Area under the curve for each condition is calculated and 

the effect of the mutants is compared to the WT RGS effect in Gαi/o-coupled α2-AR 

stimulation of cAMP.  

 

Data analysis and statistics  
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Data analysis was conducted using Microsoft Excel and GraphPad Prism 9 

software. Kinetic BRET activation curves were presented as a mean of 3 or 4 

experimental replicates. We then selected the maximum BRET amplitude at 100 seconds 

for each condition. Maximum BRET amplitude columns were compared by performing a  

statistical analysis using one-way analysis of variance (ANOVA) with Dunnett’s test.  

Luminescence-based cAMP GloSensor assay relative light units (RLU) were recorded 

from averaged replicate wells and plotted as response over time, with a total of 4 

experimental replicates. We then analyzed the area under the curve (AUC) for each 

condition and columns were statistically analyzed using one-way analysis of variance 

(ANOVA) with Dunnett’s test. 
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2.4 RESULTS 

3DMTR predicts amino acid residues in RGS proteins likely to be  intolerant to 

mutation 

RGS proteins share an evolutionary conserved ~120 amino acid RGS domain that 

binds activated G protein alpha subunits to act as GAPs.   In this study, we examined the 

canonical human RGS proteins using a bioinformatic tool that evaluates the degree of 

variation that exists in the gnomAD database (large database of human whole exomes 

and genomes of healthy individuals) and determines a composite score, missense 

tolerance ratio (MTR) (Traynelis et al., 2017).   This MTR score is determined based on 

the location of the linear polypeptide chain (1DMTR;(Traynelis et al., 2017)).  A newly 

described bioinformatics tool expands on this idea to measures MTR based on the 

location of each residue in three-dimensional (3D) space (3DMTR;(Perszyk et al., 2021)) 

based on reported protein crystallography or cryo-EM data. This 3DMTR is a more 

accurate and improved bioinformatic tool that also utilizes a permutation analysis  to 

calculate the relative significance of the missense tolerance ratio of a given dataset 

(Perszyk et al., 2021). Both 1DMTR and 3DMTR use available human variation data from 

neighboring residues to report population level genetic variation and measures the 

tolerance ratio within the entire genome.  

A comparison of the 1DMTR and the 3DMTR analysis for the RGS domain of one 

representative RGS protein, RGS14, is shown as scatter plots in Fig. 2.1A and Fig. 2.1C.   

In a previous report (Squires et al., 2021), we described in detail the 1DMTR results for 

RGS proteins.  Considering the RGS domain of RGS14 (Fig. 2.1A), the 1DMTR analysis 

of the RGS domain generally shows more tolerant scores (0/134 residues have 1DMTR 
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scores ≤0.5), which are shown as red shades superimposed onto the RGS domain 

structure (Fig. 2.1B). Structural data has been reported for the RGS domain of most RGS 

proteins, including RGS14 (Soundararajan et al., 2008). Using this information, we 

analyzed the RGS domains of 15 of 20 RGS protein family members, including RGS14, 

using the 3DMTR analysis (Supp. Fig. 2.1) as will be discussed further below.  In contrast 

to 1DMTR, the 3DMTR uses the same human variation data but instead utilizing the 

neighboring residues in 3D space, which should be functionally more relevant to 

determine the tolerance ratio.  

We analyzed the RGS domain of RGS14 by 3DMTR (Fig. 2.1C and 2.1D). Because the 

size of RGS domains (~120 aa) are much smaller than the entire RGS proteins (~200-

1400 aa), the 3DMTR was calculated using the nearest 21 residues instead of the 31-

residue window that has been used for larger proteins.  Based on this, the 3DMTR may 

be a more accurate predictor of highly intolerant residues compared to the 1DMTR. We 

will refer to the residues that appear to have selective pressure controlling their variation 

as ‘highly intolerant’ (3DMTR score of ≤0.5). The 3DMTR analysis of the RGS domain of 

RGS14 identified several residues with highly intolerant scores (7/134 residues have 

3DMTR scores ≤0.5, Fig. 2.1C), shown in blue shades superimposed onto the RGS 

domain structure (Fig. 2.1D).  Furthermore, we used permutation analysis that determines 

which residue scores are highly unlikely given a specific dataset (occurring in less than 

5% of random permutations). It can be interpreted that the residues identified by 

permutation analysis that are either significantly intolerant or significantly tolerant, i.e. 

those that  would be unexpected within each analyzed dataset (consisting of the gene 

sequence, protein structure, and gnomAD dataset). Primarily of note, the analysis 
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suggests that the significantly intolerant residues may relatively (compared to the rest of 

the residues in the protein) have selective pressures that limit variation in these regions. 

The permutation analysis of RGS14 (Fig. 2.1E) identified 14 residues that were 

significantly intolerant, whereas 3.4 would have been expected randomly given the 

dataset (based on the expected frequencies of a single tail of a normal distribution using 

α equal to 0.05, 0.025 * 134 residues). Comparing the 1DMTR and 3DMTR data for 

RGS14, the 3DMTR analysis of the RGS domain of RGS14 predicts highly intolerant 

residues not found with the 1DMTR (0 with 1DMTR vs 7 with 3DMTR, total residues 134, 

Fisher’s exact test p = 0.0144).   The permutation analysis of RGS14 (Fig. 2.1E) identified 

14 residues significantly intolerant, 7 residues highly intolerant (3DMTR score ≤0.5) and 

7 tolerant (not highly intolerant) (3DMTR score >0.5). The significantly intolerant residues 

are visualized in blue on the structure of the RGS domain of RGS14 (Fig. 1F).  

Next, each RGS domain of all available structures for RGS protein family members 

were analyzed using 3DMTR (Fig. 2.2, Supp. Fig. 2.1). For this analysis, we utilized the 

reported structures of RGS protein domains that are available for 15 of the 20 RGS 

proteins (Supp. Fig. 2.1).   Interestingly, each RGS domain presented a distinct “bar code” 

of significantly intolerant and significantly tolerant residues (Fig. 2.2 and Supp. Fig. 2.1).  

A second  3DMTR analysis was performed on  four RGS protein domains ©n complex 

with active forms of their Gα partners (Supp. Fig. 2.2: RGS1-Gαi1, RGS4-Gαi1, RGS10-

Gαi3 and RGS16-Gαi1). In each of these cases, the profiles for significantly tolerant and 

intolerant residues differed slightly by active Gα binding.    
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Figure 2.1. Comparison of RGS14 1DMTR and 3DMTR permutation analysis.  (A) The 

sequential MTR score of RGS14 is calculated using gnomAD-derived human variants and is 

shown as a scatter plot. (B) Structural view of RGS domain of RGS14 colored to show a heatmap 

of the 1DMTR score (intolerant residues in blue, neutral in white, tolerant in red). (C) The MTR 

score of RGS14 taking into consideration three-dimensional space (3DMTR). Green squares 

represent a synonymous variant in that residue. Orange squares represent missense variant for 

the residue. Below is a linear heatmap of the MTR score for RGS14. (D) Structural view of RGS14 

3DMTR raster plot scores. (E) Scatter plot of RGS14 3DMTR score (magenta line), permutation 

analysis score mean (black line), and 2x standard deviation around the permutation score mean 
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of the permutation analysis (gray areas). (F) Structural view of the permutation analysis raster 

plot significantly intolerant residues within RGS14.  
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We next compared the 3DMTR results for RGS14, RGS10 and RGS4. These three 

RGS proteins were chosen because of their involvement with various cancers and their 

differences in size and structure.  Raster plots for RGS14 (Fig. 2.2A), RGS10 (Fig. 2.2B), 

and RGS4 (Fig. 2.2C) show the comparison of 1DMTR data with 3DMTR data calculated 

using the nearest 21 or 31 residues, as before.  For each, tolerant (red) or significantly 

intolerant (blue) residues are shown (c21-sig).   The 3DMTR analysis predicts intolerant 

residues not found with the 1DMTR analysis.  As observed with the other RGS proteins 

(Supp. Fig. 2.1), the RGS domains of RGS14, RGS10, and RGS4, each presented a 

distinct “bar code” of significantly intolerant residues (Fig. 2.2 and Supp. Fig. 2.1-2.2). 

As was the case for RGS14 (Fig. 2.1 and Fig. 2.2A), 3DMTR predicted for RGS10 

more highly intolerant scores than 1DMTR (Fig. 2.2B) (1 with 1DMTR vs 7 with 3DMTR, 

total residues 136, Fisher’s exact test p = 0.0663) and for RGS4 (Fig. 2.2C) (1 with 

1DMTR vs 6 with 3DMTR, total residues 128, Fisher’s exact test p = 0.1199).  The 

structure of each of the RGS domains is shown with significantly tolerant and intolerant 

residues highlighted in red and blue, respectively (Fig. 2.2D-2.2I). Each is shown bound 

to the reported structure of Gi1 (Fig. 2.2D and 2.2F), Gi3 (Fig. 2.2E), or alone (Fig. 

2.2G-2.2I).  Comparison of the three RGS domain structures in the same orientation with 

the intolerant residues highlighted in blue (Fig. 2.2G-2.I), shows that these residues are 

distributed differently within the domain structure. We next performed permutation 

analysis for the RGS domains of RGS10 and RGS4 (Supp. Fig. 2.3) and compared those 

to RGS14 (Fig. 2.1E).    

The amino acid sequence for each of these RGS proteins are aligned (Fig. 2.2J). 

The RGS domain is highlighted in lilac, in gray are the residues that directly interact with 
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G, and in orange the residues that are in the hydrophobic core (Tesmer et al., 1997a). 

The significant residues identified by the permutation analysis are identified with symbol 

under each residue letter, * for the identified residues that were also highly intolerant 

(MTR ≤0.5) and ^ for identified residues that were not highly intolerant residues (MTR 

>0.5). As shown in Fig. 2.2J, the profiles of intolerant residues differ across each protein. 

3DMTR identified highly intolerant residues found in the RGS hydrophobic core were 

residue F81 in RGS14, and I93 and F97 in RGS10. 3DMTR identified highly tolerant 

residues in RGS4 F91, W92 and I114 are also found in the hydrophobic core. Intolerant 

residues in the direct contact with G alpha in RGS14 are N93 and R173, and tolerant 

residues are RGS14-D137 and RGS4 E87 and N88. Compared with the permutation 

analysis for RGS14 (Fig. 2.1E), the same analysis of RGS4 identified 15 significantly 

intolerant residues, whereas 3.2 would have been expect randomly given the 128-residue 

dataset. The permutation analysis of RGS10 identified 5 residues that were significantly 

intolerant, whereas 3.4 would have been expected randomly given the 136-residue 

dataset.   

We next focused on the significantly intolerant or tolerant residues in RGS14, 

RGS10 and RGS4 identified by the 3DMTR analysis that overlap with reported somatic 

pathogenic mutations found in patient cancer samples identified in the Catalogue of 

Somatic Mutations in Cancer (COSMIC) database (Table 2.1). Using various in vitro 

assays of RGS-G protein interaction and signaling, we test the effect of an amino acid 

change, due to cancer mutations, in the selected significant residues and how these affect 

canonical RGS function.  
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Figure 2.2. The 3DMTR permutation analysis identifies significantly intolerant residues 

within the RGS domain that were not identified by 1DMTR.  

(A-C) Raster plot of selected RGS proteins comparing 1DMTR, 3DMTR  based on the 31 

neighboring residues, 3DMTR based on the 21 neighboring residues, and significantly intolerant 

residues based on the permutation analysis (rows labeled “c21-sig.”, labeled by a blue rectange).  
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(D-F) Structural views of RGS domains colored to show a heatmap of the 21-residue 3DMTR 

score (intolerant residues in blue, neutral in white, tolerant in red) bound to G alpha. (G-I) 

Structural view of the 21-residue 3DMTR permutation analysis raster plot significantly 

tolerant/intolerant residues. (J) RGS protein alignment shows the RGS domain (lilac), residues in 

the hydrophobic core  (yellow), residues in direct contact with G alpha (grey), and selected 

residues to test the functional consequences inside box. The residues with a 3DMTR score >0.5 

are determined to be not highly intolerant (tolerant) and the color letter is red. Residues with a 

3DMTR score ≤0.5  are determined to be highly intolerant and the color letter is blue.  Residues 

identified via the permutation analysis are identified with symbols * (MTR≤ 0.5, highly intolerant) 

or ^ (MTR >0.5, not highly tolerant).  
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Table 2.1. Tolerant and intolerant residues from RGS domains of interest that also overlap 

with highly deleterious somatic mutations were selected for assessment of their impact on 

RGS function. Amino acids reported in the COSMIC cancer database were selected based on 

the criteria that were predicted to be pathogenic by the FATHMM score to be highly pathogenic. 

Scores above 0.5 are deleterious, scores ≥0.7 are classified as pathogenic.  

 

 

 

 

 

 

 

 

Table 1. Tolerant and intolerant residues from RGS domains of interest that also overlap with highly 
deleterious somatic mutations were selected for assessment  of their impact on RGS functions. 

RGS14 Pathogenic Score Cancer Type 3DMTR (score)
S127P 0.91 Stomach Carcinoma Tolerant (1.03)
D137Y 0.97 Prostate Carcinoma Tolerant (0.93)
R173C 0.81 Large Intestine Carcinoma Intolerant (0.50)
R173H 0.97 Large Intestine Carcinoma Intolerant (0.50)

RGS10 Pathogenic Score Cancer Type 3DMTR (score)
S64T 0.96 Lung Carcinoma Tolerant (0.91)
K89M 0.84 Lung Carcinoma Intolerant (0.48)

RGS4 Pathogenic Score Cancer Type 3DMTR (score)
K125Q 0.97 Lung Carcinoma Intolerant (0.48)
E126K 1.00 Skin Melanoma Intolerant (0.42)

E135K 1.00 Skin Carcinoma, Melanoma, Upper 
Aerodigestive Tract Carcinoma Tolerant (1.14)
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Reported pathogenic somatic mutations in RGS14, RGS10 and RGS4 that overlap 

with residues identified by 3DMTR to be significantly intolerant to mutation   

Several bioinformatics tools (discussed below) that estimate the pathogenic 

potential of reported human somatic mutations are publicly available.  Cells can develop 

somatic mutations due to imperfect replication or exposure to endogenous and 

exogenous mutagens (Olafsson and Anderson, 2021). Most somatic mutations will have 

little or no phenotypic effect, whereas a small minority of mutations can affect protein 

function and cell physiology leading to the progress of complex diseases (Olafsson and 

Anderson, 2021). These mutations occur post-zygotically and exist in a subpopulation of 

cells (Dou et al., 2018). Online databases like COSMIC (cancer.sanger.ac.uk/cosmic) 

report somatic mutations found in human cancers. COSMIC uses a FATHMM-MKL 

algorithm to predict the functional, molecular and phenotypic consequences of proteins 

missense variants using Markov models classifying the mutations as pathogenic (scores≥ 

0.7) or neutral (≤ 0.5)(Shihab et al., 2015),(Tate et al., 2018). Using these tools, we 

identified somatic mutations that overlap with residues in the RGS domain of RGS14, 

RGS10 and RGS4 identified by the 3DMTR to be either more sensitive or less sensitive 

to mutations (Supp. Tables 2.2-2.4).   

