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Abstract

Background/Aims: CRISPR-Cas9, a RNA-guided targeted genome editing tool, has
revolutionized genetic engineering by offering the ability to precisely modify DNA. GPRC5B is
an orphan receptor belonging to the group C family of G protein-coupled receptors (GPCRs).
In this study, we analysed the functional roles of the Gprc5b receptor in MIN6 B-cells using
CRISPR-Cas9 and transient over-expression of Gprc5b. Methods: The optimal transfection
reagent for use in MING [3-cells was determined by analysing effciency of GFP plasmid delivery
by cell sorting. A MIN6 B-cell line in which Gprc5b expression was knocked down (Gprc5b
KD) was generated using CRISPR-Cas9 technology. Gprc5b receptor mRNA expression,
proliferation, apoptosis, Cignal 45-Pathway Reporter Array signalling and western blot assays
were carried out using Gpcr5b KD MING6 [-cells that had been transiently transfected with
different concentrations of mouse Gprc5b plasmid to over-express Gprc5b. Results: JetPRIME®
was the best candidate for MING B-cell transfection, providing approximately 30% transfection
effciency. CRISPR-Cas9 technology targeting Gprc5b led to stable knock-down of this receptor
in MIN6 B-cells and its re-expression induced proliferation and potentiated cytokine- and
palmitate-induced apoptosis. The Cignal 45 Reporter analysis indicated Gprc5b-dependent
regulation of apoptotic and proliferative pathways, and western blotting confrmed activation
of signalling via TGF-b and IFNg. Conclusion: This study provides evidence of CRISPR-Cas9
technology being used to down-regulate Gprc5b expression in MIN6 [-cells. This strategy
allowed us to identify signalling pathways linking GPRC5B receptor expression to b-cell
proliferation and apoptosis.
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Introduction

The simplicity of the CRISPR-Cas9 (clustered regularly interspaced short palindromic
repeats-CRISPR-associated protein 9) system has revolutionized genome engineering.
Initially described as an adaptive immune system in bacteria, it has been extensively
developed as an RNA-guided genome editing tool, allowing precise manipulation of specific
genomic loci and facilitating detailed investigation of targeted gene functions or diseases.
CRISPR-Cas9 technology has been used for genome editing in induced pluripotent stem cells
[1, 2] primary human endothelial cells [3] and the INS-1 [4, 5] and MING6 [6, 7] -cell lines,
among others.

G protein-coupled receptors (GPCRs) constitute the largest family of transmembrane
receptors encoded by the human genome [8], being targeted for the treatment of diseases
such as diabetes and its associated complications [9]. Orphan GPCRs, whose endogenous
ligand has not yet been identified, exhibit an appealing source of undiscovered therapeutic
potential. GPRC5B, also known as retinoic acid-inducible gene 2 (Raig2), is a member of the
Raig subfamily of type 3 (family C) GPCRs [10]. This orphan receptor is highly expressed in
human and mouse islets [11], brain [12] and white adipose tissue [13]. Observations that it
is up-regulated in islets from donors with type 2 diabetes (T2D) [11] and that its deletion in
mice causes glucose intolerance [13] suggest that it may be involved in the pathogenesis of
diabetes, but the molecular mechanisms underlying this remain unclear.

As there are no known specific agonists for Gprc5b we have previously used lentivirus
to down-regulate Gprc5b in islets and we demonstrated that this confers protection against
apoptosis [11]. In the current study, we have generated isogenic MING (3-cell clones in which
Gprc5b has been specifically and stably knocked down using the CRISPR-Cas9 technology.
We have then reintroduced Gprc5b in a graded fashion to determine the effects on b-cell
proliferation and apoptosis, and the cell signalling pathways downstream of Gprc5b in
b-cells.

