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About this thesis 

This thesis describes the study of the influences of genetic variation on a specific class of drug 

targets, the G protein-coupled receptors (GPCRs), using a combination of personal cellular 

models and novel label-free assay technology. The results obtained herein will likely assist in 

the translation of early in vitro experiments to more clinically relevant studies in the course 

of the drug discovery pipeline. Eventually, the findings in this thesis hopefully contribute to 

the development of clinically more effective drugs and advance the current ‘one-size-fits-all’ 

paradigm into the realm of precision medicine. In this first chapter, I introduce the concepts 

of precision medicine, importance of GPCRs as drug targets and prevalent sources of genetic 

variation. Moreover, I discuss the advantages and opportunities that arise from combining a 

novel label-free assay technology with personal cell lines. In the last section of this chapter, 

I specifically outline the objectives of this thesis. 

 

Precision medicine 

Historically, conventional disease treatments have been based on diagnosing a patient with 

a general disease state and providing a corresponding generalized drug treatment. However, 

while successful to a degree, such one-size-fits-all treatments may be ineffective or harbor 

dangers for the individual patient. Inter-individual variability in drug effectiveness poses a 

significant challenge for the conventional strategies. Even today’s best sold, ‘blockbuster’ 

drugs, poster children of the current treatment paradigm, work in only 35% - 75% of patients 

due to influences of genetics, lifestyle and environmental differences [1, 2]. Hence, modern 

medicine is undergoing a paradigm shift towards a more personalized, patient-customized 

treatment model, for which a large part is based on a deeper understanding at a molecular 

level [3, 4]. For this emerging concept known as personalized or precision medicine, it is 

paramount to better understand the effects of a drug not only in the overall population, but 

in the individual patient as well [5]. Customization using a sub-population or patient's 

individual characteristics, e.g. genetic information, could decrease risks of ineffective 

treatment, dosing or side-effects [2, 6, 7]. Genetic testing is already available for 

approximately 2000 clinical conditions today, most of which are in oncology. Two successful 

examples are genetic tests for HER2-positive breast cancer which serve as a predictor of 

response to the drug Herceptin, and CYP450 polymorphisms which affect the action and 

metabolism of drugs such as selective serotonin-reuptake inhibitors [6-9]. Despite the 

promise shown by these examples, most drug targets and disease mechanisms are still in 
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dire need of further research to determine whether, and how, genetic variation affects both 

pathology and drug responses.  

 

GPCRs and genetic differences 

The majority of drug targets today are GPCRs, a specific class of membrane proteins. In fact, 

30-40% of all current drugs work by influencing GPCR function [10, 11]. This is no surprise as 

approximately 800 GPCRs are encoded by the human genome. Over 300 of these are 

considered druggable, i.e. they constitute current or future drug targets [12]. Due to their 

ubiquity, GPCRs are involved in almost all aspects of human physiology from vision to 

immune response [13]. In general terms, the role of a GPCR is to translate an extracellular 

signal, which can range from photons to odorants, hormones or neurotransmitters, into a 

cellular response. Depending on the nature of ligand and receptor, the cellular effect can 

vary from changes in morphology to proliferation, differentiation and survival (Figure 1).  

Due to their physiological importance, it is highly interesting to decipher the influence of 

genetic variation in GPCR-mediated drug responses in the context of personalized medicine 

[5, 14]. Several studies have already linked GPCR polymorphisms to diseases and drug 

response variation [14-18], including for instance serotonin [15], dopamine [14, 16, 19-21], 

adenosine [22-24], purinergic [25, 26] and cannabinoid [17, 18] receptors, and many other 

commonly targeted GPCRs [14].  

 

Single Nucleotide Polymorphisms 

One prevalent source of genetic differences which can lead to an alteration in the drug target 

are Single Nucleotide Polymorphisms (SNPs). SNPs make up 84 to 95% of the total human 

genetic variation and are defined as single-base variations with a presence in at least one 

percent of the population. Consequently, SNPs are quite common, with on average around 

one SNP per 300 bases [27]. These variations can cause a multitude of differences in the end-

product of genes, depending on their location and nucleotide difference. For example, a SNP 

can cause a new start- or stopcodon to appear, cause the transcript to be removed or even 

change the encoded amino acid with a different one, i.e. a so called missense SNP. SNPs that 

somehow change the amino acid sequence of the resulting protein are known as non-

synonymous SNPs. It is believed that such changes are the most prevalent source of 

differences in GPCR response to drugs (Figure 2). 