RGS14 has been reported to be highly expressed in liver cancer and glioma (Uhlen 

et al., 2017). The analysis of The Cancer Genome Atlas (TCGA) and Gene Expression 

Omnius (GEO) datasets have identified RGS14 as one of the five-gene signature 

biomarkers for Glioblastoma for Glioblastoma multiforme (GBM) (Yin et al., 2019).  

Somatic mutations in RGS14 that overlap with residues predicted to be highly tolerant or 

intolerant by the 3DMTR are shown in Supp. Table 2.2.  Mutations found in RGS14 of 

https://cancer.sanger.ac.uk/cosmic
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patient samples with large intestine carcinoma include R173C, R173H, and S170R.   

RGS14 somatic mutation S127P is found in gastroesophageal junction carcinoma, and 

D137Y is found in prostate carcinoma. Of note, coding silent mutations in RGS14 and 

other RGS proteins are also reported that overlap with significant residues identified by 

3DMTR.  For RGS14 these are residues N93, A99 and R173, and are included because 

the COSMIC FATHMM-MKL algorithm surprisingly and inexplicably designated some of 

these silent mutations to be pathogenic. Residues in RGS14 scored by the 3DMTR >0.05 

and overlap with somatic mutations considered pathogenic by the COSMIC algorithm are 

S127P and D137Y. Residues scored by the 3DMTR ≤0.05 and predicted to be 

pathogenic are S170R, R173C, R173H, and coding silent R173.  

RGS10 has been reported to be highly expressed in renal, endometrial, and 

cervical cancer (Uhlen et al., 2017). This ubiquitously express protein regulates 

physiology and signaling pathways in microglia, macrophages, T-lymphocytes, neurons, 

osteoclasts, cardiomyocytes, platelets, and cancer cells. It has been identified as an 

important regulator of cell survival and chemoresistance (Cacan et al., 2014; Hooks et 

al., 2010) and transcript expression is significantly suppressed in multiple ovarian cancer 

cell lines (Ali et al., 2013; Cacan et al., 2014). Moreover RGS10 acts as a tumor 

suppressor by blunting endogenous survival pathways (Cacan et al., 2014), and has been 

reported to regulate inflammatory signaling pathways in ovarian cancer cell survival 

(Alqinyah et al., 2018). Somatic mutations in RGS10 that overlap with residues deemed 

to be highly tolerant or intolerant by the 3DMTR are shown in Supp. Table 2.3.  Mutations 

found in RGS10 of patient samples with lung carcinoma are S64T and coding silent A73, 

while K89M can be found in thyroid carcinoma samples.    
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Studies have shown association between RGS4 and enhanced cell viability, 

invasion and motility in thyroid cancer (Nikolova et al., 2008), glioma (Tatenhorst et al., 

2004; Weiler et al., 2013), ovarian cancer (Puiffe et al., 2007), and  triple negative breast 

cancer (Xie et al., 2009). Somatic mutations in RGS4 that coincide with 3DMTR identified 

significant residues (Supp. Table 2.4) are found in carcinoma samples of the following 

tissues: large intestine E87D, thyroid I89N, kidney W92C, endometrium K113N, breast 

Q122H and A123E, stomach A123T, and lung K125Q. Overlapping mutants were also 

found in melanoma including E126K, E135K, and silent coding F118 and V127 in RGS4.    

 Based on these findings, we chose to study selected somatic mutations in RGS14, 

RGS10 and RGS4 that overlap with residues identified by 3DMTR to be either tolerant or 

intolerant to mutation. Our goal for these studies was to test how well 3DMTR and other 

bioinformatic tools predict important residues for protein function and pathogenic 

potential.  These specific residues and somatic mutations chosen for further study are 

listed in Table 1.  Mutations in RGS14 selected for study were S127P, D137Y, R173C, 

and R173H (Fig. 2.3). Mutations in RGS10 selected for further study are amino acid 

mutation S64T  and K89M (Fig. 2.4). Mutations in RGS4 chosen for further study were 

K125Q, E126K, and E135K (Fig. 2.5).  

 

Assessment of somatic mutations in 3DMTR-identified tolerant and intolerant 

residues in GPCR/G protein activation and G protein binding 

RGS14 is a member of the D/R12 subfamily and contains an RGS domain as well 

as accessory domains that play a role in different signaling pathways such as the tandem 

Ras/Rap-binding domains (R1 and R2), a G protein regulatory (GPR) motif, and a C-
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terminal PDZ binding motif (Cho et al., 2000b; Friedman et al., 2022; Hollinger and Hepler, 

2002; Hollinger et al., 2001a; Shu et al., 2007a; Traver et al., 2000b; Vellano et al., 2013a; 

Zhao et al., 2013). We first examined the effects of mutational changes in 3DMTR-defined 

tolerant and intolerant residues on RGS14 functions (Fig. 2.3).  For these and subsequent 

studies (Figs. 2.4 and 2.5), we utilized  a live cell biosensor (BRET) assay to measure 

RGS effects on GPCR/G protein activation (Brown et al., 2016a).  HEK293 cells were 

transfected with ɑ2A-adrenergic receptor (ɑ2AR), Gɑo, Gβ1-venus, G𝜸2-venus, and the 

biosensor for Gβ𝜸 binding mas-GRK3ct-Luc, as previously reported (Brown et al., 2016a). 

Upon addition of ɑ2AR agonist UK 14,304 (100µM), GPCR signaling is activated leading 

to the dissociation of Gɑ and Gβ𝜸-venus. The Gβ𝜸-venus binds to the mas-GRK3ct-Luc 

biosensor resulting in an increase in BRET signal (Hollins et al., 2009). Using this model 

(Fig. 3A) we can test the effects of RGS mutants in ɑ2-adrenergic receptor-Gɑo protein 

activation.  

 RGS4, RGS10 and RGS14 each bind to active Gαi/o protein family members 

including Gɑo1, Gɑo2, Gɑi1, Gɑi2, and Gɑi3 (Masuho et al., 2020). Of these, Gαo  is the 

most indiscriminate G alpha  protein, is regulated by all canonical RGS proteins (Masuho 

et al., 2020), and its highly expressed in the brain where it couples ɑ2AR (Goldenstein et 

al., 2009; Nobles et al., 2005). Our previous studies compared ɑ2AR G-protein activation 

with Gɑo and Gɑi1, and Gɑo provided a much more robust maximum BRET amplitude 

signal (Brown et al., 2016a). For these reasons, we employed a live cell ɑ2AR-Gɑo model 

to test the effects of RGS protein mutants in G protein activation.    

 Using the above assay, we examined the effects of selected somatic mutations on 

RGS14 capacity to regulate receptor-G activation (Fig. 2.3).  Four mutations were tested 
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including two which were scored by 3DMTR-permutation analysis as tolerant (S127P and 

D137Y) (Fig. 2.3C-2.3F) and two as intolerant (R173C and R173H) (Fig. 2.3G-2.3J). Wild 

type RGS14 and mutant proteins expressed well in HEK 293 cells (Supp. Fig. 2.4A). The 

relative position of these residues within the RGS domain structure are shown in Fig. 2.3B 

highlighted as either red (tolerant) and blue (intolerant).  As shown in Figures 2.3C-2.3D 

and 2.3E-2.3F, somatic mutations within the tolerant residues exhibited distinct 

phenotypes.  Whereas mutant D137Y behaved as expected (i.e., like wild type RGS14) 

to inhibit agonist activation of ɑ2AR-Gɑo (Fig. 2.3E-2.23F), mutant S127P exhibited a 

loss-of-function (LoF) phenotype (Fig. 2.3C-2.3D).  In examining the two somatic 

mutations found in intolerant residue R173 of RGS14, both R173C (Fig. 2.3G-2.3H) and 

R173H (Fig. 2.3I-2.3J) behaved as expected with both mutations exhibiting a LoF 

phenotype.  In parallel, we assessed direct binding of each RGS14 mutation with active 

Gɑo as measured by affinity capture by immunoprecipitation from HEK293 cell lysates 

treated with AlF4-/Mg++ (AMF) to activate cellular G proteins including of Gɑo (Fig. 2.3K).  

We observed that the direct binding properties of the mutants mirrored that for RGS 

regulation of ɑ2AR-Gɑo activation.  Specifically, mutant D137Y bound active Gɑo, 

whereas mutants S127P, R173H and R173P all failed to bind Gɑo (Fig. 2.3K).  In 

summary, 3 of the 4 somatic mutations found in tolerant and intolerant residues of RGS14 

as defined by 3DMTR behaved as predicted. 
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Figure 2.3. Assessment of functional impact of rgs14 somatic mutations on gpcr-g protein 

activation and g protein Binding.  

(A) Schematic representation of kinetic BRET experiments. HEK 293 cells were transfected with 

200 ng of α2A‐AR, 200 ng of Venus‐Gβ1  200 ng of Venus‐Gγ2, 200ng of mas‐GRK3ct‐Luc, 
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1000 ng of mutant Gαo (PTX insensitive), and 0 or 200ng of WT Flag-RGS or 200ng of Flag 

tagged RGS mutant. (B) Structural view of selected mutated tolerant (red) and intolerant (blue) 

residues in RGS14. Average whole traces of BRET signal over time (n = 3) are shown comparing 

WT and somatic mutations. 3DMTR identified residues that led to loss of function are tolerant 

residues Flag-S127P (C), and intolerant mutated residues Flag-R173C (G) and Flag-R173H (I). 

Tolerant residue Flag-D137Y (E) did not lead to change of function. BRET amplitude observed at 

100s was compared between 0ng RGS14, 200ng WT RGS14, and mutants Flag-S127P (D), Flag-

D137Y (F), Flag-R173C (H), and Flag-R173H (J).  Error bars represent mean +/- S.D. Statistical 

analysis was performed using one-way ANOVA with Dunnett’s test (**P < 0.005).  (K) Co-

immunoprecipitation studies show that RGS14 mutants S127P, R173C and R173H blocked 

binding to Gαo-AlF4. 
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 RGS10 is also part of the R12 subfamily, however, it is one of the smallest proteins 

in the RGS family and shares only a single conserved RGS domain in common with 

RGS14 and RGS12.  Next, we examined the effects of selected somatic mutations on 

RGS10 functions using the same assay systems as described above (Fig. 2.4). In the 

case of RGS10, two somatic mutations were tested which were scored by 3DMTR as 

either tolerant (S64T) (Fig. 2.4C-2.4D) or intolerant (K89M) (Fig. 2.4E-2.4F). Wild type 

RGS10 and mutant proteins expressed well in HEK293 cells (Supp. Fig. 2.4B). The 

relative position of these residues within the RGS domain structure are shown in Fig. 2.4A 

highlighted as either red (tolerant) and blue (intolerant).  Somatic mutations within the 

tolerant/intolerant residues of RGS10 exhibited phenotypes inconsistent with the 3DMTR 

prediction.  Substituting a Thr for tolerant residue Ser64 (S64T) resulted in a partial LoF 

shown as a reduction in some, but not all capacity to inhibit receptor activation of G protein 

(Fig. 2.4C-2.4D). In contrast, substituting a Met for Lys (K89M) had no effect on RGS10 

capacity to inhibit α2AR activation of Go (Fig. 2.4E-2.4F).  Examining these results more 

closely, we find that residue K89 is located on an alpha helix away from the Gɑɑ binding 

interface, while S64 is located within the binding interface (Fig. 2.4A). This could explain 

why mutations at these sites resulted in the observed phenotype, though opposite of what 

would be expected from the 3DMTR prediction. However, we cannot rule of the possibility 

that substitution mutations to intolerant residue K89 may lead to other change of function. 

We also measured direct RGS10 binding to active Gɑo (Fig. 2.4B). Results 

showed that the mutant phenotypes matched the functional readouts for RGS10 

regulation of receptor G activation.   That is, mutant K89M bound active Gɑo whereas 

mutant S64T did not.  The fact that S64T showed some capacity to inhibit receptor-G 
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activation but did not bind Gɑo in the pull-down assay may reflect reduced affinity of this 

mutation for binding Gɑ.  In summary, neither of the two somatic mutations found in 

tolerant and intolerant residues of RGS10 as defined by 3DMTR behaved as predicted in 

this assay.  
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Figure 2.4. Assessment of functional impact of RGS10 somatic mutations on GPCR-G 

protein activation and G protein binding.  