Materials and Methods

Reagents

FuGENE® 6 Transfection Reagent, Dual-Glo® Luciferase Assay System kits, anti-mouse and anti-
rabbit IgG (H+L), HRP-conjugated secondary antibodies and caspase 3/7 assay kits were from Promega UK
(Southampton, UK). The mouse Gprc5b antibody was from Biorbyt (Cambridge, UK). Linear polyethylenimine
was from Polysciences, Inc. (Hirschberg an der Bergstrasse, Germany), Metafectene® Pro from Cambio
(Cambridge, UK), jetPRIME® from Polyplus-transfection (Illkirch, France), Torpedo®* transfection reagent
from Thistle Scientific Ltd. (Glasgow, UK) and Lipofectamine® 2000 Transfection Reagent and Pierce™ BCA
Protein Assay Kit were from Thermo Fisher Scientific (Loughborough, UK). NanoJuice® Transfection Kit
was from Millipore (U.K.) Ltd. (Hertfordshire, UK). Attractene Transfection Reagent, DNeasy Blood & Tissue
kits and Cignal 45-Pathway Reporter Array kits were from Qiagen Ltd. (Manchester, UK). Recombinant
murine TNFa, IFNg and IL-1p were from PeproTech EC Ltd. (London, UK). The BrdU cell proliferation kit
was from Sigma-Aldrich (Dorset, UK). Gprc5b double nickase plasmid (mouse) and anti-B-actin antibody
were from Santa Cruz Biotechnology, Inc. (Heidelberg, Germany). Anti-Smad2/3, anti-STAT1, anti-Smad2/3
(phospho T8) and anti-STAT1 (phospho S727) antibodies were from Abcam plc. (Cambridge, UK). All other
chemicals were from Sigma Aldrich or Thermo Fisher Scientific.

Cell culture

MING B-cells (passage 25-45), were maintained in culture in a humidified incubator at 37°C, 5% CO,,
95% air in DMEM supplemented with 25 mM glucose, 2 mM glutamine, 10% FBS, 100 units/ml penicillin,
100 pg/ml streptomycin and 100 uM 2-mercaptoethanol. The Gpcr5b KD MING B-cell line was cultured
with the same medium, which was also supplemented with 1.5 pg/ml puromycin as the resistance selection
antibiotic.
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Screening of MING B-cell transfection efficiency

Approximately 200,000 MIN6 b-cells were seeded into 12-well cell culture plates and maintained in
culture overnight, then transfected with a plasmid encoding GFP using a range of commercially available
transfection reagents (FUGENE® 6, Linear polyethylenimine, Metafectene® Pro, jetPRIME®, Torpedo®4,
Lipofectamine® 2000, NanoJuice® and Attractene) following the manufacturers’ instructions. Cells were
incubated for 48 hours after transfection, retrieved by trypsinisation then resuspended in 1 ml of sterile
PBS. GFP production by transfected cells was analysed using a cell sorter that excited GFP fluorescence
with a blue laser at 488nm (BD FACSAria Ill, Flow Cytometry Facilities, Guy’s Hospital, London), and the
expression was plotted versus fluorescence of untransfected MIN6 B-cells (GFP negative).

Gprce5b receptor knockout in MING B-cells using CRISPR-Cas9 technology

Based on previous reports of a link between GPRC5B and T2D, we generated a stable Gpcr5b KD MIN6
-cell line using CRISPR-Cas9 technology to investigate the direct role of this receptor in B-cell function. For
this purpose, approximately 500,000 MING6 3-cells were seeded into 6-well cell culture plates, maintained
in culture overnight and transfected using jetPRIME® with 1 pg of a Gprc5b double nickase plasmid set
that consists of a pair of plasmids, each encoding a D10A mutated Cas9 nuclease and a unique, target-
specific 20 nt guide RNA (gRNA). Each pair of gRNA sequences are offset by approximately 20 bp to allow
for high specificity gene knockout. The specific regions of the Gprc5b gene targeted by these plasmids are
GCTCTTCGTGATCACCTCGG and GAAAACGCCAGCACATCCCG. This strategy was employed to induce Gpcr5b-
targeted double strand breaks in MING 3-cells at the genomic locus at chromosome 7 (region F2, exon 4).
Cells were maintained in culture for 48 hours at 37°C post-transfection then transferred into 96 well plates
using a cell dilution method to allow isolation of single colonies (genome-targeted monoclonal cell clones).
The culture medium was supplemented with 1.5 pg/ml puromycin to allow selection of cells expressing the
transfected plasmids. After growing and generating stocks, the isogenic colonies were expanded, genomic
DNA was extracted from each clone and expression of the CRISPR Gprc5b knockout sequence flanking the
deleted region was confirmed by PCR using primers (forward: 5’-CTGAGGAAAGGAGCACGT-3’ and reverse:
5’-CACAGGGCTCTTCTTCTCCTT-3') and subsequent Sanger sequencing (Source Bioscience).

