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Abstract

The glucose-dependent insulinotropic polypeptide receptor (GIPR) is a G protein-coupled
receptor that plays an important role in whole-body metabolism. One missense Single
Nucleotide Polymorphism (SNP) rs1800437 coding for amino acid change E354Q in the GIPR,
has been associated with several diseases including diabetes and the risk of bone fractures.
We investigated the functional effects of this SNP in personal cell lines from a panel of
individuals with different genotypes for the polymorphism. Genotype effects were measured
using a sensitive in vitro assay, i.e. a label-free cell morphology-based assay (xCELLigence), in
combination with personal lymphoblastoid cell lines (LCLs) derived from Netherlands Twin
Register participants. Responses to the endogenous agonist GIP showed enhanced potency
in Q354 homozygous individuals, while heterozygotes showed mixed effects. A mutational
study of the E354 residue in recombinant HEK293 cells expressing GIPR did not show
differences in potency, but revealed a reduced duration of effect for Q354, which was not
observed in LCLs. Taken together, this study provides more insight into E354Q-related
physiological changes as they occur in the human individual, and thereby contributes to

precision medicine for GIPR-related pathologies.
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Introduction

The glucose-dependent insulinotropic polypeptide receptor (GIPR) is a class B G protein-
coupled receptor (GPCR) which is part of the glucagon receptor family [1]. It plays an
important role in whole-body metabolism, such as glucose homeostasis and particularly
insulin secretion, lipid uptake and bone density [2-4]. In the emerging era of precision
medicine, it is becoming apparent that genetic differences between individuals can affect
both drug action and susceptibility to disease. Several of such examples for GPCR
polymorphisms already exist [5-8]. For the GIPR, previous research has linked Single
Nucleotide Polymorphisms (SNPs) to various pathological conditions including obesity and
diabetes [9-12]. One SNP of particular interest is rs1800437, which is a missense SNP that
changes a glutamic acid to a glutamine at amino acid 354 of the receptor (E354Q). This E354Q
is the only frequent one of 227 known GIPR missense variants that occurs in more than 1%
of the population, namely with a Minor Allele Frequency (MAF) of 16% [13, 14]. Interestingly,
several studies have associated this SNP with insulin resistance, type |l diabetes,
cardiovascular disease and the risk of bone fractures [3, 12, 15, 16]. Furthermore, a number
of functional studies have indicated roles for this polymorphism in for instance receptor
(in)activation [17] and desensitization [3].

This polymorphism could therefore play an important role in disease susceptibility of, as
well as influence drug treatment. Mapping and understanding the effects of this
polymorphism not only in the overall population, but in the individual patient is therefore
paramount [18]. However, the E354Q polymorphism has so far been the subject of either
cohort or candidate gene studies, or of functional studies in which its effect was analyzed in
mouse cell lines or recombinant cell systems with artificially introduced mutations [3, 12, 15,
16, 19]. Despite their merits such cellular systems are further away from the physiological
condition in humans. To better understand the influence of polymorphisms on receptor
response in an individual, an ideal set-up would therefore be to use patient-derived material
as a model system.

One example of such are lymphoblastoid cell lines (LCLs), which are commonly used to
store a person's genetic material, as is done by many large scale genetic consortia such as
the International HapMap and 1000 genomes projects [20-24]. We recently published a
methodology that allows measurement of GPCR function in such LCLs, with which we were
able to detect the effect of polymorphisms in two other GPCRs, the adenosine A;a receptor

and cannabinoid receptor 2 (Chapter 4, 5). Responses were measured using the xCELLigence,
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a newly developed, highly sensitive label-free cellular assay technology. This assay measures
changes in cell morphology in real-time as opposed to techniques traditionally employed in
GPCR research such as ligand binding or second messenger accumulation assays, which use
static, one-molecule-detection [25-28].

In the current study we have applied this real-time morphological assay to assess effects
of the GIPR polymorphism E354Q in LCLs. We characterized GIPR responses in a selection of
individuals from the Netherlands Twin Register (NTR) [29]. Subsequently, we performed an
E354 mutational study in HEK293 cells using the same cellular assay technology as a

functional read-out to provide a direct comparison to the effects observed in the LCLs.

Material and methods

Chemicals and reagents

Fibronectin from bovine plasma, ATP, unsupplemented Roswell Park Memorial Institute
(RPMI) 1640 cell culture medium (25 mM HEPES and NaHCOs) and Dulbecco’s Modified
Eagles Medium — high glucose (DMEM) were purchased from Sigma Aldrich (Zwijndrecht,
The Netherlands). Fetal calf serum (FCS) was obtained from Thermo Fisher Scientific (Breda,
The Netherlands). GIP was purchased from Tebu-Bio (Heerhugowaard, The Netherlands),
while (Pro3)GIP was obtained from American Peptide Company Inc (Sunnyvale, CA, USA). All
other chemicals and reagents were of analytical grade and obtained from commercial

sources, unless stated otherwise.

Lymphoblastoid cell line generation

For all 78 individuals of the Netherlands Twin Register (NTR, VU, Amsterdam, NL) [29]
included in this study, lymphoblastoid cell lines (LCLs) were generated in accordance with
previous Chapters (eg. Chapter 3) by the Rutgers Institute (Department of Genetics,
Piscataway, NJ, USA). Briefly, peripheral B-lymphocytes were transformed with Epstein-Barr

Virus (EBV) using a standard transformation protocol [29] and subsequently cryopreserved.