(A) Structural view of selected mutated tolerant (red) and intolerant (blue) residues in RGS10. (B) 

Co-immunoprecipitation studies show that mutants K89M bound to Go-AlF4- while S64T blocked 

binding. Average whole traces of BRET signal over time (n = 3) are shown comparing WT and 

3DMTR somatic mutations in identified tolerant residue Flag-S64T (C) and intolerant residues 

Flag-K89M (E). BRET amplitude observed from data presented for Flag-S64T (D) and Flag-K89M 

comparison (F).  Tolerant residue Flag-S64T (C-D) led to change of function while intolerant Flag-

K89M (E-F) did not change. Error bars represent mean +/- S.D. Statistical analysis was performed 

using one-way ANOVA with Dunnett’s test (**P < 0.005).  
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RGS4 belongs to the B/R4 subfamily of RGS proteins,  it is a small structure 

composed of only the RGS domain and has been linked to many cancers by regulating 

cell proliferation and apoptosis (He et al., 2019; Park et al., 2017; Xue et al., 2017). It has 

also been associated with enhanced glioma cell motility, thyroid carcinoma, and ovarian 

cancer (Hurst and Hooks, 2009; Hurst et al., 2009; Nikolova et al., 2008; Tatenhorst et 

al., 2004). RGS4 has been linked to reduced protein expression in metastatic tumors in 

breast cancer migration (Xie et al., 2009), suggesting that RGS4 enhancement can 

potentially block invasion (Sjogren, 2011). The relative position of selected somatic 

mutations on RGS4 are shown in Fig. 2.5A highlighted as either red (tolerant) and blue 

(intolerant).  As with RGS14 and RGS10, we measured the effects of RGS4 on ɑ2AR-

directed Gɑo activation and direct RGS binding to Gɑo in cell lysates. For RGS4, three 

somatic mutations were tested which were scored by 3DMTR as either intolerant (K125Q 

and E126K) (Fig. 2.5C-2.5F) or tolerant (E135K) (Fig. 2.5G-2.5H). Unlike RGS14 and 

RGS10, wild type RGS4 failed to completely inhibit ɑ2AR-directed Gɑo activation, as 

we’ve reported before (Brown et al., 2016a). RGS4 inhibited Gɑo activation by 

approximately 75%.  Intolerant mutants K125Q and E126K of RGS4 each exhibit partial 

loss-of-function phenotypes (Fig. 2.5C-2.5F), largely failing to inhibit Gɑo activation, 

whereas tolerant mutation E135K (Fig. 2.5G-2.5H) behaved as wild type RGS4.  

We next examined the effects of somatic mutations on RGS4 capacity to bind 

directly to Gɑo (Fig. 2.5B). Mutants K125Q and E135K each bound active Gɑo, whereas 

mutant E126K did not bind.  Intolerant mutant K125Q unexpectedly bound Gɑo.  It should 

be noted that the LoF effects observed for K125Q mutation (Fig. 2.5D) are only partial, 

and that the protein may be able to bind without fully exerting GAP effects on Gɑo.  RGS4 
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mutant E126K protein levels may be low in the cells (Supp. Fig. 2.4C), but sufficiently 

high enough to exert GAP effects of Gɑo.   
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FIGURE 2.5. Assessment of functional impact of RGS4 somatic mutations on GPCR-G 
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protein activation and G protein binding. (A) Structural view of selected mutated tolerant (red) 

and intolerant (blue) residues in RGS4. (B) Co-immunoprecipitation studies show that RGS4 WT, 

K125Q and E135K mutants bound Gɑo-AlF4-.  Average whole traces of BRET signal over time 

(n = 3) are shown comparing WT and 3DMTR identified tolerant and intolerant residues HA-

K125Q (C), HA-E126K (E) and HA-E135K (F). BRET amplitude at 100s observed from data 

presented for HA-K125Q (D), HA-E126K (F) and HA-E135K (G) comparison. Intolerant mutants 

HA-K125Q (C-D), HA-E126K (E-F) led to loss of function phenotypes while tolerant HA-E135K 

(G-H) did not. Error bars represent mean +/- S.D. Statistical analysis was performed using one-

way ANOVA with Dunnett’s test (***P<0.0005, **P < 0.005,  *P<0.05).  
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The impact of somatic mutations on RGS protein regulation of intracellular cAMP 

levels  

 Findings to this point examined the impact of cancer somatic mutations on RGS 

protein regulation of receptor-directed G protein activation and G protein binding. The 

second messenger cAMP (3’-5’-cyclic adenosine monophosphate) is ubiquitously 

expressed and regulates cell proliferation and differentiation via PKA/Epac1 activation 

(Vitale et al., 2009). The cAMP-PKA signaling pathway has been linked to play roles in 

tumor biology. For example, in glioblastoma, increasing levels of cAMP inhibit cell growth 

by upregulating p21/p27 and PKA/Epac1-Rap1 signaling (Chen et al., 1998; Chen et al., 

2002; Moon et al., 2012; Zhang et al., 2020). We next tested the effects of the cancer 

somatic mutations in key residues of RGS proteins downstream of G protein activation. 

For this, we examined the functions of cancer mutations of either a tolerant or an intolerant 

residue for each RGS protein (R173C and D137Y for RGS14, S64T and K89M for 

RGS10, and E126K and E135K for RGS4) in Gɑi/o-inhibition of adenylyl cyclase 

stimulated cAMP accumulation (Fig. 2.6). The accumulation of cAMP in live cells was 

measured using the Luciferase-based GloSensor assay (Fig. 2.6A).  Studies have shown 

RGS4 to regulate receptor and G protein-directed inhibition of AC (Huang et al., 1997), 

and RGS4 and RGS10 to inhibit forskolin stimulated cAMP production in CHOK1 cells 

stably expressing 5-HT1A receptor(Ghavami et al., 2004). However, the effect of RGS14, 

RGS10 and RGS4 effect on cAMP levels in cells expressing ɑ2AR has not been explored. 

To measure RGS effects on receptor-Gɑi/o inhibition of  cellular cAMP, cells were 

stimulated first with ɑ2AR-Gɑi/o coupled agonist (100uM UK 14,304) or vehicle (DMSO), 

followed by forskolin (10uM FSK) to stimulate adenylyl cyclase (AC) production of cAMP 
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(Fig. 2.6B).  Of note, ɑ2AR has been shown to couple to both Gs and Gɑi/o in HEK cells 

(Wade et al., 1999). However, under the chosen experimental conditions, α2AR-Gi/o 

coupling appears to dominate.  That is, agonist activation of α2AR-Gɑi/o significantly 

inhibited FSK-stimulated cAMP accumulation when compared to vehicle (Fig. 2.6C), 

indicating that FSK activation overrides any Gɑs contribution to cAMP formation.   In each 

case, wild type RGS14, RGS10 and RGS4 reversed agonist-receptor-G protein inhibition 

of cAMP formation (Fig. 2.6D-2.6F), with RGS14 being more effective than RGS10 and 

RGS4. Intolerant mutant R173C in RGS14 lost capacity to reverse G protein inhibition of 

cAMP, whereas tolerant mutant D137Y showed a robust capacity to enhance cAMP 

accumulation (Fig. 2.6D).  Interestingly, tolerant mutation S64T in RGS10 acted like WT 

RGS10, opposite to the effects in receptor-directed G protein activation and G protein 

binding (Fig. 2.4B-2.4D ), while intolerant mutant K89M showed a robust capacity to 

enhance cAMP accumulation (Fig. 2.6E).  Intolerant mutant E126K in RGS4 lost the 

capacity to reverse G-protein inhibition of cAMP, while tolerant mutant E135K acted like 

RGS4 WT (Fig. 2.6F). The same trends were observed here as was for receptor-directed 

G protein activation and G protein binding (Fig. 2.5B and 2.5E-2.5H).  
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Figure 2.6. Assessment of functional impact of wild type vs mutant forms of RGS14, RGS10 

and RGS4 on α2AR -G protein directed inhibition of cAMP levels. HEK293 cells were 

transfected with constructs encoding gloSensor cAMP reporter, α2AR, and RGS proteins of 

interest. At time 0, cells were treated with vehicle (◇ DMSO) or agonist (● 100M of UK 14,304). 

After a 10 min incubation at RT, cells were stimulated with FSK (10M). Luminescence intensity 

indicative of cAMP production was measured every 5 minutes for up to 50 minutes at room 
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temperature. Values shown in each time-course panel are means of triplicates from individual 

experiments, representative of 3-4 independent experiments. Data shown as +/- SD, n=3-4 

independent experiments represent the relative luminescence intensity AUC (Area under the 

curve). (A) Schematic representation of the gloSensor.cAMP reporter, and (B) schematic 

representation of the assay design. (C) In the absence of RGS proteins, FSK alone increases 

cAMP levels while agonist-Gɑi/o stimulation leads to a significant decrease in cAMP. Bar graph 

shows comparative data values of AUC. (D) RGS14 WT compared to mutants resulted in 

significantly different cAMP levels over time.  Bar graph shows comparative data values of AUC.  

(E) Comparison between RGS10 and mutants did not lead to any significant differences. Bar 

graph shows comparative data values of AUC.  (F) Comparison between RGS4 and mutants did 

not lead to any significant differences.  Bar graph shows comparative data values of AUC. 

Statistical analysis was performed measuring the AUC, using unpaired t test for C, and one-way 

ANOVA and Dunnett’s multiple comparison test for D-F (*p<0.05, **p<0.005).   
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Several studies have identified RGS proteins to be regulators of adenylyl cyclase 

(AC) activity. RGS2 decreases accumulation of cAMP by directly interacting with type V 

AC (Roy et al., 2006; Salim et al., 2003), and RGS4 and RGS10 inhibited G-protein-

independent cAMP production in CHOK1 cells  (Ghavami et al., 2004). However, the 

actions of RGS14 on AC activity has not been explored. Therefore, we next examined the 

effect of RGS proteins on forskolin-stimulated cAMP production directly, in the absence 

of agonist-activated ɑ2AR-G protein contributions  (Fig. 2.7A). Results for WT RGS14, 

RGS10 and RGS4 (Fig. 2.7B-2.7D) did not show an inhibition of FSK-stimulated cAMP 

levels in HEK293 cells transfected with α2AR without agonist stimulation. Tolerant mutant 

D137Y in RGS14 showed a robust increase in cAMP levels in the absence of agonist-

stimulated Gi/o-coupled receptor (Fig. 2.7B). Interestingly, tolerant mutant S64T in 

RGS10 showed an increase in cAMP levels when compared to WT RGS10 that had no 

effect (Fig. 2.7C). This trend is the opposite of the results shown in the previous assay of 

RGS10 mutant effects on receptor inhibition of cAMP (Fig. 2.6E). Mutations in E126K and 

E135K of RGS4 showed similar results to the effects shown for WT RGS4 (Fig. 2.6F).  



 68 

 

FIGURE 2.7. Assessment of the Functional Impact of Wild Type vs Mutant Forms of RGS14, 

RGS10 and RGS4 on FSK-Stimulated cAMP Production by Adenylyl Cyclase (AC). HEK293 

cells were transfected with constructs encoding gloSensor cAMP reporter, 2A-AR, and RGS 

proteins of interest. At time 0, cells were treated with vehicle (DMSO) and after a 10 min incubation 

at RT, cells were stimulated with FSK (10M). Luminescence intensity indicative of cAMP 

production was measured every 5 minutes for 50 minutes at room temperature. Values shown in 
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each time-course panel are means of triplicates from individual experiments, representative of 3-

4 independent experiments. Data shown as +/- SD, n=3-4 independent experiments represent 

the relative luminescence intensity AUC. (A) Schematic representation of the assay measuring 

the effects of RGS proteins in AC stimulated cAMP. (B) RGS14-D137Y led to a  significant 

increase in AC stimulated cAMP levels compared to WT and other mutants. Bar graph shows 

comparative data values of AUC.  (C) RGS10-S64T led to a  significant increase in AC stimulated 

cAMP levels compared to WT and other mutants. Bar graph shows comparative data values of 

AUC.  (D) There was no significant difference between RGS4 WT and mutants. Bar graph shows 

comparative data values of AUC. Statistical analysis was performed measuring the AUC and 

analyzing the difference between the conditions using one-way ANOVA and Dunnett’s multiple 

comparison test (*p<0.05). 
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2.5 DISCUSSION   

3DMTR analysis is a more accurate predictor than 1DMTR 

In the present study, we performed a functional assessment of the predictive 

capabilities of the novel 3DMTR analysis applied to RGS proteins.  The MTR method 

analyzes the regional intolerance to mutations in proteins of interest (Traynelis et al., 

2017). Recent efforts have refined this tool and improved its predictive qualities (Perszyk 

et al., 2021).  Using the 3D protein structure allows for a more refined and accurate 

prediction of important protein regions as it is common for non-adjacent segments of the 

polypeptide chain to come together in the tertiary and quaternary structure of a protein. 

We were able to identify important residues that show intolerance to genetic variance in 

most RGS domains of the RGS analogs that had a reported protein structure (Supp. Fig. 

2.1-2.2).  Our results show that the 3DMTR analysis is a more accurate predictor of 

regional intolerance when compared to its 1DMTR (Table 2.2). When we compared 

against the predictive qualities of other bioinformatic tools (SIFT, PROVEAN, MutPRED2; 

Supp. Table 2.2), 3DMTR was the most accurate at predicting intolerant residues of the 

protein that, if mutated, would lead to deleterious effects and change-of-function 

phenotypes. All nine selected residues in RGS14, RGS10 and RSG4  were predicted to 

be tolerant to change by the 1DMTR, while the 3DMTR predicted five of nine to be 

intolerant to change. The 3DMTR identified intolerant and tolerant mutated residues 

affected in GPCR-G protein activation and G protein binding. For RGS14,  three of four, 

and three of three for RGS4 matched the 3DMTR-permutaiton analysis predictions. 

RGS10 mutants gave results that were opposite of expected in GPCR-G protein 

activation and G protein binding assessments.  
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TABLE 2.2. The 3DMTR analysis is a better predictor of key protein residues for 

functional impact of somatic mutations than 1DMTR. Here we summarize the results of the 

multiple functional assessments done to characterize the effects of the reported mutations. 