A common example is the association between SNPs on the chemokine 2 and 5  
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Figure 1: GPCR signaling and in vitro assays. When a ligand binds to and activates a GPCR, the receptor 
in turn activates the G protein. The trimeric G protein dissociates and can activate various secondary 
messenger pathways, leading via a cascade of reactions to an eventual cellular response. Traditional 
drug development programs are often target-focused, i.e. relying on in vitro assays which use reporter 
systems for the investigated target. Such reporter systems include for instance the use of radioactive 
labels or fluorescent dyes for ligand, target or effector labeling, or of more downstream reporter gene 
constructs. Such modifications, however, may influence target pharmacology. Label-free whole-cell 
assays are phenotypic assays that capture the biological cellular response in real-time, without focusing 
on merely one pathway and without requiring any such modifications, potentially providing a better 
physiological context. Image constructed using components from Servier Medical Art by Servier 
(http://www.servier.com/Powerpoint‐image‐bank).  

 

receptors (CCR2 and CCR5) and the delayed or increased onset of AIDS after HIV infection 

[28]. In another instance, a SNP-caused tryptophan to arginine change in the β3-adrenergic 

receptor has been associated with obesity [29]. A set of four SNP locations on the dopamine 

D3 receptor have been associated with schizophrenia, where the susceptibility to the disease 

is most likely caused by the combined effect of these SNPs [30]. In the GRM1 glutamate 

receptor, the presence of SNPs in the splice region between two exons causes a new splice 

variant lacking one transmembrane domain, again associated with schizophrenia symptoms 

[31]. These examples emphasize that the possible influence of SNPs on GPCRs can be quite 
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Figure 2: Effects on individuals of SNPs in GPCRs. GPCR polymorphisms can lead to differences in drug 
response between individuals, potentially changing drug effectiveness and risks of side-effects. 
 

profound. However, the knowledge of polymorphism effects in GPCRs is still scant as of 

today. Hence we sought to find out more on the influence SNPs have on ligand-induced GPCR 

function in this thesis. 

 

Lymphoblastoid Cell Lines 

Most evidence supporting the influence of GPCR polymorphism effects are based on statistic 

association with occurrence of a disease, or by functional characterization in artificial, 

heterologous cell lines [14, 16, 17]. Both methods lack the final, well-defined physiological 

link that would allow us to understand more precisely how a polymorphism changes GPCR 

effects in an individual patient [32, 33]. Such understanding could be provided by directly 

measuring drug responses in patient material or cells as a model system. 

An upcoming phenomenon in the past two decades are biobanks, which collect and store 

biological material to support modern medical research such as -omics approaches and 

personalized medicine. For this purpose, biobanks provide biomaterial resources including 

tissues, cells, blood, and serum from patients with specific diseases, specific populations or 

individuals with specific traits [34-36]. One type of cells used in many biobanks as a preferred 

choice for storing genetic material are lymphoblastoid cell lines (LCLs), which are derived 

from a person’s B-Lymphocytes [37, 38]. Renowned consortia with LCL libraries include the 

Centre d’Étude du Polymorphisme Humain, the International HapMap and 1000 genomes 

projects [39-43]. In most cases, however, LCLs are merely used as a source of DNA or RNA 

for genotyping, expression or methylation studies [16, 37].  

In this thesis, we set out to show that LCLs can be used as a model system to directly 

study polymorphism effects on GPCR function on a cellular level.  
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Label-free technologies 

Traditional GPCR assays are often label-based, which have definite disadvantages when 

venturing to remain as close to the physiological situation as possible. These assays rely on 

(chemical) engineering by, for instance, radioligand tagging or overexpression of the receptor 

(Figure 1). All of such alterations to the cell may influence its physiology leading to for 

instance identification of false-positive or false-negative hits [44]. Furthermore, such assays 

are mostly pathway-biased as they typically focus on only one cellular event in a specific 

signaling pathway [45]. Another drawback is that they often lack the sensitivity required for 

receptors endogenously expressed in cell lines, as this is much lower level than in specifically 

engineered cell lines. In short, such assays are not well-suited for investigating subtle 

polymorphism changes on endogenous receptors in their native environment.  