RNA extraction and quantitative real-time PCR

Groups of approximately 200,000 Gpcr5b KD MING B-cells were seeded into 6-well plates, maintained
in culture overnight and transfected with increasing concentrations of mouse Gprc5b plasmid (0.01, 0.1, 1,
10 and 100%, bulked to 100% DNA with pcDNA3 vector to ensure the same amount of DNA per condition
tested) using jetPRIME®. Un-transfected WT MING (3-cells were used as controls. After 48 hours total RNA
was extracted using a modified TRIzol protocol [14] and Gprc5b, Nodal and DP5 (Hrk) gene expression
relative to the house-keeping gene GAPDH was determined using QuantiTect qPCR assays, as described
elsewhere [15, 16]. All gene primer efficiency (E) [17] values were in the range of 1.85-2.15. For all gene
quantifications, template cDNAs were diluted such that all quantified genes returned Ct values <30.

Proliferation

Groups of 10,000 GpcrSb KD MIN6 B-cells were seeded into 96-well plates and transfected the
following day with increasing concentrations of mouse Gprc5b plasmid (0.01, 0.1, 1, 10 and 100%, bulked
to 100% DNA with pcDNA3) using jetPRIME®. Un-transfected WT MING B-cells were used as controls. After
overnight incubation, cells were maintained for a further 24 hours in serum-free medium before being
labelled with 100uM BrdU for 4h at 37°C. BrdU incorporation into proliferating b-cells was quantified using
a plate reader measuring absorbance at 450 nm [18].

Apoptosis

Groups of 10,000 Gpcr5b KD MING B-cells were seeded into 96-well white opaque cell culture plates
and transfected the following day with increasing concentrations of mouse Gprc5b plasmid (0.01, 0.1, 1, 10
and 100%, bulked to 100% DNA with pcDNA3) using jetPRIME®. Un-transfected WT MING B-cells were
used as controls. Quantification of basal, cytokine and palmitate-induced b-cell apoptosis was carried out
using the Caspase-Glo 3/7 assay Kkit, essentially as previously described [18].
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Cignal™ Finder 45-Pathway Reporter Array

Pathway reporters were introduced into GpcrSb KD MING B-cells in 96-well cell culture plates via
reverse transfection according to the manufacturer’s protocol. Briefly, reporter DNA constructs resident in
each plate well were resuspended with 50 pl Opti-MEM, together with pcDNA3 (100%) or mouse Gprc5b
plasmid (10%, bulked with pcDNA3 to 100%) and then mixed with jetPRIME®. Cells were suspended in
Opti-MEM supplemented with 10% of fetal bovine serum and 0.1 mM non-essential amino acids, and then
50 pl of the cell suspension, equivalent to 10,000 cells, was added into each plate well and mixed with DNA
resident in the plate, plasmids and added transfection reagent. The cells were incubated for 48 h at 5% CO,
and 37 °C. Analysis of 45 signalling pathways in the cells was then carried out using the Cignal 45-Pathway
Reporter Array kit by quantifying the luminescent signal according to the manufacturer’s instructions.
Expression values were normalised by establishing a sample ratio value to discriminate between genuine
cellular responses (Firefly luminescent signal) and non-specific responses (Renilla luminescent signal), and
plotted as log2 fold change comparing cells expressing 10% mouse Gprc5b plasmid with those expressing
the pcDNA3 control plasmid.

Western Blot

Gprc5b expression in wildtype MIN6 cells and those transfected with the Gprc5b double nickase
plasmid set was determined by western blotting using an anti-Gprc5b antibody at a dilution of 1/100 and
normalised to beta-actin expression in the same samples (1/2,000 dilution). For identification of signalling
downstream of Gprc5b in MIN6 b-cells, groups of approximately 4x10° Gpcr5b KD MING (3-cells were seeded
into T75 flasks, maintained in culture overnight and transfected with 10% mouse Gprc5b plasmid (plus 90%
of pcDNA3 empty vector) or 100% of pcDNA3 using jetPRIME®. After 48 hours incubation, proteins were
extracted, fractionated on 4-12% Bis-Tris gels (200V, 1 hour) then immunoprobed on PVDF membranes with
antibodies directed against beta-actin (1/2,000), total (1/200) or phosphorylated (1/200) anti-Smad2/3 or
total (1/500) or phosphorylated (1/1,000) anti-STAT1 and their respective secondary antibodies.

Statistical analysis

GraphPad Prism 5.0 (GraphPad Software, Inc.) was used for statistical analyses. Data are presented
as mean+SEM and analysed using ANalysis Of VAriance (ANOVA) or Student’s t tests and p<0.05 was
considered statistically significant.