Cell culture

LCLs were cultured as suspension cells in RPMI 1640 (25 mM HEPES and NaHCOs)
supplemented with 15% FCS, 50 mg/mL streptomycin, 50 IU/mL penicillin, at 37°C in a
humidified 5% CO, incubator, as described previously (Chapter 3). Cells were subcultured
twice a week at a ratio of 1:5 on 10 cm @ plates and disposed after maximally 120 days.

HEK293 cells were grown in culture medium consisting of DMEM supplemented with
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10% FCS, 50 mg/mL streptomycin and 50 IU/mL penicillin at 37°C in a humidified 7% CO,

incubator. Cells were subcultured twice a week at a ratio of 1:10 to 1:30 on 10 cm @ plates.

DNA constructs and mutant generation

cDNA encoding the human GIPR (ORF: NM_000164) with an N-terminal FLAG-tag cloned into
the pcDNA3.1(+) vector was purchased from GenScript (Hong Kong, China). Primers to
generate the E354Q mutant were designed using the online QuickChange Primer Design tool
[30] and produced by Eurogentec (Maastricht, The Netherlands). Primer sequences were
forward: GCTGGGTGTCCACCAGGTGGTGTTTGC, and reverse:
GCAAACACCACCTGGTGGACACCCAGC (5'-3’). The GIPR mutant was generated based on the
QuikChange site-directed mutagenesis method (Agilent Technologies, La Jolla, CA, USA) [31]
using pfu polymerase (Promega, Madison, WI, USA) in an 18-cycle mutagenic PCR.
Subsequently, template DNA was digested by Dpn/ (New England Biolabs, Ipswich, MA, USA)
treatment. PCR products were transformed into chemically competent DH5a cells (Life
Technologies, Carlsbad, CA, USA) and purified using a standard Qiagen Miniprep kit (QIAGEN
Benelux B.V., Venlo, The Netherlands). DNA concentration and purity were determined by
NanoDrop 2000 (Thermo Fisher Scientific) and mutations were confirmed through double
stranded DNA sequencing by the Leiden Genome Technology Center (LUMC, Leiden, The
Netherlands).

HEK293 transfection

hGIPR constructs were transiently transfected into HEK293 cells. HEK293 cells were cultured
in supplemented DMEM as stipulated above as a monolayer on 10-cm @ culture plates to 80—
90% confluency. Transfections were performed using Lipofectamine 2000 (Thermo Fisher
Scientific) and 8 pg of plasmid per 10-cm @ culture plate, in accordance with the
manufacturer’s instructions. As per these instructions, both plasmid and lipofectamine were
diluted in unsupplemented OptiMEM (Thermo Fisher Scientific), subsequently mixed and
incubated for 20 min at room temperature. Medium of HEK293 cells was exchanged to
unsupplemented OptiMEM, after which the plasmid-lipofectamine mixture was deposited

on the cells. After 6 hours of incubation with this mixture, cells were used for experiments.

Label-free whole-cell analysis (xCELLigence RTCA system)
Instrumentation principle

Cellular assays using the xCELLigence RTCA system [25] were performed in accordance with
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previously published protocols (Chapter 3, 4) [32]. The detection principle of this real-time
cell analyzer (RTCA) is based on electrical impedance. Gold electrodes are embedded on the
bottom of the microelectronic E-plates. When cells attach to these, they alter the local ionic
environment at the electrode-solution interface, thereby generating impedance. Relative
changes in impedance (Z) are recorded in real-time and summarized in the dimensionless
parameter Cell Index (Cl). The Cl at any given time point is defined as (Z-Zo) Q /15 Q, where
Z is the impedance at each individual time point. Zo is defined as O, as it represents the
baseline impedance in the absence of cells. The resulting time-resolved impedance profile
directly reflects any changes in degree of adhesion, cell number, viability and morphology,

which are also the typical cellular parameters that are affected by GPCR signaling [25, 26].

General protocol

Prior to any experiment, background impedance (Zp) was measured after adding 45 L, orin
case of antagonist experiments 40 L, of the respective culture media to the E-plate wells.
Subsequently, cells were harvested, centrifuged at 200g for 5min and resuspended in their
corresponding fresh medium. xCELLigence assays on LCLs were performed as described
previously (Chapter 3) with some minor modifications. Briefly, LCLs were harvested and
seeded onto fibronectin-coated glass-bottom E-plates (50 ug/ml) at 100,000 cells/well.
Transiently transfected HEK293 cells were harvested 4-6 hours following transfection by
trypsinization, spun down once and seeded onto uncoated PET E-plates at 80,000 cells/well.
Cell counts were performed with Trypan blue staining on a BioRad TC10 automated cell
counter. After cell seeding, E-plates were clicked in the xCELLigence recording station in an
incubator (37°C, 5% CO.). Impedance was measured overnight for 18 hours, after which the
cells were stimulated with a GPCR agonist or vehicle control in (5 ul), unless specified
otherwise. For GIP concentration-response curves in LCLs, ATP [100 uM] was taken along to
provide a receptor-independent reference of response height. As GIP and (Pro®)GIP were
stored as aliquots in Phosphate Buffered Saline (PBS), as per vendor instructions, PBS was
used as vehicle control. The final PBS concentration upon ligand or vehicle addition was kept
constant at 0.5 % PBS for all wells and assays. Agonist concentration-response curves were
generated by stimulating cells with increasing concentrations of GIP. For the (Pro®)GIP assay,
cells were pre-incubated for 30 minutes with 5 pl of vehicle control or a high concentration
of (Pro®)GIP [1 uM]. Subsequently, cells were challenged with vehicle control or a submaximal
agonist concentration of GIP corresponding to its ECgo value (concentration causing 80% of
maximal effect) of £354 and Q354, respectively (31.6 nM and 3.16 nM). All compound

responses were recorded for at least 3 hours following agonist or vehicle addition.
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ELISA