Overall, the 3DMTR analysis is a better predictor of intolerant protein regions than 1DMTR. With 

this information we can better predict which reported mutations will lead to a loss of function 

phenotype.  
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While greatly improved over the 1DMTR, the 3DMTR analysis was not perfect in it 

is predictive power, with discrepancies noted after some functional assessments.  The 

function of an RGS protein in GPCR-G protein activation and G protein binding is 

dependent on residue selectivity (Xie and Palmer, 2007). When the mutations examined 

here were tested downstream of the GPCR for RGS14 and RGS4 (e.g., cAMP 

accumulation), the intolerant and tolerant mutants behaved as expected in most, but not 

all cases.  For example, the tolerant residue D137Y in RGS14 presented as tolerant in 

the Gα coupling assay, but showed an unexpected enhanced gain-of-function effect in 

the cAMP assay. Another example of a mutant with a conflicting phenotype was intolerant 

residue K89M in RGS10.  We found that K89M was tolerant and behaved as wild type 

protein in the G protein coupling assay but exhibited altered function in the assessment 

of inhibition of Gαi/o-inhibition of cAMP levels causing an enhanced activity.  In both 

cases, the cAMP assay measures adenylyl cyclase (AC) activity, and it should be noted 

that some RGS proteins bind directly to certain AC isoforms to stimulate their activity (Roy 

et al., 2006; Salim et al., 2003). In this case, tolerant D137Y RGS14 mutant and intolerant 

K89M RGS10 mutants could interact directly with AC, or the AC-Gα complex, to stimulate 

AC enzyme activity. Consistent with this idea, our findings in Figure 2.7 indicate enhanced 

AC activity with these mutants in the absence of receptor agonist.  Alternatively, the 

functional assessment of these assays relies on the network of residues that make direct 

contact with the active Gα. The intolerant K89M mutation is found away from the binding 

site in RGS10, and this could explain why it did not lead to an altered loss-of-function 

phenotype in G protein coupling but did exhibit a phenotype in the cAMP assay.   As a 

tangential side note, RGS actions on AC have not been extensively studied. Our 
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observations of RGS mutant effects on forskolin-stimulated AC raises the question of 

whether RGS proteins in general regulate AC differently with forskolin vs GPCR-Gs-

activation, a topic for future study.  

Despite these examples, the 3DMTR was a good overall predictor of intolerant 

residues that resulted in a change-of-function.   The 3DMTR results need to be placed in 

perspective compared with other available tools, that are demonstrably less accurate 

predictors of change-of-function.  For example, and as noted above, the COSMIC-

FATHMM-MKL algorithm inexplicably designated silent mutations in residues N93, A99 

and R173 of RGS14 to be pathogenic which, of course, is not possible at the protein level.   

In the future, the 3DMTR may also develop into a more precise tool.  Specifically, as the 

Genome Aggregation Database (gnomAD) source data for the method collects more 

human synonymous and missense variant information, the analysis may be more 

accurate and/or require fewer residues to aggregate data that may lead to improved 

predictive potential. 

 

 RGS proteins in cancer and the impact of linked mutations in signaling pathways 

Roles for RGS proteins in GPCR-G protein signaling in human cancer have not 

been extensively studied, though genetic variants in RGS proteins linked to cancer have 

been reported (Dai et al., 2011; DiGiacomo et al., 2020; Lee et al., 2013a; Qutob et al., 

2018). GPCRs have been shown to play a role in the initiation and progression of cancer, 

suggesting that regulators of GPCRs are also important in regulating oncogenic 

pathways. However, the specific roles of RGS proteins in regulating oncogenic pathways 

are still being studied.  
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In this study, we examined cancer associated mutations in RGS proteins that 

overlap with the significant residues identified by 3DMTR analysis. Of note, most cancer-

linked mutations in RGS proteins have not been tested, except for a recent report 

(DiGiacomo et al., 2020). Here we tested nine cancer-linked mutations across three 

different RGS proteins for their functional phenotypes.  These nine mutants were tested 

because they overlapped with residues predicted by 3DMTR to be either tolerant or 

intolerant to change and were predicted by the FATHMM analysis to have deleterious 

effect in protein function.  These cancer-linked mutations were tested for their capacity to 

impact GPCR-G protein signaling. GPCR signaling can be altered by aberrant receptor 

overexpression, gain-of-function activating receptor, or mutations in downstream G 

protein signaling effectors, like RGS proteins, that favor oncogenicity (Gutkind, 1998). A 

recent study has identified 475 mutations reported in the RGS domain of RGS proteins 

present in 22 cancer types (DiGiacomo et al., 2020). We explored the functional effects 

that cancer associated mutants have in regulating RGS-G protein activation and 

downstream effector signaling. Eight out of the nine tested mutants led to a change-of-

function phenotype. Tightly regulated GPCR-G protein-RGS signaling pathways control 

many important physiological events. GPCRs show selectivity to Gα-subtypes as well as 

RGS proteins (Xie and Palmer, 2007), and activate/regulate specific downstream second 

messenger signaling pathways (e.g. cAMP) to mediate cell migration and survival 

(O'Hayre et al., 2014). Mutations in RGS proteins can lead to GPCR signaling 

dysregulation, which has been linked to roles in certain cancers (Arang and Gutkind, 

2020; DiGiacomo et al., 2020). Loss-of-function mutations in RGS proteins, like RGS14-

R173C/H and RGS4-E126K/K125Q, could increase G protein activity serving to promote 
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tumor growth mechanisms (Nishihara et al., 2004).  Likewise, RGS genetic variations also 

could be associated with patient response to chemotherapies that specifically target 

GPCRs (Dai et al., 2011).  

Recent advances in genome technology have allowed for a better understanding 

of the contribution of intolerant genetic variants in cancer pathogenesis.  This, in turn, has 

allowed for improved diagnosis, and improved selection of cancer treatments in 

personalized medicine.  Tools such as the novel 3DMTR analysis could enable 

biomedical researchers to prioritize which mutations/residues should be tested first for 

studying change-of-function phenotypes. Examples of this approach in other disease 

states such as idiopathic epilepsy have yielded remarkably promising results (Epi, 2015; 

Perszyk et al., 2021). Because bioinformatic tools are not perfect, the major challenge will 

be to make biological sense of data from large publicly available disease-linked genetic 

data bases and computational analysis. Our small-scale project is an example of how 

using the correct bioinformatic tools and testing that tool’s predictive capabilities can 

elucidate the role of understudied genetic variants in RGS and other proteins in cancer 

disease progression. 
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2.6 SUPPLEMENTAL INFORMATION  

 

Supplemental Figure 2.1.Raster plot of all RGS proteins with available crystal structure.  

The first row in each raster plot shows results from 1DMTR based on 31 neighboring residues in 

the liner sequence.  Second row shows 3DMTR based on the 31 closest neighboring residues in 

3D space. Third row shows 3DMTR based on the 21 closest neighboring residues. Fourth row 

shows significant residues based on the permutation analysis.  Blue lines represent significantly 
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(P<0.5) significant residues. Bottom blue cylinder represents the RGS domain of each protein 

with extreme N-terminal and C-terminal residues numbered.  
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Supplemental Figure 2.2. Raster plot of RGS proteins in complex with active forms of their 

Gα partners. The MTR results were calculated using the RGS 3D structure that is found in 

complex with G alpha subunit. See Legend of Fig S1 for details. First row in the raster plot shows 

results from 1DMTR followed in the second row  showing 3DMTR based on the 31 neighboring 

residues. Third row shows 3DMTR based on the 21 neighboring residues. Fourth row shows 

significant residues based on the permutation analysis (P<0.5). Bottom blue cylinder represents 

the RGS domain of each protein.  
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RGS 
protein 

PDB Deposition Authors PMID Link 

RGS1 2BV1 Elkins, J.M., Yang, X., Soundararajan, 
M., et. al. 

18434541 https://www.rcsb.org/structure/2BV1 

RGS2 2AF0 Papagrigoriou, E., Johannson, C., 
Phillips, C., et. al. 

18434541 https://www.rcsb.org/structure/2AF0 

RGS3 2OJ4 Rezabkova, L., Boura, E., Herman, P., 
et. al. 

20347994 https://www.rcsb.org/structure/2OJ4 

RGS4 1AGR Tesmer, J.J., Berman, D.M., Gilman, 
A.G., Sprang, S.R. 

9108480 https://www.rcsb.org/structure/1AGR 

RGS5 2CRP Zhang, H.P., Hayashi, F., Yokoyama, 
S. 

- https://www.rcsb.org/structure/2CRP 

RGS6 2ES0 Schoch, G.A., Phillips, C., Turnbull, A., 
et. al. 

18434541 https://www.rcsb.org/structure/2ES0 

RGS7 2D9J Zhang, H.P., Nagasima, T., Hayashi, 
F., et. al. 

- https://www.rcsb.org/structure/2D9J 

RGS8 2IHD Turnbull, A.P., Papagrigoriou, 
E., Ugochukwu, E., et. al. 

18434541 https://www.rcsb.org/structure/2ihd 

RGS9 1FQI Slep, K.C., Kercher, M.A., He, 
W., Cowan, C.W., Wensel, 
T.G., Sigler, P.B. 

11234020 https://www.rcsb.org/structure/1FQI 

RGS10 2DLR Zhang, H.P., Nagashima, T., Hayashi, 
F., Yokoyama, S., RIKEN Structural 
Genomics/Proteomics Initiative (RSGI) 

- https://www.rcsb.org/structure/2DLR 

RGS12 2EBZ Zhang, H.P., Hayashi, F., Yokoyama, 
S., RIKEN Structural 
Genomics/Proteomics Initiative (RSGI) 

- https://www.rcsb.org/structure/2EBZ 

RGS14 2JNU Dowler, E.F., Diehl, A., Bray, J., et. al. 18434541 https://www.rcsb.org/structure/2JNU 

RGS16 2BT2 Bunkoczi, G., Haroniti, A., Longman, 
E., et. al. 

18434541 https://www.rcsb.org/structure/2BT2 

RGS17 1ZV4 Schoch, G.A., Jansson, A., Elkins, 
J.M., et. al. 

18434541 https://www.rcsb.org/structure/1ZV4 

RGS18 2OWI Higman, V.A., Leidert, M., Bray, J., et. 
al. 

18434541 https://www.rcsb.org/structure/2OWI 

RGS1 
+ Gai1 

2GTP Soundararajan, M., Turnbull, 
A.P., Ugochukwu, E., et. al. 

18434541 https://www.rcsb.org/structure/2GTP 

RGS4 
+ Gai1 

1AGR Tesmer, J.J., Berman, D.M., Gilman, 
A.G., Sprang, S.R. 

9108480 https://www.rcsb.org/structure/1AGR 

RGS10 
+ Gai3 

2IHB Soundararajan, M., Turnbull, 
A.P., Papagrigoriou, E., et. al. 

18434541 https://www.rcsb.org/structure/2IHB 

RGS16 
+ Gai1 

2IK8 Soundararajan, M., Turnbull, 
A.P., Papagrigoriou, E., et. al. 

18434541 https://www.rcsb.org/structure/2IK8 

 

Supplemental Table 2.1. 3D structure information for analyzed RGS proteins. Protein Data 

Bank (PDB) information are shown for the 3D structures used in the analysis. In addition, the list 

https://www.rcsb.org/structure/2BV1
https://www.rcsb.org/structure/2AF0
https://www.rcsb.org/structure/2OJ4
https://www.rcsb.org/structure/1AGR
https://www.rcsb.org/structure/2CRP
https://www.rcsb.org/structure/2ES0
https://www.rcsb.org/structure/2D9J
https://www.rcsb.org/structure/2ihd
https://www.rcsb.org/structure/1FQI
https://www.rcsb.org/structure/2DLR
https://www.rcsb.org/structure/2EBZ
https://www.rcsb.org/structure/2JNU
https://www.rcsb.org/structure/2BT2
https://www.rcsb.org/structure/1ZV4
https://www.rcsb.org/structure/2OWI
https://www.rcsb.org/structure/2GTP
https://www.rcsb.org/structure/1AGR
https://www.rcsb.org/structure/2IHB
https://www.rcsb.org/structure/2IK8
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of authors who submitted the structure, the PMID where the structure was cited, and the link to 

the pdb database are shown.  
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Supplemental Figure 2.3. 3DMTR-permutation analysis comparing RGS4 and RGS10. 

Scatter plot of (A) RGS4 and (B) RGS10 3DMTR score (magenta line), permutation analysis score 

mean (black line), and the standard deviation of the permutation analysis (gray areas).  
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Supplemental Figure 2.4. RGS WT and mutant protein expression in HEK 293 cells used 

for Kinetic BRET. To confirm RGS14, RGS10 and RGS4 WT and mutant overexpression, 

immunoblot analysis was performed.  (A) Expression of RGS14 and mutants in cells used in 

Figure 3. (B) Expression of RGS10 and mutants in cells used in Figure 4. (C) Expression of RGS4 

and mutants in cells used in Figure 5.    
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Supplemental Table 2.2. Comparison of various bioinformatic tools for their predictive values for change-of-function in amino 

acids of RGS14, RGS10 and RGS4. Shown are all residues within the RGS domain of RGS14 (S2), RGS10 (S3), and RGS4 (S4) 

that were identified by 3DMTR analysis to be significant (≤ 0.5) and have reported overlapping cancer mutation. Comparison of the 

various bioinformatic tools is presented with the score and prediction given to each residue based on the tool’s algorithm. Publicly 

available variant prediction tools used in this analysis were SIFT (Sorting Intolerant From Tolerant; http://sift.jcvi.org; scores<0.05 are 

deleterious), FATHHM (Functional Analysis Through Hidden Markov Models; http://fathmm.biocompute.org.uk; scores >0.5 are 

deleterious, ≥ 0.7 pathigenic), PROVEAN (Protein Variation Effect Analyzer; http://provean.jcvi.org; scores  < -2.5 deleterious,score >-

2.5 neutral), MutPRED2 (Mutation Predictor; http://mutpred.mutdb.org; score >0.5 pathogenic). 