Results

MING B-cell line transfection efficiency screening

The MING B-cell line is relatively difficult to transfect compared to some continuous cell
lines such as HeLa and HEK-293T so eight commercially available transfection reagents were
screened for their utility in delivering a GFP plasmid to MIN6 b-cells to drive GFP expression.
Sorting of GFP fluorescent cells 48 hours post-transfection indicated that the jetPRIME®
reagent in a 1:2 DNA to transfection reagent ratio (w/v) was the most effective of the eight
compounds tested, with almost 30% of cells positive for GFP expression. All other reagents
tested failed to reach these transfection efficiency levels, with only two other reagents
(FUGENE® 6 and Torpedo®*) having transfection efficiencies in excess of 10%. jetPRIME®
was therefore used for all subsequent transfection protocols described herein.

CRISPR-Cas9-mediated knock-down of MING (3-cell GPRC5B

CRISPR-Cas9 technology was used to induce Gpcr5b-targeted double strand breaks at
the genomic locus in MIN6 b-cells. Individual puromycin-resistant transfected cells were
expanded and screened for Gpcr5Sb-targeted double strand breaks using PCR and Sanger
sequencing. A single stable Gpcr5b KD MING B-cell line, in which the sequence homology
was reduced to the first 29 amino acids of the 410 amino acids of full length Gprc5b, with the
additional introduction of an early stop codon downstream (Fig. 1A), was used as a starting
point for further experiments where Gprc5b was transiently re-introduced into the cells.
Western blotting confirmed Gprc5b knockdown in these cells, with approximately 60%

KARGER

659


http://dx.doi.org/10.1159%2F000487159

Cellular PhyS|0Iogy CeII Physiol Biochem 2018;45:656-666

© 2018 The Author(s). Published by S. Karger AG, Basel

O Q.LLe2/00048 /100
and B|ochem|stry PubI|shed online: February 05, 2018 [www.karger.com/cpb

Atanes et al.: CRISPR-Cas9 Technology to Identify Gprc5b Signalling in MIN6 B-Cells

reduction in Gprc5b protein expression in the KD cells compared to protein-matched WT

MING cells (Fig. 1B, C).

Graded re-introduction of Gprc5b into MING B-cells

Gprc5b was re-introduced into the Gprec5b KD MING B-cell line by transient transfec-
tion with increasing concentrations of mouse Gprc5b plasmid. It can be seen from Fig. 2 that
CRISPR-Cas9-targeted deletion of Gprc5b resulted in significant reduction in Gprc5b mRNA
levels compared to WT MIN6 b-cells, as expected. Delivery of 0.01-100% of the Gprc5b plas-
mid to Gprc5b KD cells resulted in a concentration-dependent increase in Gprc5b mRNA
expression, such that cells transfected with 100% mouse Gprc5b plasmid had a 1,340-fold

up-regulation of Gprc5b (Fig. 2).

Fig. 1. Generating A)
a Gpcer5b KD MIN6
B-cell line using
CRISPR-Cas9 tech-
nology. A) Sche-
matic representa-
tion of the DNA

sequence targeted

using CRISPR-Cas9 B)
technology to gen-
erate a Gpcr5b KD
MIN6 monoclonal

cell clone, highlight- )
. Beta-actin (42 kDa)
ing the deleted nu-
cleotides in the KD

sequence,

A |

leading

Mouse Gprc5b gene location: Chromosome 7: 118,972,047-118,995,211

TGCCTCCGTGGCTTCAGAGAACGCCAGCACGTCCCGGGGCTGTGGACTGG — Gpre5b WT DNA sequence
TGCCTCCGTGGCTTCAGAGAXCGTXXGXXXXXCCCGGGGCTGTGGACTGG — Gpre5b KD DNA sequence

Gprc5b antibody (42 kDa)

0

Intensity fold change
(Gprc5b/p-actin)
(normalised to 100%
vs WT control)

% |

to frame shift muta-

tions and followed by several novel stop codons, truncating the protein expression. B) Western blotting vali-
dation of Gprc5b KD ina MING B-cell clone, compared to protein-matched WT MING cells. C) Densitometric
analysis of GPRC5B protein expression in KD and WT MING cells, normalised to beta-actin. Values are means

+ range; n=2. **p<0.01.