HEK293 cells were transiently transfected with the hGIPR E354, Q354 variant or mock as
described above. Flat-bottom sterile 96 wells plates were coated with 50 pl poly-D-lysine (20
mg/L) (Sigma Aldrich) for 10 minutes. Cells were harvested, counted and seeded at 80,000
cells/well as described under the xCELLigence protocol, and medium was exchanged to
normal culture medium. Cells were grown overnight at 37°C and 7% CO,. Twenty-four hours
post transfection, cells were washed once with PBS, fixed with 3,7% formaldehyde for 10
minutes and incubated in Tris-buffered saline (TBS) with 2% bovine serum albumin (BSA) for
30 minutes at room temperature. Cells were then incubated with 1:1000 anti-Q1-FLAG
monoclonal antibody (Sigma Aldrich) and 1:1250 goat-anti-mouse HRP conjugated IgG
antibody (Thermo Fisher Scientific) subsequently. Immunoreactivity was visualized by
addition of 3,3’,5,5’-tetramethylbenzidine (Sigma Aldrich). After 5 minutes the reaction was
stopped by addition of 0.2M H,S0,4. Absorbance was measured at 450 nm using a Victor plate

reader (Perkin Elmer, Groningen, The Netherlands).

gPCR

gPCR on LCLs was performed as described previously (Chapter 5). Briefly, for each cell line
RNA of three independent samples was isolated with RNeasy Plus Mini (QIAGEN, Venlo, the
Netherlands). cDNA was randomly primed from 500 ng of total RNA using ReverstAid H Minus
First Strand cDNA synthesis Kit (ThermoFisher, Breda, The Netherlands). The primers for GIPR
were CGTCTGCTGGGACTATGCTG forward and TCTCCAAAGTCCCCATTGGC reverse.
Household gene B-actin was used as internal control to enable comparison between
individuals, and the primers for this were ATTGCCGACAGGATGCAGAA forward and
GCTGATCCACATCTGCTGGAA reverse. Real-time gqPCR was performed in triplicate for each
sample using SYBR Green PCR (Applied Biosystems, part of ThermoFisher) on a 7500 Real-
Time PCR System (Applied Biosystems). gPCR data were collected and analyzed using SDS2.3
software (Applied Biosystems). The 2 22 method was used to express relative mRNA

amounts after correction for B-actin control mRNA.

Data analysis
XCELLigence
xCELLigence data were analyzed as described previously (Chapter 3). Experimental data were
captured with RTCA Software 1.2 (ACEA, San Diego, CA, USA). Ligand responses were
normalized to the last time point prior to compound addition resulting in a Normalized Cell
Index (NCI). For HEK293, this was done directly in the RTCA program, while for the LCLs the
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NCI was calculated in GraphPad Prism as the small (and sometimes negative) growth curves
of LCLs hindered this calculation in the RTCA program. The NCI corrects for non-receptor-
related variations that could for instance arise from a slight difference in seeding density,
individual differences in proliferation rate and well-plate ‘edge effects’. Data were exported
to GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA) for further analysis. The
lowest concentration of GIP was subtracted as baseline to correct for ligand-independent
effects. Responses after compound addition were analyzed using AUC within 30 minutes for
GIP and 60 minutes for ATP in LCLs, and 4 hours for GIP in HEK293hGIPR, due to the
differences in duration of response. For analysis of the duration of response in HEK293hGIPR,
responses were defined as highest NCI (Max NCI) observed at specific time points after
compound addition. Peak values, AUC and experimental ACI or NCI traces were used for
construction of bar graphs or concentration—effect curves by nonlinear regression and
calculation of ECso (concentration causing half maximal effect) and ECgy (concentration
causing 80% of maximal effect) values. Emax (maximum effect) values of compounds were
derived from maximal responses within the analyzed timeframe. All Enax values were
normalized to the £354 variant (individual E4 for LCLs).

Statistics

All values obtained are means of at least three independent experiments performed in
duplicate on the same cell line, unless stated otherwise. When comparing multiple means or
multiple instances of two means, statistical significance was calculated using a one-way
analysis of variance (ANOVA) with Fisher’s least significant difference (LSD) test, for example
comparison of multiple pECsg values for LCLs or percentage of response at certain time points
for HEK293 cells. Comparison of two values was done with Student’s t-test, for instance pECs
values of HEK293 cells.