 
RGS14 Somatic Mutation Bioinformatic Tool Scores 

Res 
# 

Res 
L 

Mutation 
Type 

AA 
mutation 

Tissue 
Histology SIFT  FATHMM  1DMTR  3DMTR  PROVEAN   MutPRED2  

81 F    1.00 0.09 0.83 0.49   

93 N N= Coding 
Silent 

Large Intestine 
Carcinoma 0.07  0.67 0.49   

94 V M Missense    0.62 0.63 -1.68  

98 K    0.00  0.65 0.51   

99 A P   1.00 0.29 0.59 0.62 -4.08  

99 A A= Coding 
Silent 

Skin 
Carcinoma 0.01      

http://sift.jcvi.org/
http://fathmm.biocompute.org.uk/
http://provean.jcvi.org/
http://mutpred.mutdb.org/
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RGS14 Somatic Mutation Bioinformatic Tool Scores 

Res 
# 

Res 
L 

Mutation 
Type 

AA 
mutation 

Tissue 
Histology SIFT  FATHMM  1DMTR  3DMTR  PROVEAN   MutPRED2  

10
5 Q 

E   0.03  0.67 0.66 -0.52  

R   0.23    -0.46  

12
7 S 

C   0.02 0.91 1.04 1.03   

P Missense 

Gastroesoph
ageal 

junction 
Carcinoma 

0.00 0.97   -3.54 0.78 

13
7 D Y Missense Prostate 

Carcinoma 0.00 0.96 1.08 0.93 -7.70 0.92 

16
8 F      1.07 0.55   

17
0 S R Missense 

Large 
Intestine 

Carcinoma 
  1.09 0.32   

17
1 Y      1.04 0.46   

17
2 A    0.00 0.81 0.99 0.36   

17
3 R 

C Missense 
Large 

Intestine 
Carcinoma 

0.00 0.97 0.92 0.50 -7.31 0.72 

H Missense 
Large 

Intestine 
Carcinoma 

1.00 0.74   -4.57 0.60 
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RGS14 Somatic Mutation Bioinformatic Tool Scores 

Res 
# 

Res 
L 

Mutation 
Type 

AA 
mutation 

Tissue 
Histology SIFT  FATHMM  1DMTR  3DMTR  PROVEAN   MutPRED2  

R= Coding 
Silent 

Large 
Intestine 

Carcinoma 
      

17
4 F      0.92 0.44   

17
6 K      0.90 0.48   

 
RGS10 Somatic Mutation  Bioinformatic Tool Scores 

Res #  Res L Mutation Type AA mutation Tissue Histology SIFT FATHMM 1DMTR 3DMTR PROVEAN MutPRED2 

64 S Missense T Lung Carcinoma 0.01 0.96 0.85 0.91 -2.67 0.75 

73 A Coding Silent A= Lung Carcinoma 1.00 0.02 0.86 0.41     

89 K Missense M Thyroid Carcinoma 0.00 0.84 0.69 0.48 -3.37 0.48 

92 E           0.65 0.42     

93 I           0.70 0.31     

96 T           0.71 0.47     

97 F           0.68 0.32     

127 F           0.85 0.42     
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RGS4 Somatic Mutation  Bioinformatic Tool Scores 

Res #  Res L Mutation Type AA mutation Tissue Histology SIFT FATHMM  1DMTR  3DMTR  PROVEAN MutPRED2 

87 E Missense D Large Intestine 
Carcinoma 0.00 0.83 0.89 0.70 -2.8 0.78 

88 N           0.89 0.65     

89 I Missense N Thyroid 
Carcinoma 0.00 0.95 0.87 0.68 -5.12 0.85 

91 F           0.80 0.61     

92 W Missense C Kidney 
Carcinoma 0.00 0.97 0.82 0.64 -11.65 0.95 

113 K Frameshift Rfs*15 

Large Intestine 
Carcinoma, Soft 

tissue 
haemagiolastoma 

    0.57 0.56     

    Missense N Endometrium 
Carcinoma 0.39 0.98         

114 I           0.58 0.67     

117 E           0.58 0.37     

118 F Coding silent F= Skin Malignant 
Melanoma 1.00 0.94 0.58 0.41     

122 Q Missense H Breast Carcinoma 0.07 0.94 0.83 0.71 -3.21 0.38 

123 A Missense T Stomach 
Carcinoma 0.01 0.95 0.88 0.56 -3.02 0.51 
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RGS4 Somatic Mutation  Bioinformatic Tool Scores 

Res #  Res L Mutation Type AA mutation Tissue Histology SIFT FATHMM  1DMTR  3DMTR  PROVEAN MutPRED2 

    Missense E Breast Carcinoma 0.00 0.99       0.73 

124 T           0.95 0.41     

125 K Missense Q Lung Carcinoma 0.01 0.97 0.94 0.49 -2.68 0.47 

    Coding silent K= Lung Carcinoma 1.00 0.99         

126 E Missense K Skin malignant 
melanoma 0.00 1.00 0.99 0.42 -3.87 0.87 

127 V Coding silent V= 

NS Malignant 
melanoma, 

Salivary gland 
carcinoma 

1.00 0.77 0.99 0.49     

135 E Missense K 

Skun Carcinoma, 
Skin Malgnant 

Melanoma, Upper 
aerodigestive 

tract carcinoma 

0.01 1.00 1.22 1.14 -3.46 0.62 
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CHAPTER 3:  HUMAN RGS14 AND NHERF1 REGULATE PTH1R-G PROTEIN 
SIGNALING EVENTS LINKED TO PHOSPHATE UPTAKE IN KIDNEY  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
This chapter has been assembled in part from the published manuscript: 
Friedman PA, Sneddon WB, Mamonova T, Montanez-Miranda C, Ramineni S, Harbin 
NH, Squires KE, Gefter JV, Magyar CE, Emlet DR, Hepler JR (2022). RGS14 regulates 
PTH- and FGF23-sensitive NPT2A-mediated renal phosphate uptake via binding to 
the NHERF1 scaffolding protein. J Biol Chem. PMID: 35307350 
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3.1 ABSTRACT 

Regulator of G Protein Signaling 14 is a multifunctional scaffolding protein that 

integrates G protein, MAPK, and Ca++/CaM signaling pathways. Multiple GWAS studies 

have implicated RGS14 with Chronic Kidney Disease and disordered phosphate 

metabolism. How RGS14 impacts kidney function and phosphate homeostasis remains 

unexplored. Phosphate homeostasis is regulated by the kidney sodium/phosphate 

exchanger [NPT2A:NHERF1] complex, which mediates phosphate uptake in renal 

proximal tubule cells.  Parathyroid hormone (PTH) activation of the parathyroid hormone 

receptor 1 (PTH1R) blocks phosphate uptake.  Our recent studies (Friedman et al., 2022) 

show that RGS14 blocks PTH-sensitive phosphate uptake in renal cells.  How RGS14 

regulates PTHR1 signaling is unknown. Previous studies show that PTHR1 increases 

intracellular cAMP and calcium.  Here we show in HEK and Opossum Kidney (OK) cells 

that PTHR1 stimulates intracellular cAMP and calcium, and directly couples to Gαs but, 

surprisingly, not Gαq.  We find that RGS14 and NHERF1 block PTH-stimulated calcium, 

but not cAMP.  We also show that human RGS14 binds to NHERF1, suggesting that 

RGS14 and NHERF1 regulate PTHR1-G signaling. Ongoing studies focus on 

understanding how RGS14 impacts PTH1R-G binding to NHERF1 to affect PTH1R 

downstream signaling and phosphate metabolism in the kidney. 
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3.2 INTRODUCTION 

 Numerous GWAS studies implicate RGS14 in kidney diseases (Kestenbaum et al., 

2010; Long et al., 2018b; Mahajan et al., 2016; Robinson-Cohen et al., 2017; Urabe et 

al., 2012; Yasui et al., 2013), including disordered phosphate metabolism. The RGS14 

gene on human chromosome 5 is adjacent to SLC34A1 that encodes the NPT2A sodium-

phosphate cotransporter. RGS14 is an unusual multifunctional scaffolding protein that 

integrates G protein, MAPK, and Ca2+/CaM signaling pathways (Evans et al., 2015; Evans 

et al., 2018a). RGS14 actions are best understood in rodent brain, but much less is known 

about human RGS14. Human and rodent RGS14 share a common domain structure that 

includes an amino-terminal RGS domain that binds Gαi/o-GTP and acts as a GAP to limit 

G protein signaling (Cho et al., 2000c; Hollinger et al., 2001b); two tandem Ras/Rap-

binding domains (RBD) that bind active H-Ras and Rap2 (Shu et al., 2010; Traver et al., 

2000a; Willard et al., 2009); and a G protein regulator (GPR, also referred to as GoLoco) 

motif that binds inactive Gαi1/3 to anchor RGS14 at membranes (Shu et al., 2007b). 

Human, primate, and ovine RGS14 differ from the rodent protein in that they contain a 

carboxy-terminal Class I PDZ-recognition sequence.  

 Recent Genome Wide Association Studies (GWAS) have linked human variants in 

RGS14 to Chronic Kidney Disease (Chen et al., 2019; Long et al., 2018a; Mahajan et al., 

2016), specifically in disordered phosphate metabolism. Under basal conditions, 

phosphate uptake occurs through the NPT2A transporter bound to NHERF1 in proximal 

tubule kidney cells. Upon PTH (parathyroid hormone) stimulation of PTHR, downstream 

G protein signaling is activated leading to the activation of PKA or PKC, which 

phosphorylates NHERF1 and allows for dissociation from the transporter, which leads to 
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internalization of NPT2A blocking phosphate transport inside the cell. In a phosphate 

disordered metabolism model, either excess reabsorption of phosphate or excess 

excretion of phosphate occurs. However, how is RGS14 involved in this system? 

 Recent studies by our laboratory in collaboration with Peter Friedman (U Pittsburg 

School of Medicine) have described the interaction between RGS14 and NHERF1 and 

their role in kidney phosphate transport. RGS14 and NHERF1 colocalize and interact in 

human kidney cells and are recovered as a complex in coimmunoprecipitation assays 

(Friedman et al., 2022). RGS14 is endogenously expressed in proximal kidney cells and 

HPCT cell line, siRNA knockdown of RGS14 unmasks hormone sensitivity and restores 

PTH and FGF23 capacity to block NPT2A Pi uptake (Friedman et al., 2022). These results 

describe RGS14 to have a tonic inhibition role of PTH and FGF23 actions in human 

kidney. This apparent tonic inhibition strongly suggests that RGS14 is a tightly regulated 

on/off switch for PTH and FGF23 control of NPT2A-mediated Pi uptake(Friedman et al., 

2022). In addition, recent human variants have been identified in the DSAL PDZ 

recognition sequence of RGS14. Naturally occurring variants in D563 (D563G and 

D563N) and in A565 (A546S and A565V) effect on binding to NHERF1and PTH sensitive 

uptake were explored (Friedman et al., 2022). Co-immunoprecipitation experiments of 

NHERF1 binding to RGS14 showed that mutations in D563N affected binding to 

NHERF1. Phosphate transport studies in OK cells (NHERF1-null)  were transfected with 

WT RGS14 or RGS14 mutants and NHERF1. RGS14 variants D563N reversed the WT 

effects on blocking PTH inhibition of phosphate uptake.  

 This project focuses on understanding the actions of RGS14 downstream of hormone 

receptor signaling. PTH1R receptor is expressed in the apical and basolateral part of 
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renal proximal tubule cells (Weinman and Lederer, 2012). In the apical side of the cell, 

PTH1R exists as part of a complex that includes Npt2a, and NHERF1 (Gisler et al., 2001; 

Khundmiri et al., 2003). When PTH1R is bound to NHERF1 or NHERF2, the receptor 

signals through the PKC pathway, whereas in the absence of NHERF1 signaling is via 

cAMP/PKA pathway(Mahon et al., 2002). Studies by Friedman and colleagues have 

demonstrated NHERF1 regulates internalization and desensitization of the PTH1R and 

can also block desensitization by impairing binding between PTH1R and arrestin 

(Vilardaga et al., 2011). PTHR couples to Gαs to stimulate the production of cAMP and 

activate PKA which, in turn, phosphorylates NHERF1 to uncouple it from NPT2A (Deliot 

et al., 2005; Zhang et al., 2019; Zizak et al., 1999). PTHR also couples to Gαq/11 

(Schwindinger et al., 1998b; Wang et al., 2010). RGS14 binds directly to active Gαi/o and 

inactive Gαi1/3 but does not directly engage either Gαs or Gαq (Hollinger et al., 2001b; 

Vellano et al., 2011b). We sought to determine if RGS14 affects PTHR G protein coupling 

and second messenger signaling directly or by binding NHERF1. 
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3.3 MATERIALS AND METHODS 

Kinetic BRET  

 HEK293 cells were cultured in 1× Dulbeco’s modified Eagle’s medium without 

phenol red supplemented with 10% fetal bovine serum (5% for transfection medium), 2 

mM L-Gln, 100 units/mL penicillin, and 100 mg/mL streptomycin. HEK293 cells were 

maintained in a humidified incubator with 5% CO2 at 37 °C. Polyethyleneimine (PEI) was 

used to carry out transfections for BRET assays in HEK293 cells. JetOptimus was used 

to carry out transfections for CALFUX BRET in Opossum Kidney (OK) cells. Cells were 

seeded 8×105 in 2 mL of transfection medium per well in six-well plates. For PTHR Kinetic 

BRET, PTHR HEK293 cells were transfected with 200ng 3×HA-PTHR, 1000ng Gαs-EE 

(short, (cDNA.org GNA0SSEIC0), 200ng Venus‐Gβ1, 200ng Venus‐Gγ2, 200ng, mas‐

GRK3ct‐Luciferase, 200ng HA-NHERF1, and 200ng Human-FLAG RGS14. To monitor 

PTH1R G protein selectivity using a kinetic BRET assay, HEK293 cells were also 

transfected with 200ng 3×HA-PTHR, 200ng Venus‐Gβ1, 200ng Venus‐Gγ2, 200ng mas‐

GRK3ct‐Luciferase and 1000ng of either Gα subunit of interest: Gαs-EE (short), Gαq-EE, 

Gα11, Gα14, Gα16, Gαi1 and Gαi2.  To monitor intracellular concentrations of cAMP in 

live cells, we used the CAMYEL sensor (cAMP sensor using YFP-Epac-RLuc) as 

previously described (Jiang et al., 2007). HEK293 cells were transfected with 350 ng 

CAMYEL sensor, 500 ng 3×HA-PTHR, 250 ng HA-NHERF1 and 250 ng of human-FLAG 

RGS14.  