However, new assays are emerging that enable measurements in endogenous cell lines 

and hereby provide greater, more relevant biological insight. By eliminating any need for 

labels, label-free cellular biosensors have the capability of assessing endogenous receptor 

function in their native physiological settings [46]. They are more sensitive, less invasive and 

monitor drug effects on a whole cell in real-time [33, 47, 48]. Hence, label-free assays are 

also more translational towards a correlation between in vitro and in vivo findings [49, 50]. 

Moreover, the sensitivity of these label-free assays allows monitoring of standard effects 

such as GPCR activation or inhibition as well as detection of smaller changes such as biased 

signaling [33, 51], which may also be affected by polymorphisms [5]. In short, label-free 

technologies offer unique advantages for precision medicine as they offer the ability to 

monitor small changes in GPCR signaling or drug responses in the native cellular context. 

 

Objective and overview of this thesis 

Aim and set-up 

The aim of the study was to provide detailed insight in the influence of genetic variation on 

ligand-induced GPCR function within the general human population. Our selection process 

of SNP containing GPCRs to be investigated with label-free technology and LCLs is visualized 

in Figure 3. In this thesis we focused on SNPs that are likely to have a profound effect on 

GPCR signaling responses by changing the amino acid sequence, in particular the so-called 

missense SNPs. The biobank employed in this research, the Netherlands Twin Registry (NTR; 

http://www.tweelingenregister.org/en/) [39], offered genotyped LCLs of individuals with a 

family structure consisting of parents and twin siblings. We first established an overview of 

such SNPs on each druggable, non-olfactory GPCR gene within these NTR individuals, after 
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Figure 3: Flowchart of target selection. The selection was aimed at identifying all druggable GPCRs 
containing non-synonymous SNPs that were well enough expressed to allow functional characterization 
in LCLs from the NTR. For the bioinformatics, the selection was limited to non-synonymous SNPs in 
druggable GPCRs. The genotype data of the cell lines was provided by the NTR, as part of the Genomes 
of the Netherlands (GoNL) consortium [39]. A list of all druggable non-olfactory GPCRs was downloaded 
from the IUPHAR database. SNPs within each gene were extracted from the NTR data using PLINK, an 
open-source whole genome association analysis toolset, and annotated with their SNP-consequence 
types (gene data, SNP location and consequences were extracted from Ensembl). Cellular assays and 
qPCR were used to determine which GPCRs were expressed above a threshold that allowed functional 
responses to be measured using the label-free technology. 

  

which we pursued several interesting cases in GPCRs commonly used in drug research.  

Three separate cases of common polymorphisms that affect GPCR signaling and cellular 

effects were discovered, each revealing different properties including the sensitivity of 

partial versus full agonists, different chemical scaffolds and intron versus missense SNPs. 

These examples should provide the reader with insights that will hopefully lead to the 

development of clinically more effective drugs and drug treatment paradigms in the long 

term. 

 
Outline of this thesis 

The concept of using patient-derived cell lines as model systems is introduced and discussed 

in Chapter 2. This chapter furthermore highlights the advantages of label-free technology for 

assays on such cell lines. 

Chapter 3 focuses on the optimization and application of an impedance-based label-free 

assay, the xCELLigence, to suspension cells such as LCLs to allow direct measurement of 

cellular effects of GPCR signaling.  
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Chapter 4 presents the case of the Adenosine A2A receptor, in which an intron SNP is 

related to differential cellular effects of a partial agonist, but not full agonists or antagonists. 

Chapter 5 summarizes the effects on a highly common non-synonymous polymorphism on 

the Cannabinoid Receptor 2, to which different chemical scaffolds show different sensitivity. 

Chapter 6 presents the case of the Glucose-Dependent Insulinotropic Polypeptide (GIP) 

Receptor, in which a missense SNP that has often been associated with diseases changes the 

cellular effects of the endogenous ligand. 

The research presented in these chapters highlights that coding and non-coding, 

common and less common genetic variations in GPCRs can affect endogenous signaling as 

well as drug effects.  

An overall conclusion from the results described in this thesis and forthcoming 

opportunities for drug discovery and treatment are presented and discussed in Chapter 7. 
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