Processing of SNPs and genetic data

As described in previous Chapter 4, the SNP data of the individuals included in the current
study were obtained from the Genomes of the Netherlands consortium (GoNL,
http://www.nlgenome.nl/) [33], in which the NTR takes part. The SNP data were analyzed in-
house using PLINK, an open-source whole genome association analysis toolset [34, 35]. For
the current study, SNPs within the boundaries of the GIPR gene (Ensembl gene:
ENSG00000010310) as defined by the human genome overview GRCh37
(http.//grch37.ensembl.org/index.html) were extracted. Subsequently, SNPs were annotated
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according to position (e.g. coding sequence, exon) and SNP type (e.g. missense) based on
GRCh37 and dbSNP (http://www.ncbi.nim.nih.gov/SNP/).

Results

Genotypes and NTR study

To study the effect of GIPR polymorphisms using LCLs of the NTR, we first determined the
GIPR genotypes in the NTR population. This constituted a selection of in total related and
unrelated 78 individuals of the NTR for whom both genetic information and corresponding
LCLs were available. Table 1 provides an overview of the SNPs present in the GIPR gene of
this NTR population. We found a total of 23 SNPs with varying location, type and frequency.
None were rare as all occurred in more than 10% of this NTR population, but two SNPs were
extremely frequent as they were found in more than 40% of the NTR individuals (i.e. SNPs
no. 22 and 23, rs9749225 and rs2238689, respectively). Of note, frequencies of most SNPs
within this population were similar to the global MAF, with some exceptions that were found
more frequently (e.g. SNP 22, rs9749225) or less frequently (e.g. SNP no. 14, rs35568293).
Most commonly, SNPs were located within introns, with the exception of three. Two of those
were located in other non-coding regions, namely the 3’-UTR. Finally, there was only one
missense variant, rs1800437, which is in fact the polymorphism causing E354Q by changing
a codon from GAG to CAG. Approximately 21% of the NTR individuals carried the minor allele
of this SNP (i.e. CAG), which therefore provided sufficient individuals to perform a study on
the effect of this polymorphism.

The preference for any genetic study is to include multiple unrelated individuals of each
genotype, and if possible of both genders. Here, we also used the unique family set-up of the
NTR for selecting individuals for inclusion into our study. The individuals from NTR included
in GoNL comprised of trio’s, with two genetically unrelated individuals, the parents, and an
offspring. In a small number of families, two children, which were monozygotic or dizygotic
twins, were included. As summarized in Table 2, we selected individuals to include: 1) one
family with two monozygotic twins (family 1), whose comparability of response is a basic
requirement to allow any conclusions from the experiments presented here in association
with genotype; 2) one family in which the parents were opposing homozygotes and their
offspring thus a heterozygote (family 2), where this special genetic relationship allowed
further conclusions on genotype-related effects, and 3) three additional individuals to be

able to study several unrelated individuals of each genotype. Of note, the maximum number
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Table 2. Selected set of NTR individuals studied for the E354Q GIPR polymorphism.

Identity E354Q
Group Individual Gender Code Genotype Amino acid
Father 1 Male El GG E
Mother 1 Female E2 GG E
Family 1
Twin 1A Female E3 GG E
Twin 1B Female E4 GG E
Father 2 Male ES GG E
Family 2 Mother 2 Female Ql cc Q
Twin 2A Male EQl CG E/Q
Additional 1 Female EQ2 CG E/Q
Additional Additional 2 Female EQ3 CG E/Q
Additional 3 Male Q2 cC Q

of Q354 individuals was investigated, as only two of such were available in the NTR
population. Moreover, both genders were represented in each group. Thus in total, we

studied responses of LCLs of 10 individuals (Table 2).

GIPR signaling can be measured sensitively in LCLs using xCELLigence

To confirm the suitability of LCLs for studying GIPR effects, we first performed an initial gPCR
as well as a response screen on the xCELLigence. The qPCR on a set of E354 and Q354
homozygous individuals revealed that mRNA of the GIPR was present in all individuals
(Fig. 1F). mRNA levels were not consequently linked to genotype as significant differences
were observed between individuals both with the same or different genotypes, and even
between monozygotic twins E3 and E4.

Subsequently, we assessed GIPR responses on the xCELLigence in comparison with
responses to ATP. The latter was used as a reference ligand as it is known to target GPCRs
that are highly expressed and activation of these leads to cellular responses in LCLs
(Chapter 3) [36, 37]. In Fig. 1A an exemplary experiment on the LCLs is presented, where
cellular growth and responses were recorded in real-time. LCL seeding resulted in an initial
increase in impedance related to cell adhesion, growth and division. Subsequent addition of
a GPCR agonist such as ATP or GIP induced an immediate increase of impedance to a peak

level of similar height, which gradually decreased towards a plateau. However, the duration
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Figure 1. Characterization of GIPR response in LCLs with varying E354Q genotypes. (A) Representative
example of a full real-time impedance plot and baseline-corrected responses of LCLs from one
individual (E3) to GIP [1 uM] and ATP [100 uM]. Representative examples of baseline-corrected real-
time impedance plot for one £354 (E3, B) and one Q354 (Q2, C) homozygous individual as a function of
different concentrations of the endogenous agonist GIP ranging from 1 uM to 10 pM. (D) GIP
concentration-response curves derived from AUC of NCI within 30 minutes after agonist addition,
normalized to £354 (E3). pECsp and Emax values are summarized in Table 3. (E) Inhibitory effect of
(Pro®)GIP [1 uM] on response to a submaximal dose of GIP ([3.16 nM] for Q354 and [31.6 nM] for £354).
(F) Results of real-time gPCR show mRNA expression of GIPR in 6 selected individuals with £354 or Q354
genotype. Statistic differences were determined by one-way ANOVA with Fisher’s LSD test. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. For F, differences to B-actin are indicated with asterisk.
Expression differences between individuals were #= E1 **** to E2, *** to E4 and Q2, **to Q1. § = E3
** to E2 and Q2, * to E4. In figures A, B and C, representative traces are shown. In figures D, E and F
means + SEM of three or more separate experiments performed in duplicate (D and E) or triplicate (F)
are shown.
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of response caused by ATP or GIP differed. For GIP, the response returned to baseline levels
within a period of 30 minutes, where ATP induced cellular changes lasting over 60 minutes.
This showed that LCL responses to GPCR agonists are receptor specific with regard to shape
and duration as measured using the xCELLigence technology.