 Kinetic BRET experiments were performed as previously described (Brown et al., 

2016b). Forty-eight h following transfection, cells were resuspended in Tyrode's solution 

(140 mM NaCl, 5 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 0.37 mM NaH2PO4, 24 mM 
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NaHCO3, 10 mM HEPES, and 0.1% glucose, pH 7.4) and plated on white 96‐well 

Optiplates (Perkin Elmer Life Sciences, Waltham, MA). To confirm acceptor (YFP or Ven) 

expression, fluorescence measurements were made using the TriStar LB 941 plate 

reader (Berthold Technologies, Bad Wildbad, Germany) with 485‐nm excitation and 530‐

nm emission filters. After 5 min application of 5 μM coelenterazine H (Nanolight 

Technologies, Pinetop, AZ), kinetic BRET was monitored in live cells using sequential 

measurements through 485‐ and 530‐nm emission filters. BRET was recorded for 30 s 

with no stimulation to establish basal BRET. After basal BRET measurements, agonist 

PTH(1-34) (100 nM) was applied at 30 s. The change in BRET was calculated by dividing 

the mas‐GRK3ct‐Luc signal (530 nm) by the Ven‐Gβγ signal (485 nm) and subtracting 

the average BRET signal observed from the first 30 s of observation (basal BRET). For 

each experiment, a kinetic BRET control was performed. For PTHR kinetic BRET, cells 

were treated with vehicle (ddH2O) and any signal recorded in these controls was 

considered as noise and subtracted from experimental kinetic BRET recording. For cAMP 

BRET experiments, cells were treated with vehicle and the signal recorded in these 

controls was considered as noise and plotted. Data were collected using MikroWin 2010 

software (Mikrotek Laborsysteme GmbH, Overath, Germany) and analyzed using 

Microsoft Excel and GraphPad Prism 9.  

To measure intracellular concentrations of calcium in live cells, we used the 

calcium BRET sensor Calflux-VTN (CALcium FLUX composed of Venus, Troponin and 

NanoLuc, Addgene plasmid #83926) as previously described (Yang et al., 2016). HEK293 

cells were transfected with 100ng calflux-vtn BRET sensor, 250ng 3×HA-PTHR, 250ng 

HA-NHERF1 and 250ng of human-FLAG RGS14. To monitor calcium levels in a 
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physiologically relevant model, OK cells were transfected with 100ng calflux-vtn and plus 

or minus 250ng human-FLAG RGS14. Cells are transfected and kept in 5% FBS media 

for 48 hours. Next, cells are washed with 500uL of 5mM EDTA and incubated for 3 min 

to allow the cells to lift off the 6-well plate. Nano-luciferase substrate furimazine (Promega 

N2590) mix is made with BRET buffer and FBS (23.uL of BRET Buffer (Tryrode’s 

solution), 10uL FBS and 1uL of furimazine). Cells are treated with 10uM of furimazine 

(30uL from furimazine mix into each well). After cells are incubated in the 96-well plate 

with furimazine for 1-2hrs at 37C, kinetic BRET is monitored in live cells using sequential 

measurements through 485‐ and 530‐nm emission filters. BRET was recorded for 30 s 

with no stimulation to establish basal BRET. After basal BRET measurements, agonist 

PTH(1-34) (100 nM) was applied at 30 s. The change in BRET was calculated by dividing 

the nano-Luc signal (530 nm) by the Ven‐Gβγ signal (485 nm) and subtracting the 

average BRET signal observed from the first 30 s of observation (basal BRET).   

 
Analysis of immunoblots  

 Denatured HEK293 cell lysate samples in Laemmli Buffer were resolved on 13.5% 

SDS-PAGE, and samples were then transferred to nitrocellulose membranes. 

Membranes were blocked for 1 h at room temperature with 5% nonfat dried milk in Tris-

buffered saline plus Tween 20 (TBST) (blocking buffer) and incubated with the primary 

antibodies (polyclonal anti-FLAG at 1:1000, polyclonal anti-HA at 1:1000) in blocking 

buffer overnight at 4 °C. The membranes were washed four times for 10 min in TBST and 

then incubated with goat anti-rabbit IgG conjugated to horseradish peroxidase at a 1:5000 

dilution for 1 h at room temperature. Membranes were washed four times for 10 min in 
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TBST. Blots were developed using ECL and imaged using the ChemiDoc MP Imaging 

system (BioRad). 

 

Statistical analysis 

 Results were analyzed using Prism 9 software (GraphPad, La Jolla, CA). Data 

represent the mean ± SD or SEM as indicated of n ≥ 3 independent experiments and 

were compared by analysis of variance with post hoc testing using the Bonferonni 

procedure or paired t-test as appropriate. p values < 0.05 were considered statistically 

significant. 
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3.4 RESULTS 

PTH1R couples strongly to Gαs but no other G proteins in transfected HEK293 cells  

 We sought to determine if RGS14 affects PTHR G protein coupling and second 

messenger signaling directly or by binding NHERF1. Here, we applied live-cell BRET 

bimolecular fluorescence complementation assays with Ven-Gβ1γ2 and a mas-GRKct-

Luc biosensor to detect Gβγ release (Hollins et al., 2009; Hynes, 2011).  First, we focus 

on looking at PTH1R coupling with different G proteins. Studies have identified that 

PTH1R signals primarily through Gαs but can also signal via Gαq (Abou-Samra et al., 

1992), and Gα12/13(Singh et al., 2005). PTH1R has been shown to couple to Gαs and 

Gαq in C21 cells but not in C20 or HEK293 cells because coupling of G-proteins to 

PTHR/PTHrP is dependent on receptor density (Schwindinger et al., 1998a). To test 

PTH1R-G protein activation capabilities in HEK293 cells, we transfected HA-PTHR, Gβγ 

-Ven and mas-GRKct-Luc, and different Gα subunits (Gαs, Gαq, Gα11, Gα14, Gα16, 

Gαi1 and Gαi2). Upon PTH stimulation of PTH1R, results show that PTH1R couples 

strongly to Gαs but no other G proteins (Fig 3.1).  

 

RGS14 and NHERF1 do not affect PTHR-Gαs coupling or cAMP formation 

 Next, we focus on PTH1R-Gαs coupling and how does the presence of RGS14 alone 

or with NHERF1 affect signaling. HEK293 cells were transfected with PTH1R, Gαs, GBY-

Ven and GRK-Luc, and either NHERF1 alone or plus FLAG-RGS14 (Fig 3.2A). Upon PTH 

stimulation, presence of NHERF1 alone or in combination with RGS14 did not affect 

PTH1R-Gαs activation (Fig 3.2B). Consistent with this finding, RGS14 also did not alter 

PTH-triggered cAMP production. PTH stimulation of cAMP in cells transfected with the 
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cAMP BRET sensor CAMYEL, PTHR, and either FLAG-RGS14 alone or NHERF1 plus 

RGS14 was not significantly altered in the presence of either RGS14 or NHERF1 alone, 

or when the two proteins were added in combination (Fig. 3.2C).  

 

RGS14 and NHERF1 do not affect PTHR-Gαq coupling but do affect calcium levels 

 In osteosarcoma-derived osteoblast-like cells treated with PTH lead to the activation 

of Gαq/11 signaling (Abou-Samra et al., 1992). In HEK293 cells, we do not see PTH 

activation of Gαq/11 (Fig 3.1). Next, we test to see if the presence of NHERF1 or RGS14 

can lead to activation of PTH-Gαq/11. HEK293 cells were transfected with PTH1R and 

Gq in  presence of NHERF1 alone or in combination with RGS14.  Upon PTH activation 

of PTHR-Gαq, no Gβγ release was detected in the presence of RGS14 alone, NHERF1 

alone, or in combination RGS14 and NHERF1  (Fig 3.3A). The Gαq/11 signaling pathway 

has been implicated in PTH-induced inhibition of phosphate reabsorption via NPT2a 

cotransporter (Bastepe et al., 2017). Here we use a BRET assay in live cells to measure 

PTH stimulation of Gαq/PLCβ/DAG/IP3/Ca2+ by measuring intracellular calcium levels 

using the CALFLUX-VTN sensor.  When transfected HEK293 cells with the calflux-vtn, 

PTH1R, and Gαq are stimulated with PTH, it leads to an increase of calcium levels 

measured by BRET (Ven 530/Luc485) (Fig 3.3B).  Presence of NHERF1 leads to an 

increase in early intracellular response while RGS14 decreases overall response (Fig 

3.3B). Presence of RGS14 leads to a decrease in calcium levels, and RGS14 plus 

NHERF1 rescues the calcium levels to an intermediate level when compared NHERF1 or 

RGS14 alone (Fig 3.3B). Expression of RGS14 and NHERF1 expression in HEK293 cells 

for calcium BRET studies is confirmed with immunoblots (Figure 3.3E). Next. we tested 
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the effect of increasing concentrations of RGS14 in HEK293 cells transfected with PTH1R 

and NHERF1. Results show the increasing concentrations of RGS14 lead to a decrease 

in PTH-stimulated calcium levels (Fig 3.3C). Opossum kidney (OK) cells endogenously 

express PTH1R and NHERF1. Using the calcium BRET sensor live cell assay, we can 

analyze how the presence of RGS14 in this renal physiology relevant model can affect 

the PTH calcium response. Upon PTH stimulation of OK cells expressed with RGS14, the 

presence of RGS14 blocks sustained calcium response (Fig 3.3D).  
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FIGURE 3.1: PTH1R signals strongly through Gαs. HEK cells were transfected with 200ng 

3×HA-PTHR, 1000ng Gα, 200ng Venus‐Gβ1, 200ng Venus‐Gγ2, and 200ng mas‐GRK3ct‐

Luciferase. Agonist PTH(1-34) (100 nM) was applied at 30s and signal was recorded at 100s.  
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FIGURE 3.2: RGS14 and NHERF1 do not affect PTHR-GαS coupling or cAMP formation.  

A. Expression of proteins used in kinetic BRET studies. B. PTH–PTHR coupling to Gαs 

determined by BRET in live cells. Cells were treated with vehicle (ddH2O) or 100 nM PTH(1–34) 

30 s after measurements began. The hormone-stimulated BRET signal is measured as released 

Ven-Gβγ binding to membrane-associated mas-GRK3ct-Luc. C. PTH–PTHR-stimulated cAMP 

formation in live cells measured by BRET. HEK293 cells were transfected with cDNA encoding 

the cAMP BRET sensor CAMYEL and cotransfected with HA-PTHR alone or plus HA-NHERF1, 

FLAG-RGS14, or both HA-NHERF1 and FLAG-RGS14. About 48 h later, cells were treated with 

vehicle or 100 nM PTH(1–34) 40 s after initiating BRET measurement. The hormone-stimulated 

signal is measured as decreased BRET signal upon cAMP binding. Note that the BRET signal is 

inverted for simplicity. Data shown in A are representative of three separate experiments. Data 

presented in B and C are the pooled averages with SDs of n = 3. One-way ANOVA with Bartlett’s 

test for multiple comparisons shown as figure insets was made at 60 s (B, F[2,6] = 0.2421, p = 

ns) and 120 s (C, F[3,8] = 1.519, p = ns).  
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FIGURE 3.3: RGS14 and NHERF1 do not affect PTHR-Gαq coupling but do affect calcium 

levels. Cells were treated with vehicle (ddH2O) or 100 nM PTH(1–34) 30 s after measurements 

began. The hormone-stimulated BRET signal is measured as released Ven-Gβγ binding to 

membrane-associated mas-GRK3ct-Luc. A. PTH–PTHR does not couple strongly to Gαq 

determined by BRET in live cells. B. PTH–PTHR-stimulated calcium formation in live cells 

measured by BRET. HEK293 cells were transfected calflux and with HA-PTHR alone or plus HA-

NHERF1, FLAG-RGS14, or both HA-NHERF1 and FLAG-RGS14. About 48 h later, cells were 

treated with vehicle or 100 nM PTH(1–34) 30 s after initiating BRET measurement. Presence of 

NHERF1 increases early intracellular calcium response while RGS14 decreases overall 

response. C. Increasing concentrations of RGS14 in the presence of NHERF1 result in a 

decrease in calcium levels. D. OK cells were transfected with calflux BRET sensor in the presence 

or absence of Flag-RGS14. Presence of RGS14 causes a decrease in calflux measured signal.  
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E. Expression of proteins used in calflux BRET studies in HEK293 cells.  Data presented in A, B 

and D is the mean of three separate experiments (n=3). Data presented in C represent an 

individual replicate (n=1). 
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3.5 Discussion 

RGS14 does not modulate PTH1R-Gαs signaling but might play a significant role 

in PTH1R-Gαq-Ca2+ signaling 

 RGS14 is a scaffolding protein that binds many signaling partners (e.g., active Gαi/o 

and inactive Gαi1/3 (Cho et al., 2000c; Hollinger et al., 2001b; Shu et al., 2007b), active 

H-Ras and Rap2A (Shu et al., 2010; Traver et al., 2000a; Vellano et al., 2013b), Ca2+/CaM 

(Evans et al., 2018c), 14-3-3  (Gerber et al., 2018b)). We initially speculated that 

upstream signaling events leading to the binding of one or more of these partners may 

serve as a regulatory on/off switch for RGS14 interactions with the NPT2A-NHERF1 

and/or PTHR-NHERF1 complexes. Studies by Mahon et. al. (Mahon et al., 2002) have 

demonstrated that PTH1R binds NHERF1 and NHERF2, and that PTH stimulated PTHR 

in the presence of NHERF2 markedly activates phospholipase C beta and inhibits 

adenylyl cyclase through stimulation of Gαi/o proteins. This unique mechanism, of 

NHERF2 mediating PTHR G protein signaling sparked our interested on the effect of 

NHERF1 in PTHR-G protein and how RGS14 may regulate the signaling events. 

However, our results show that presence of NHERF1 (and/or WT RGS14) does not 

mediate PTH1R-Gαs or Gαq protein signaling. It will be important to explore the effect of 

PTH1R signaling via Gαi/o family members in the presence of NHERF1. NHERF1 and 

NHERF2 are similar proteins with 57% amino acid identity and they have the same 

domain structure (Boratkó and Csortos, 2013), the 43% difference between the two could 

explain why NHERF1 does not impact PTH1R-G protein signaling like NHERF2.  