Finally, we tested inhibition of GIP signaling effects in LCLs using the only commercially
available GIPR selective antagonist, (Pro®)GIP, which did not elicit a response on its own upon
addition to the LCLs (Supplemental Fig. S1). As shown in Fig. 1E, (Pro®)GIP was able to (partly)
diminish GIP responses.

Together, these results show that GIPR signaling in LCLs can be measured sensitively and

specifically using the xCELLigence methodology.

E534Q alters endogenous agonist potency of GIPR in personal cell lines
Subsequently, LCL responses of the selection of E354Q individuals by the endogenous agonist
GIP were determined. The resulting concentration-effect curves are summarized in
Fig. 1B-D. GIP efficacy and potency values for the entire set of 10 individuals are summarized
in Table 3. Responses between the monozygotic twins E3 and E4 were highly comparable,
confirming that the LCLs are a suitable model system to study genetic effects on the GIPR.
Shown in Fig. 1B and 1C are representative examples of the real-time baseline-corrected
responses of two unrelated individuals representing the two possible E354Q homozygous
genotypes, i.e. one £E354 and one Q354 homozygous individual, respectively. Irrespective of
genotype, these LCLs showed similar responses to GIP which did not differ significantly in
overall shape or duration. However, differences in GIP effects were observed, especially in
potency as can be seen in Fig. 1D where the concentration-response curves of these two
individuals are given. Furthermore, both £354 and Q354 homozygous individuals showed
highly similar effects in potency within their respective group of individuals with the same
genotype, but these groups differed significantly from each other. Specifically, pECsp values
of GIP on E354 individuals ranged from 7.90 + 0.07 (E4) to 8.34 + 0.08 (E2), while the same
values on LCLs of Q354 individuals were 8.96 + 0.25 (Q1) and 9.12 + 0.08 (Q2). Therefore,
GIP potency was significantly higher (i.e. 4-17-fold) in LCLs from Q354 homozygous
individuals (Q1 and Q2), as opposed to the E354 homozygotes. Interestingly, the LCLs of
heterozygotes showed mixed effects, as their potency values showed a large spread with a
range of 7.91+0.11 (EQ2) t0 9.32 + 0.14 (EQ1). Heterozygotes thus also differed significantly
from each other by 4- to 26-fold, which was similar to the difference between Q354 and £354

homozygous individuals. In general, heterozygotes were closer in potency to Q354
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(EQ1, EQ3) than to £354 individuals (EQ2 only). This was irrespective of gender, and not
smaller between related family members. In fact, in family 2 who encompassed a £354 father
and Q354 mother, GIP potency in LCLs of their child was not in between the two but instead
much closer to Q354.

Besides potency, we also assessed GIP efficacy for which we did not observe a genotype-
related trend, despite a wide range of efficacies with many significant differences (Table 3).
The individuals with the highest efficacy were three £354 homozygotes, followed by two
heterozygotes. Both Q354 individuals showed lower efficacy, with Q1 the lowest of all. The
trend was however not consistent, as other £354 homozygotes such as E2 showed efficacies
lower than some Q354. Furthermore, the monozygotic twin pair E3 and E4 differed largely
in efficacy. Thus, GIP efficacies were not consistent with genotype. Of note, GIP efficacy was
not related to gender either, as for instance for £354 the individuals with highest and lowest
efficacy were both female. Finally, there was also no clear relationship to GIPR mRNA levels,
as for example the two cell lines with the highest En.x, E4 and E1, differed greatly in their
mMRNA levels (Fig. 1F).

In conclusion, the responses of the NTR individuals’ LCLs revealed that the E354Q
polymorphism increased the potency of endogenous agonist GIP in Q354 homozygotes,
while heterozygotes showed mixed effects with respect to GIP potency. The efficacy of GIP

was not affected by this polymorphism.

Mutational study E354 in HEK293 cells shows differences in duration of effect

To provide a more direct comparison to our personal cell lines, we performed a mutational
study using transiently transfected HEK293 cells and measured their responses upon GIP
addition using the xCELLigence. An example of the real-time readout of cellular growth and
responses to GIP for HEK293 cells transiently transfected with mock, £354 and Q354 is
presented in Fig. 2A. Addition of GIP to mock-transfected HEK293 cells did not induce
significant changes in impedance, while it resulted in an immediate effect in £354 or Q354
transfected cells. In both cases, impedance increased to a peak level within 120 minutes and
subsequently declined towards baseline, which it did not reach though, even after 240
minutes. Thus, the GIP response dynamics of HEK293hGIPR cells are different from LCLs,
especially in response duration.

Fig. 2B and 2C display examples of the respective real-time traces of £354 and Q354
HEK293hGIPR cells responses to GIP from which concentration-effect curves were
constructed by analyzing the AUC over 4 hours of response (Fig. 2D). The overall effect of GIP
in this time period did not differ significantly between E354 and Q354 with respect to potency
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Figure 2. Characterization for hGIPR response in HEK293 cells transiently transfected with £354 or Q354
variant. Representative example of a full real-time impedance plot and baseline-corrected responses
of mock, £354 and Q354 transiently transfected HEK293 cells (A) and real-time baseline-corrected
concentration-responses curves for (B) E354 and (C) Q354 transfected HEK293 cells. (D)
Concentration-response curves derived of AUC from NCI within 4 hours after GIP addition for £354
and Q354 transfected HEK293 cells. pECsg values were 10.25 + 0.06 and 10.18 + 0.08, while Enmax
values were 100 £ 2.9 % and 56.9 + 6.4 %, respectively. Potency was not significantly different, while
Emax differed by **** as determined by Student’s t-test. (E) Percentage highest baseline-corrected
response to GIP [1 uM] of Q354 versus E354 at several time points. The overall highest response of
E354 was set to 100%. (F) Cell-surface expression of £354 and Q354 over mock transfected HEK293
cells as determined by FLAG-tag ELISA, which was not significantly different between the two variants.
All data are presented as means + SEM of three or more separate experiments performed in
duplicate. Statistic differences were determined by two-way (E) or one-way (F) ANOVA with Fisher’s
LSD test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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(pECsp of 10.25 + 0.06 and 10.18 + 0.08, respectively). Efficacy, however, defined as the
maximally achieved overall AUC, was significantly altered (Emax of 100+ 2.9 % and 56.9 + 6.4
%, respectively). Thus, the overall cellular effect through Q354 was lower than through £354,
which was mostly due to how the height of the cellular effect diverged over time (Fig. 2E).
Specifically, at 30 minutes after agonist addition £354 and Q354 showed virtually the same
height of response to GIP, while the effect on Q354 declined towards baseline more rapidly
after that time. At 4 hours after GIP addition, the effect on Q354 was only 49 % of £354.
Finally, we confirmed that any differences between E354 and Q354 receptor variants
transiently transfected in HEK293 cells were not due to differences in cell surface expression
by performing ELISA (Fig. 2F). In conclusion, the mutational study of E354Q in transiently
transfected HEK293 cells showed no differences in potency. In contrast, significant
differences were found in efficacy as the height as well as duration of response were
decreased in Q354.

Discussion

Genetic differences between individuals can affect both drug action and susceptibility to
diseases, as is increasingly recognized under the concept of personalized or precision
medicine [38]. The GIPR missense SNP E354Q has been associated with diseases including
diabetes and bone-fracture risk [12, 15, 16] and shown to have functional effects in mouse
cell lines or recombinant cell systems [3, 16, 19]. However, results from such animal and
recombinant cells may not be directly translatable to the human individual. Additionally,
several of these studies yielded conflicting results. To provide a better link with the
physiological situation we studied the effect of this SNP in personal cell lines, i.e. LCLs of a
set of individuals from the NTR [29].

The E354Q was present in 21% of NTR individuals, which was in accordance with its
global MAF [14]. Most of the other SNPs in the GIPR gene (Table 1) were located in introns,
as is common for intron-containing GPCRs due to the evolutionary conservation of the
different regions [39, 40]. Thus for functional studies in LCLs, we selected 10 individuals
including two or more unrelated individuals of both genders for each of the three E354Q
genotypes (Table 2). The set of monozygotic twins used as control for genotype-unrelated
effects [29, 41] showed highly comparable responses to the endogenous agonist GIP (Fig. 1,
Table 3), confirming LCLs are a suitable model system. Remarkably, E354Q affected GIP
potency consistently over all individuals, while being independent on gender and family-

relation. GIP had higher potency in all Q354 versus £354 homozygotes, while heterozygotes
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showed a wide spread in potency, differing between each other and from both homozygotes
(Fig. 1, Table 3). Interestingly, precisely this heterozygous variant but not the homozygous
Q354 has been associated with cardiovascular disease [15]. Conversely, only Q354
homozygotes were associated with reduced serum C-peptide concentrations, a parameter
related to insulin levels [16]. Finally, Torekov et al. found minor allele carriers had lowered
bone mineral density, but only Q354 homozygotes had increased risk for certain fractures
[12]. The effect of E354Q heterozygosity is therefore not straightforward, and could vary
depending on disease. Thus, investigating heterozygosity is imperative for deciphering
E354Q pharmacology.