 Other studies have focused on understanding the role of RGS14 in NPT2A-NHERF1 

regulation of PTH-Pi transport in the kidney (See: (Friedman et al., 2022)). Here we 
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focused on what role RGS14 may exert at the level of the PTHR-G protein signaling. PTH 

activation of PTHR stimulates Gαs-cAMP-PKA signaling and phosphorylation of NHERF1 

which, in turn, uncouples NHERF1 from NPT2A thereby inhibiting phosphate uptake 

(Gattineni and Friedman, 2015). Like RGS14, the PTH receptor also contains a PDZ 

ligand that binds NHERF1 to stabilize its membrane localization and promote linked G 

protein signaling (Wang et al., 2010; Wang et al., 2007). We considered whether RGS14 

may bind NHERF1 to uncouple it from the PTHR and block PTH signaling. RGS14, 

however, had no effect on PTHR signaling irrespective of NHERF1 presence. RGS14 

notably failed to block PTHR Gαs activation or cAMP formation. The effects of NHERF1 

and RGS14 were also measured in PTH1R-Gαq-Ca2+ signaling. Interestingly, presence 

of NHERF1 increases early calcium response while RGS14 decreases overall response. 

Overall, our results show that presence of RGS14 causes a decrease in PTH-PTH1R 

stimulated calcium levels suggesting a blocking effect. This blocking effect is seen when 

RGS14 is alone or co-transfected with its binding partner NHERF1.  

 In summary, NHERF1 forms a complex with NPT2A to stabilize the transporter and 

allow phosphate uptake. RGS14 binds directly to NHERF1 to disrupt the NHERF1-NPT2A 

complex (Fig. 3.4). Agonist activation of PTH1R blocks phosphate uptake by 

phosphorylating NHERF1 and leading to a disassembly of the NHERF1-NPT2A complex. 

RGS14 causes a tonic inhibition of PTH actions on phosphate uptake by disrupting 

NHERF1 binding to NPT2A. The presence of RGS14 lowers calcium stimulated PTH 

increase independent of Gαq activation.  Future studies will explore how RGS14 regulates 

PTH-directed calcium, and how RGS14 binding to NHERF1 can impact PTH-stimulated 
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calcium. Possible interpretations and proposed future experiments are outlined in Chapter 

4. 
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Figure 3.4 RGS14 role in PTH-PTHR signaling.  NHERF1 binds NPT2A at the plasma 

membrane to allow phosphate uptake into the cell. PTH acting through PTHR-Gs-cAMP-PKA or 

PTHR-Gq-PLC-PIP2-DAG-PKC phosphorylates NHERF1 causing it to dissociate from NPT2A 

and block phosphate uptake. Human RGS14 binds NHERF1 and stabilizes the NPT2A-NHERF1 

complex, blocking PTH actions on phosphate inhibition. PTH-PTH1R-Gq-PLC-PIP2-IP3 leads to 

an increase in intracellular calcium levels, and presence of RGS14 decreases it.  
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CHAPTER 4: DISCUSSION AND CONCLUDING REMARKS 
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4.1 INTRODUCTION 

RGS14 has been most extensively studied in the rodent brain (Evans et al., 2014; 

Evans et al., 2018d; Lee et al., 2010b) where it is highly expressed in regions essential 

for learning, memory, emotion, and stimulus-induced behaviors (Harbin et al., 2021). Most 

of our previous studies have centered on RGS14 roles in suppressing synaptic plasticity 

in hippocampal area CA2 (Evans et al., 2018d; Lee et al., 2010b). RGS14 controls 

synaptic signaling by binding proteins that are essential for plasticity, such as active 

Gαi/o-GTP (Cho et al., 2000d; Hollinger et al., 2001a), Rap1 (Traver et al., 2000b), Rap2 

(Traver et al., 2000b), H-Ras (Shu et al., 2010; Vellano et al., 2013a; Willard et al., 2009), 

14-3-3 (Gerber et al., 2018a), calcium/calmodulin (Ca2+/CaM) and Ca2+/CaM-

dependent kinase II (CaMKII) (Evans et al., 2018b), and inactive Gαi1/3-GDP (Hollinger 

et al., 2001a; Kimple et al., 2001; Mittal and Linder, 2004). GWAS studies have identified 

variants in RGS proteins that are associated to diseases. These include RGS14 linked to 

glioblastoma (Yin et al., 2019), RGS10 associated to non-muscle invasive bladder 

cancer(Lee et al., 2013a) , and RGS4 gene associated to psychiatric illness(Schwarz, 

2018), among others. Due to the involvement of RGS proteins in complex diseases, 

genetic variants that cause a loss-of-function or a gain-of-function could potentially disrupt 

cellular equilibrium. However, determining the significance of these genetic variants in 

disease states (pathology) and different human traits (physiology) remains a challenge. 

In my studies, I applied for the first time a novel bioinformatic tool (3DMTR analysis) that 

compares the observed proportion of missense variation to the expected proportion given 

the protein-coding region of interest in 3D space. I used this tool to identify sensitive 

regions within the RGS domain of 15 members of the 20 highly evolutionary conserved 
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RGS protein family.  Our analysis was limited to those RGS proteins with reported solved 

structure.   I further expanded my studies to examine the functional effects of cancer-

linked mutations in sensitive residues of RGS14, RGS10 and RGS4, and tested the 

capacity of 3D-MTR  as a new bioinformatics tool to correctly predict key residues 

important for function.  We found that 3D-MTR is a useful tool bioinformatics tool for this 

purpose. 

In addition, RGS14 has been linked to kidney disease(Guan et al., 2021) where it 

is thought to play a crucial role in kidney phosphate transport. In the kidney, PTH acts on 

PTH1R and  plays a role in calcium and phosphate homeostasis by increasing calcium 

reabsorption and inhibiting phosphate reabsorption (Khan et al., 2022). My studies 

expanded on RGS14 function on PTH1R-G protein signaling, Gɑs-AC-cAMP and Gq-

PLCB-Ca2+. PTH controls serum phosphate by inhibiting NPT2A in the kidney and 

promoting regulated phosphate excretion.  RGS14 blocks PTH action by acting as an 

regulated on/off switch for PTH and controlling NPT2A-mediated phosphate uptake. 

Since disorders of calcium and phosphate metabolism happen when calcium and 

phosphate levels deviate from basal condition leading to hypo/hyperphosphatemia or 

hypo/hypercalcemia (Sun et al., 2020), my studies focused on understanding how RGS14 

regulates phosphate uptake and calcium downstream of PTH1R-G protein signaling. The 

studies explained above add to the field of RGS protein signaling by expanding on the 

role of RGS14/RGS10/RGS4 and the effect of naturally occurring mutants in signal 

transduction. Each of these findings will be discussed below.  
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4.2. DISCUSSION AND FUTURE DIRECTIONS 
 

3DMTR and RGS mutations 

Computational tools have been developed to predict variant effects with limited 

success (Schulz et al., 2015). Prioritizing which somatic mutations to test based on their 

predicted functional consequence is still an obstacle in biomedical research. Recently, a 

novel tool known as 3DMTR with a permutation analysis (Perszyk et al., 2021) has been 

developed but not yet widely tested. Research efforts focused on condensing large single-

nucleotide variation within genes by giving scores to each residue based on a missense 

tolerance ratio (MTR). The MTR score equates the observed proportion of missense 

variation to the expected proportion given the protein-coding sequence of interest 

(Traynelis et al., 2017). However, the updated 3DMTR calculates the MTR for neighboring 

residues over a 3D distance from crystallography and cryo-EM data (Perszyk et al., 2021).  

Even so, this method can’t be applied to the whole genome because structural data is not 

available for all proteins. This new approach makes this tool a more accurate diagnostic 

tool.  The permutation analysis identifies the most significantly intolerant and tolerant 

residues by estimating the likelihood of a specific score in a given data set by providing a 

distribution of the possible scores that each residue can have (Perszyk et al., 2021).  

For my main dissertation project, I applied for the first time the novel 3DMTR to the 

highly evolutionary conserved RGS protein family and identified sensitive regions within 

the RGS domain. RGS proteins are crucial for achieving physiological relevant timing and 

extent GPCR signaling (Hollinger and Hepler, 2002; Masuho et al., 2020) and loss of RGS 

mediated control leads to a range of pathologies observed in mouse models(Deng et al., 

2012; Foster et al., 2021; Lee et al., 2010a; Rorabaugh et al., 2018; Vatner et al., 2018) 
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and associated with human disease (Squires et al., 2018b). GPCRs can only signal 

through the same limited amount of G proteins that they can activate, and RGS proteins 

selectively recognize and regulate specific Gα proteins based on bar codes (specific 

binding residues) (Masuho et al., 2020). Naturally occurring variants and mutations affect 

RGS selectivity and may contribute to pathological dysregulation of GPCR signaling and 

variable response to drug treatments.  

Using the 3DMTR permutation analysis, we were able to identify sensitive regions 

within the conserved RGS domain for 15/20 RGS proteins that had an available protein 

structure (Fig 4.1). The 3DMTR analysis predictive capabilities was compared with other 

bioinformatic tools. 3DMTR was the most accurate at predicting intolerant residues of a 

protein that if mutated would lead to deleterious effects and change-of-function 

phenotypes. RGS14, RGS10 and RGS4 were selected to study further.  

Bioinformatic tools use algorithms to predict the pathogenic potential of reported 

somatic mutations. Using COSMIC, we were able to locate somatic mutations that overlap 

with residues in the RGS domain of RGS14, RGS10 and RGS4 identified by the 3DMTR 

to be either more sensitive or less sensitive to mutations. The effect of RGS mutations 

was tested downstream of GPCR activation. For RGS14, four mutations were tested, two 

were scored as tolerant (S127P and D137Y) (Fig. 2.3C-2.3F) and two as intolerant 

(R173C and R173H) (Fig. 2.3G-2.3J). Three of the four somatic mutations found in 

tolerant and intolerant residues of RGS14 as defined by 3DMTR behaved as predicted. 

Mutant D137Y inhibited agonist activation of ɑ2AR-Gɑo, and bound active Gɑo, whereas 

mutants S127P, R173H and R173C all failed to bind Gɑo. In the cAMP assay, intolerant 

mutant R173C in RGS14 lost capacity to reverse G protein inhibition of cAMP, whereas 
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tolerant mutant D137Y showed a robust capacity to enhance cAMP accumulation (Fig. 

2.6D).  When assessing the effect of WT RGS14 and mutants on forskolin-stimulated 

cAMP production directly, in the absence of agonist-activated GPRC-Gαi/o inhibition, WT 

RGS14 (Fig. 2.7B)  did not show an inhibition of FSK-stimulated cAMP levels. 

Interestingly, tolerant mutant D137Y in RGS14 showed a robust increase in cAMP levels 

in the absence of agonist-stimulated Gi/o-coupled receptor (Fig. 2.7B).  
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Figure 4.1. The 3DMTR permutation analysis identifies intolerant and tolerant residues 

within the RGS domain of RGS proteins. Structural view of the heatmap of the  21-residue 

3DMTR score. Intolerant residues are identified in blue, neutral in white, and tolerant in red.   
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In the case of RGS10, two somatic mutations were tested which were scored by 

3DMTR as either tolerant (S64T) (Fig. 2.4C-2.4D) or intolerant (K89M) (Fig. 2.4E-2.4F). 

Somatic mutations within the tolerant/intolerant residues of RGS10 exhibited phenotypes 

inconsistent with the 3DMTR prediction. In the cAMP assay, tolerant mutation S64T in 

RGS10 acted like WT RGS10, opposite to the effects in receptor-directed G protein 

activation and G protein binding (Fig. 2.4B-2.4D ), while intolerant mutant K89M showed 

a robust capacity to enhance cAMP accumulation (Fig. 2.6E). Forskolin-stimulated cAMP 

results showed tolerant mutant S64T in RGS10 showed an increase in cAMP levels when 

compared to WT RGS10 that had no effect (Fig. 2.7C). 

For RGS4, three somatic mutations were tested which were scored as either 

intolerant (K125Q and E126K) (Fig. 2.5C-2.5F) or tolerant (E135K) (Fig. 2.5G-2.5H). 

Intolerant mutants K125Q and E126K exhibit partial loss-of-function phenotypes (Fig. 

2.5C-2.5F), largely failing to inhibit Gɑo activation, whereas tolerant mutation E135K (Fig. 

2.5G-2.5H) behaved as wild type RGS4. Mutants K125Q and E135K each bound active 

Gɑo, whereas mutant E126K did not bind. In the cAMP assay,  Intolerant mutant E126K 

in RGS4 lost the capacity to reverse G-protein inhibition of cAMP, while tolerant mutant 

E135K acted like RGS4 WT (Fig. 2.6F). Mutations in E126K and E135K of RGS4 showed 

similar results to the effects shown for WT RGS4 in forskolin-stimulated cAMP in the 

absence of agonist-activated GPRC-Gαi/o inhibition (Fig. 2.7D). 

The 3DMTR bioinformatic tool can be used to not only look at RGS proteins, but 

also proteins involved in other polygenic diseases. We can implement this tool to prioritize 

which mutations to test that can have a potential role in disease progression. The 3DMTR, 

when compared to its ancestor 1DMTR, has been greatly improved but was not perfect 
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in its predictive power. When compared to other bioinformatic tools, 3DMTR was the most 

accurate at predicting change-of-function. This novel tool can detect functionally relevant  

consequences of mutations in highly intolerant residues. In the future, the 3DMTR will 

develop into a more precise tool as the Genome Aggregation Database (gnomAD) 

expands with more human variant information, and the analysis will become more 

accurate leading to an improved predictive potential. 

The role of GPCR-G protein mechanism in cancer have been identified in 

cancerous tissues where they mediate oncogenesis (Gutkind, 1998; Hurst and Hooks, 

2009). Genome sequencing techniques have shown that the components of the GPCR-

G protein axis are frequently mutated in cancer. However, less is known about the role 

RGS proteins play in GPCR-G protein signaling in cancer. In our study we use the 

information generated by the COSMIC database and the 3DMTR analysis to choose what 

somatic mutations to analyze using different functional assays. Here I show that some 

somatic mutations lead to a loss of GAP function and can speculate that these contribute 

to oncogenesis.  

For future studies, I would like to expand on the effect of RGS change-of-function 

mutations (RGS14-S127P/R173C/R173H, RGS10-S64T/K89M, RGS4-K125Q/E126K) 

vs WT in cancer cell proliferation. The α2AR has been characterized in breast tumor cells 

lines (Vazquez et al., 1999) and has been associated with increased cell proliferation in 

vitro(Vazquez et al., 2006) and increased tumor growth in vivo (Bruzzone et al., 2008). 