In our study, the E354Q SNP showed clear (genotype-related) effects in LCLs of NTR
individuals, mainly on the potency of the endogenous ligand GIP. For instance, GIP potency
was highly comparable in the monozygous twins E3 and E4 (Table 3). In contrast, the efficacy
was not genotype-related (Table 3), as for example the same monozygous twins E3 and E4
differed greatly in their Enax. Efficacy was also not related to other characteristics such as
gender (Table 2, Table 3) or GIPR mRNA levels (Fig. 1F). For example, E4 and E1 were the two
cell lines with the highest Emax. Contrarily, E4 had high GIPR mRNA levels while E1 exhibited
the lowest of all individuals. It has to be kept in mind that mRNA expression levels do not
necessarily correlate with functional protein expression on the cellular membrane, a feature
well-known in literature [42, 43]. Thus, it appears that neither differences in mRNA levels or
Emax reveal any E354Q-related effects on functional GIPR expression. Notably, the maximal
effects of both GIP and another ligand which targets a completely different set of GPCRs,
namely ATP, showed a similar ranking of individuals (data not shown). Hence it is possible
that the differences in maximal effects reflect each individual’s overall cell properties such
as viability, proliferation rate and adherence to electrodes, which are not specifically GPCR-
related but are known to affect xCELLigence readout [25-28].

Overall, the E354Q SNP showed outspoken effects in LCLs of NTR individuals. It has been
suggested that E354, based on functionality of the same E®* in other class B GPCRs, has a
potentially important role in ligand binding and receptor (in)activation [17]. It was shown
that mutation to an alanine caused a loss of hydrogen bonding network interactions,
resulting in a constitutively active mutant with higher GIP affinity and potency, but
unchanged efficacy [17]. Mutation to glutamine may have similar effects by reducing
interaction strength, thus causing increased potency yet similar efficacy for agonists, which
isin accordance with the observations in LCLs. However, several studies examining functional
effects of E354Q in mouse cell lines or recombinant cell systems yielded conflicting results.

For instance, Fortin et al. noted that Q354 reduced induction of cAMP production in
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recombinant HEK293 cells, while neither Almind et al. nor Mohammad et al. found any effect
on cAMP formation in CHO cells or mouse adipocytes, respectively [3, 16, 19]. A similar
discrepancy was observed for antagonism of GIPR in LCLs, which is considered a potential
treatment for GIPR-related metabolic abnormalities such as diabetes [44]. When we tested
(Pro)GIP, the only commercially available GPR antagonist, in LCLs, it partly inhibited GIP
activation (Fig. 1E) in correspondence to its reported low potency [45]. Interestingly, in our
hands (Pro3)GIP merely acted as an antagonist (Supplemental Fig. S1), while Sparre-Ulrich et
al. reported it to be a full or partial agonist [46]. It stands to notice that the above findings
were established in recombinant or non-human cell systems. On the other hand, LCLs are a
completely human system that endogenously expresses hGIPR. Lastly, all of these
observations were obtained using typical endpoint or second messenger assays, which focus
on one part of a cellular response only. Systems such as the xCELLigence offer the advantage
of measuring whole-cell responses in real-time as opposed to a static, one-molecule-
detection [25-28]. Hence, such label-free whole-cell assays are preferable over typical
endpoint assays to minimize bias [47].

To further investigate the influence of the model system used, we measured E354Q
mutational effects in a common recombinant system, namely transiently transfected HEK293
cells, using the exact same xCELLigence assay to provide direct comparison. As in LCLs, E354
and Q354 were not differentially expressed and we observed a receptor-specific impedance
signal (Fig. 2A, F). Interestingly, HEK293hGIPR cells showed a response duration vastly
different from LCLs (30 minutes for LCLs versus over 240 minutes for HEK293hGIPR). In
addition, overall GIP potency was at least 5-fold higher than in LCLs. However, previously
published potencies also span a wide range, even within the same cell type. GIP potencies
on transiently transfected HEK293hGIPR cells expressing £354 range from 0.9 pM [19] to 490
+30 pM [17], and even 3.63 nM on CHO cells [16], all of which values that were determined
in CAMP-based assays.

Besides differences in GIP effects in general, E354Q specifically showed divergent
pharmacological effects in HEK293hGIPR and LCLs. Specifically, E354Q did not affect potency
in HEK293hGIPR, but had a significant influence on efficacy in terms of height and duration
of cellular effects, which were both lower for Q354 than for £354 (Fig. 2). This is in accordance
with findings by Mohammad et al. in the same cell type, who established that Q354 slowed
receptor recycling to the cell surface following agonist stimulation [3]. This could lead to a
decreased availability of receptors to mediate the cellular effects as measured by the

xCELLigence, thus lower and declining more rapidly over time.
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It is well-established that the behavior of GPCRs is dependent on the cellular context [48,
49]. HEK293 cells are a prototypical recombinant system prone to receptor overexpression,
whereas LCLs are personal cell lines with endogenous levels of receptor expression. This
emphasizes the importance of using primary or derived (i.e. endogenous immortalized)
human cell systems that offer more physiological relevance to confirm any effects
established in other cell systems.

Irrespective of the model system, it is essential to consider findings in the light of
physiological and pathological conditions. Consumption of meals induces GIP blood
concentrations to approx. 100 pM, which return to previous levels around 20 pM within 3 to
4 h[3,50-52]. Itis clear that such physiological concentrations of GIP cannot reach a maximal
effect in E354 LCLs, where potencies are around 10 nM (Table 3). However, GIP potency on
Q534 LCLs was higher and in the pM range. This makes potency differences extremely
relevant for physiological effects, as receptors with increased potency such as the Q354
variant could mediate a larger response. If this variant additionally shows a shorter effect
duration or slower recycling to the surface after GIP stimulation, as pointed at by our results
and those of Mohammad et al. in HEK293 cells [3], the combination could contribute to
lowered GIP sensitivity and, for instance, increasing the risk of insulin resistance. Replicating
these findings in cell types directly involved in the physiological functions of GIP, such as
adipocytes from patients versus healthy volunteers containing both E354Q GIPR forms, could
offer more conclusive results.