Studies have described the impact of α2AR antagonist (rauwolscine) as an inhibitor of 

tumor growth and cell proliferation (Bruzzone et al., 2011). Using a proliferation assays, 

we would first examine the expression of WT RGS (RGS14, RGS10 and RGS4) proteins 
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in human breast cancer cell lines where α2AR has been described to be expressed. Next, 

we would express the RGS mutants of interest and measure the effect of these mutants 

on cell proliferation in the presence or absence of the α2AR antagonist. In addition, ERK 

signaling pathway is associated with cell proliferation and tumor growth as well. We would 

measure ERK phosphorylation in extracts from cancer cells and analyze the effect of the 

mutants on ERK activation. These experiments will help us further characterize the effect 

of RGS cancer-associated mutations in GPCR-G protein signaling.  

While performing these studies, I made an unexpected discovery tangential to our 

main focus. I found preliminary evidence that RGS proteins can inhibit receptor-Gɑs 

stimulated adenylyl cyclase activity (Figure 4.2).   These findings are very preliminary but 

warrant further study.   Future studies will explore the role of RGS proteins (RGS14, 

RGS10, RGS4) on Gɑi/o/Gɑs-directed regulation of adenyly cyclase (AC) activity. The 

results published on Chapter 2 focused on understanding the effect of RGS proteins and 

select mutants in α2AR-Gi/o inhibition of cAMP. Initially, I used a live cell ɑ2AR-Gɑo 

model to test the effects of RGS protein mutants, although studies have shown that α2AR 

can couple to Gαs as well (Wade et al., 1999). Under certain conditions α2AR appears to 

both inhibit or stimulate intracellular cAMP (Eason et al., 1992; Fraser et al., 1989; Jones 

et al., 1991), or have a biphasic responses on AC activity displaying both inhibitory and 

stimulatory components(Eason et al., 1992).  However, the molecular mechanisms for 

α2AR signaling promiscuity at Gαi/o and Gαs are not well understood (Xu et al., 2022). 

My preliminary results in HEK293 cells (Fig 4.2A) show that upon α2AR agonist 

stimulation, the presence of pertussis toxin (PTX) leads to an increase in Gαs-activation. 

Surprisingly, WT RGS10 and WT RGS14 inhibit α2AR stimulated cAMP accumulation in 
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the presence of PTX treatment (100ng/mL) (Fig.4.2B). These unexpected results need to 

be expanded to determine if RGS proteins bind to Gαs, inhibit Gαs activation, and 

understand their role in AC-cAMP accumulation. We also examined RGS proteins on 

forskolin-stimulated cAMP production directly, in the absence of agonist-activated GPRC-

Gαi/o inhibition. RGS actions on AC have not been extensively studied. Our results on 

RGS mutants’ effect on forskolin-stimulated AC raise the question of whether RGS 

proteins in general regulate AC differently with forskolin or GPCR-Gαs activation. We can 

expand on these studies by looking at the interaction of AC and RGS proteins in the 

presence or absence of FSK. These studies can be done by using static BRET to 

determine direct association of RGS proteins with AC.  
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Figure 4.2. α2AR signals via Gαs in HEK cells and RGS14/RGS10 inhibit Gαs-

stimulated-cAMP accumulation. A) HEK cells were transfected with α2AR + Gαs, BRET 

biosensors, and treated with PTX (100ng/mL) overnight. Cells then were stimulated with 

100 uM α2AR agonist UK or vehicle (DMSO) and BRET signal was measured.  (B)  HEK 

cells were transfected with cAMP Glo sensor, α2AR, RGS and treated with PTX overnight.  

Cells then were stimulated with α2AR agonist or vehicle, and cAMP luminescence was 

measured for 1 hr.   
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RGS14 regulation of PTHR-calcium signaling 

PTHR signaling has been reported to be mediated by Gαs, Gαq/11, Gαi and Gα12 

/13 depending on the organ/cell type and experimental set-up (Gardella and Vilardaga, 

2015), but this coupling mechanism remains unclear. PTHR1 binds the adaptor protein 

NHERF1 which may serve as a switch to control PTHR1 signaling by Gαs, Gαq/11 and 

Gαi (Mahon et al., 2002; Wang et al., 2013).  However, my findings show that RGS14 

binds NHERF1 (Friedman et al., 2022), and that the presence of RGS14 does not affect 

PTH1R signaling through Gαs or Gαq/11. For future studies, we want to expand on 

PTH1R coupling to other G proteins to include other Gαq family members (Gα11, Gα14, 

Gα16), Gαi family members (Gαi2, Gαi3, Gαo) and Gα12/13 and if the presence of 

RGS14 and NHERF1 controls PTH1R-G protein selectivity.  

PTH activates Ca2+/PKC systems in addition to cAMP, and extracellular calcium 

influences renal phosphate absorption (Sneddon et al., 2000) . In distal convoluted tubule 

cells, PTH reduces calcium excretion by stimulating calcium absorption (Costanzo and 

Windhager, 1980; Sneddon et al., 2000). In proximal tubule cells, PTH inhibits phosphate 

transport by involving calcium signaling but not stimulating calcium transport (Friedman 

et al., 1996). PTH activates phosphatidylinositol-specific phospholipase C (PI-PLC) linked 

to IP3 formation that causes an increase of intracellular calcium (Friedman et al., 1999). 

In distal tubule cells, PTH stimulates calcium transport without calcium signaling 

(Friedman et al., 1996) .  

In future studies, we will use OK cells to further explore the role of RGS14 in 

calcium signaling. My studies show PTHR1 stimulates calcium but does not couple to 
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Gɑq. I want to examine if a G protein pathway is mediating PTH stimulated calcium levels 

involving other Gɑq family members (G11, G14, G16)  or Gi family members via Gbg 

release.   We will treat OK cells with pertussis toxin, and PTHR-Ca2+ will be stimulated 

with agonist. This will allow me to determine if PTH1R stimulated calcium is due to Gi/o 

activation or perhaps other Gɑq family members. Once we determine whether G protein 

pathway leads to PTH stimulated calcium we can explore the role of RGS14 in this 

process.  

RGS14 regulation of PTHR calcium signaling may be independent of G protein 

signaling. As such, I also want to explore if RGS14 impacts calcium flux at the 

extracellular or intracellular level. Initial studies will chelate extracellular calcium to 

determine if PTHR-stimulated calcium increases are exclusively from extracellular 

sources, intracellular stores, or both.  Hormone activation of receptors coupled to PLC 

results in IP3 production that stimulates a biphasic calcium signaling process(Bird et al., 

2008). In this process calcium is released from intracellular organelles, followed by entry 

of calcium ions across the plasma membrane. Using genetically encoded calcium 

indicators (GECI) will allow for measurement of calcium dynamics in specific locations 

within living cells (McCombs and Palmer, 2008).  GECIs can be targeted to a specific 

cellular localization by attaching a signal sequence to the calcium sensor. Using GECI 

targeted to nucleus, Golgi, mitochondria, plasma membrane and ER, we can detect 

where the calcium signaling is found in OK cells. Using the OK cell system, PTH 

stimulation will lead to an increase in signal, allowing quantification of calcium levels at a 

specific cellular localization. Next, I can determine the signaling change and specific 

localization in the presence or absence of overexpressed RGS14.  
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In neuronal cells, RGS14 inhibits calcium influx from CaV1 (L-type) voltage-gated 

calcium channels (VGCCs) (Martin-Montanez et al., 2010) and from ionotropic glutamate 

receptors (Evans et al., 2018d). Whether these actions of RGS14 are direct or indirect 

are unknown currently.  Results in Chapter 3 show that the presence of RGS14 decreases 

overall PTH stimulated calcium response in HEK cells (Fig 3.3B) and in OK cells (Fig. 

3.3D). In the proximal and distal convoluted tubules where RGS14 is localized (Friedman 

et al., 2022), Cav1.2 (L-type) calcium channels and transient receptor potential family 

member (TRP) calcium channels are found in the plasma membrane (Zhou and Greka, 

2016). In renal cells, calcium uptake into the endoplasmic reticulum (ER) is mediated by 

Sarcoplasmic/ER Ca2+ -ATPase (SERCA) pumps (Park et al., 2021) and Ca2+ emptying 

of the ER activates store-operated calcium (SOC) channels and calcium channel protein 

1 (ORAI1) at the plasma membrane via the Ca2+ sensor Stromal Interaction Molecule 

1(STIM1) stimulating extracellular Ca2+ entry(Chaudhari et al., 2021).  Cellular calcium 

homeostasis relies on the influx of calcium through the mentioned above channels in the 

plasma membrane, and internal calcium stores (ER, mitochondria (MIT), and golgi) (Park 

et al., 2021; Yang et al., 2018). We will explore calcium handling channels (e.g. ORAI1, 

SERCA, others that mediate the calcium flux in the presence or absence of RGS14 

(Bagur and Hajnoczky, 2017).This assay will use calcium channel inhibitors and a calcium 

indicator (GCaMP6m-XC:(Yang et al., 2018)) to monitor cytosolic, or submembrane 

calcium levels (Fig 4.3A). Using OK cells, calcium influx can be measured in the presence 

and  absence of RSG14 in complex with NHERF1 upon PTH stimulation.  

In the kidney, CaSR (calcium sensing-receptor) senses extracellular levels of 

calcium ions and maintains calcium homeostasis by controlling PTH secretion and renal 
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calcium reabsorption and urinary calcium excretion(Abid et al., 2021). Ligand activation 

of CaSR inhibits PTH-dependent phosphate uptake (Ba et al., 2003). A recent publication 

from our lab in collaboration with the Friedman lab showed presence of RGS14 inhibits 

PTH-dependent phosphate uptake (Friedman et al., 2022). There is also coordinated 

modulation of the expression and brush border localization of CaSR and NPT2A in rats 

following chronic exposure to PTH (Riccardi et al., 2000).  Since the CaSR plays a role in 

extracellular calcium homeostasis and phosphate homeostasis, maybe the presence of 

RGS14 linked to CaSR influences renal phosphate reabsorption (indirect of PTHR) (Fig. 

4.3B). Using HEK cells, CaSR and RGS14 can be overexpressed in the presence or 

absence of NHERF1 and NPT2A to examine if RGS14-CaSR can be recovered as stable 

complex in immunoprecipitation studies. Immunoprecipitation studies can then be 

repeated in human kidney cells. Since our previous studies showed that RGS14 does not 

regulate phosphate uptake via PTH1R activation, these proposed experiments will 

explore if the effect of RGS14 in phosphate uptake are potentially via a complex with 

CaSR.  
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Figure 4.3. Model Figure: Possible mechanisms by which RGS14 inhibits phosphate 

uptake and regulates calcium flux in kidney cells. A. Cellular calcium is mediated by channels 

in the plasma membrane and intracellular stores. At the plasma membrane (PM) active transport 

of calcium occurs via PMCA pumps. Permeable voltage gated calcium channels (VGCC) and 

transient receptor potential family members (TRP) have constituent activity in some cells. Calcium 

levels can also be regulated by store release from the endoplasmic reticulum (ER) by IP3 

receptors (IP3R). Depletion of intracellular Ca2+ stores is detected by the calcium sensor stromal 

interaction molecule (STIM1) that activates Ca2+ release activating the calcium channel protein 

1 (ORAI1)-dependent calcium influx pathway and store-operated channels (SOC) to promote 

calcium store refiling through the Sarcoplasmic/ER Ca2+-ATPase (SERCA) pump. Calcium 

sequestration into the Golgi occurs via the secretory pathway  Ca2+ ATPase (SPCA). Other 

calcium transporting proteins such as the mitochondrial calcium uniporter (MCU) and the Na/ Ca2+  

exchanger (NCLX) can transport calcium into the cytoplasm. RGS14 could be regulating the 

calcium homeostasis inside the cell by mediating some of these pathways. B. PTH action through 

PTHR-PKA/PKC phosphorylates NHERF1 causing to dissociate from NPT2A and block 
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phosphate uptake. RGS14 binds NHERF1 and presence of RGS14 blocks PTH-phosphate 

uptake. RGS14 could potentially regulate PTH inhibition of NT2A phosphate uptake by regulating 

CaSR signaling. RGS14 is also expected to regulate calcium flux via plasma membrane channels 

or intracellular store channels. RGS14 is well positioned to modulate phosphate and calcium 

levels in the kidney suggesting that human variants associated with kidney disease are due to 

aberrant regulation of these pathways.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 126 

4.3 CONCLUDING REMARKS  

 The findings presented in this thesis have advanced our understanding of the role 

of RGS14 in signaling pathways outside of the brain, and the effect of human variants in 

RGS function. My studies expanded on the role of RGS proteins in GPCR-G protein 

pathways linked to disease, such as ɑ2AR in oncogenicity and PTH1R in renal phosphate 

uptake linked to chronic kidney disease. Genetic diversity makes us unique, however 

some variants can lead to negative biological functions. Advancements in the genomic 

field are rapidly identifying gene variants in human protein sequences, some are more 

likely to be pathogenic than others. The novel 3DMTR discussed in this document helps 

prioritize which variants to test. Human variants in sensitive regions of the protein impact 

cellular and organ physiology, and pharmacological responses.  

Single point variants can have a great consequence in functional output, affecting 

the duration of the GPCR-G protein signaling cascade. Here I show the use of a 

combination of bioinformatic tools (COSMIC database and 3DMTR analysis) to detect 

important residues that overlap with disease linked genetic variants and prioritize which 

to functionally assess. We also explored the effect of cancer somatic mutations in RGS 

proteins in α2AR signaling cascade. Future experiments will expand on the phenotype of 

these human variants in α2AR cell proliferation and the relationship with tumor 

progression. In addition, the information gathered by the 3DMTR analysis and COSMIC 

database can be used to explore the effect of RGS somatic mutations in other GPCR 

signaling pathways related to disease.  RGS14 linkage to kidney disease has motivated 

us to explore the role of this complex multi-signaling pathway protein in the context of 

kidney basal conditions. We expanded on the role of RGS14 in PTH1R signaling and 
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determined that upon PTH stimulation the presence of RGS14 decreases calcium levels. 

Future studies will uncover RGS14 mechanism in PTH stimulated calcium signaling and 

if mutations found in chronic kidney disease patients affect the native role of RGS14 in 

renal physiology. 
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