In conclusion, our study with personal cell lines that endogenously express E354Q shows
that this polymorphism has a strong effect on receptor response, namely by increasing GIP
potency, which can affect the physiological function of the receptor. Furthermore, a
mutational study in recombinant HEK293 cells revealed a reduced effect duration for Q354,
which was not observed in LCLs. Thus, the effects of E354Q differ depending on the model
system used. By studying E354Q effects in personal cell lines, we aimed to increase the link
with the real-life situation and to provide more insight into physiological changes as they
occur in the human individual, and thereby contribute to precision medicine for GIPR-related

pathologies.

Data Access

The LCLs used in this study were kindly provided within the framework of this collaboration
[29] and are part of the Netherlands Twin Register (NTR;

http.//www.tweelingenregister.org/en/), and part of the Center for Collaborative Genomic
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Studies on Mental Disorders (NIMH EQ34 MH068457-06). Data and biomaterials (such as cell
lines) are available to qualified investigators, and may be accessed by following a set of
instructions stipulated on the National Institute of Mental Health (NIMH) website

(https.//www.nimhgenetics.org/access_data_biomaterial.php).
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Supporting information

Supplemental Table S1. Significant differences in endogenous agonist GIP potency and efficacy per
individual’s LCL. Data represent pECso = SEM and Emax = SEM of at least three experiments performed
in duplicate. Statistical analysis was performed by one-way ANOVA with Fisher’s LSD post-hoc test. For
pECso, a large difference between GG genotypes (E354) the CC genotype (Q354) compared to GG
genotypes and a mixed effect for the heterozygote genotype. The Emax showed little differences that

were not consistent with genotype. ns = not significant; *p<0.05, **p<0.01, ***p<0.001,
#¥%%<0.0001.
EC E

Individuals — L
Summary P Value Summary P Value
Elvs. E2 ns 0.1670 *k 0.0027
Elvs. E3 ns 0.8819 * 0.0250
Elvs. E4 ns 0.1156 ns 0.4986
Elvs. E5 ns 0.9651 ns 0.7103
Elvs.Ql okl <0.0001 *x 0.0015
Elvs. EQ1 oAk <0.0001 ns 0.6019
E1vs. EQ2 ns 0.1278 *x 0.0067
E1lvs. EQ3 Hokx 0.0002 ns 0.4815
Elvs. Q2 HA kK <0.0001 * 0.0103
E2 vs. E3 ns 0.1278 ns 0.3722
E2 vs. E4 *k 0.0049 Hkx 0.0004
E2 vs. E5 ns 0.2149 * 0.0128
E2 vs. Q1 Hkx 0.0005 ns 0.6423
E2 vs. EQ1 HkAK <0.0001 * 0.0183
E2 vs. EQ2 *x 0.0056 ns 0.7262
E2 vs. EQ3 * 0.0100 * 0.0105
E2 vs. Q2 ok <0.0001 ns 0.4081
E3 vs. E4 ns 0.1518 *x 0.0048
E3 vs. ES ns 0.8562 ns 0.0803
E3vs.Ql HkA K <0.0001 ns 0.2008
E3 vs. EQ1 HkAK <0.0001 ns 0.1078
E3 vs. EQ2 ns 0.1670 ns 0.5847
E3 vs. EQ3 Hkx 0.0001 ns 0.0860
E3vs. Q2 HkAK <0.0001 ns 0.8790
E4 vs. ES ns 0.1330 ns 0.3210
E4vs. Ql HkAE <0.0001 Hokx 0.0003
E4 vs. EQ1 oAk <0.0001 ns 0.2546
E4 vs. EQ2 ns 0.9569 *x 0.0011
E4 vs. EQ3 HEk <0.0001 ns 0.1617
E4vs. Q2 KA Ax <0.0001 *x 0.0015
E5vs.Ql HkAK <0,0001 *k 0.0066
E5vs. EQ1 HkAK <0.0001 ns 0.8877
E5vs. EQ2 ns 0.1456 * 0.0272
E5vs. EQ3 Hokx 0.0006 ns 0.7947
E5vs. Q2 HkAK <0.0001 * 0.0447
Q1 vs. EQL * 0.0406 *x 0.0094
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Qlvs. EQ2 HE K <0.0001 ns 0.4320

Q1 vs. EQ3 ns 0.1318 *k 0.0054
Qlvs. Q2 ns 0.2966 ns 0.2129
EQ1 vs. EQ2 *rkk <0.0001 * 0.0381
EQ1 vs. EQ3 HHk 0.0004 ns 0.9185
EQ1 vs. Q2 ns 0.1690 ns 0.0630
EQ2 vs. EQ3 *xkk <0.0001 * 0.0251
EQ2 vs. Q2 HkA K <0.0001 ns 0.6547
EQ3 vs. Q2 *x 0.0041 * 0.0415
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Supplemental Figure S1. (Pro®)GIP response in LCLs. Representative example of a baseline-corrected
responses to either (Pro®)GIP [1 uM] or GIP [31.6nM] of LCLs from one £354 individual, E3. Data is
representative for three or more separate experiments performed in duplicate.
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