—an)

Gprc5b expression
(relative to WT control)
=NwhwO
[=N=N-N-N-}
[ T T ) S )

WT 0 0.01 0.1 1 10 100
mGprc5b plasmid concentration (%)
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(450 nm)
o
&
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Fig. 2. Gprc5b mRNA expression in MING (3-cell lines.
Gpcr5b KD MING B-cells (0%) were transfected with
increasing concentrations of mouse Gprc5b plasmid
(0.01-100%) using jetPRIME®. Data are normalised
relative to the reference gene Gapdh and presented
as expression relative to WT MING6 B-cells. Values
are expressed as means + SEM; n=3. ***p<0.001;
**p<0.01.
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Fig. 3. Effect of Gprc5b expression on MIN6
B-cell proliferation. Gpcr5b KD MING B-cells (0%)
were transfected with increasing concentrations
of mouse Gprc5b plasmid (0.01-100%) using
jetPRIME®. Proliferation was determined by
quantification of BrdU incorporation into newly
synthesised DNA. Data are presented as absorbance
values (450 nm). Values are expressed as means +
SEM; n=6-8. **p<0.01.
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Effect of Gprc5b expression on MING B-cell proliferation

The role of Gprc5b in b-cell proliferation was investigated using Gpcr5b KD MIN6
B-cells transfected with increasing concentrations of mouse Gprc5b plasmid. There was no
significant difference between the rate of proliferation of WT MIN6 -cells and Gpcr5b KD
MING B-cells, but re-introduction of Gprc5b induced a concentration-dependent stimulation
of BrdU incorporation into proliferating MIN6 cells, with maximal effects achieved in cells
that had been transfected with 100% of the plasmid (Fig. 3).

Effect of Gprc5b expression on MING -cell apoptosis

It can be seen from Fig. 4A that deletion of Gprc5b did not affect basal apoptosis of
MING B-cells, but cells that had been transfected with 100% of the mouse Gprc5b plasmid
showed a significant elevation in caspase 3/7 activities. Similar pro-apoptotic effects of
over-expression of Gprc5b were observed under conditions where enhanced apoptosis
was induced by a mixed cytokine cocktail (Fig. 4B) or by the saturated long chain fatty acid
palmitate (Fig. 4C). Thus, exposure of Gpcr5b KD MIN6G [-cells for 20 hours to a cocktail
of TNFa, IFNg and IL-1(3 or to 500uM palmitate promoted 3-fold and 2-fold elevations in
apoptosis, respectively, and this was further increased in a concentration-dependent manner
by re-introduction of Gprc5b.

Signalling pathway screening by re-introduction of Gprc5b into MING B-cells

Gprc5b is expressed by islets where it may play an important role in b-cell function [11],
but the molecular signalling pathways downstream of Gprc5b in b-cells have not been previ-
ously identified. Transfection of Gpcr5b KD MING B-cells with 10% mouse Gprc5b plasmid
(bulked to 100% using empty pcDNA3) resulted in identification of several cascades that
were specifically and consistently up-regulated (Fig. 5). Consistent with the MIN6 b-cell ap-
optosis data provided here, 3 of the top 4 array pathways (progesterone receptor, TGF-b and
IFNgQ) are reported to be pro-apoptotic in b-cells [19-21]. In addition, Gprc5b over-expression

A) 400000+

3000004

2000004

Units of
luminiscence (RLU)

100000+

0-

0 0.01 0.1 1 10 100

mGprc5b plasmid concentration (%)

B C
) ) Kokk
1000000.04 - 800000.01

800000.0 600000.0

600000.0
400000.0
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400000.0

200000.0

Units of
luminiscence (RLU)

200000.0

0.0- 0.0-

100 WT 0 0 001 0.1 1 10 100 WT

mGprc5b plasmid concentration (%) mGprc5b plasmid concentration (%)

Fig. 4. Effect of Gprc5b expression on MING (-cell apoptosis. Gper5b KD MING (3-cells (0%) were transfected
with increasing concentrations of mouse Gprcsb plasmid (0.01-100%) using jetPRIME®. Basal (A),
cytokine- (B) and palmitate- (C) induced apoptosis was quantified by measuring caspase 3/7 activities. Data
are expressed as relative light units (RLU). Values are means + SEM; n=6. *p < 0.05; **p<0.01; ***p<0.001.
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was associated with up-regu-
lation of the pro-proliferative
E2F transcription factor [22]
and down-regulation of HN4a, a
repressor of proliferation [23],
in keeping with our observa-
tions of enhanced proliferation
following increased Gprc5b ex-
pression in MIN6 b-cells.

Gprc5b regulates TGF- and
IFNy signalling pathways in
MING B-cells.

Two key Gprc5b-regulat-
ed pathways identified by the
Cignal Reporter Arrays, TGF-b
and IFNg, were further probed
by western blotting of MING6
B-cells using antibodies direct-
ed against SMAD2/3 and STAT1,
proteins downstream of TGF-b
and IFNg signalling. Transfec-
tion of Gprc5b KD MING [-cells
with 10% mouse Gprc5b plas-
mid had no effect on total
SMAD2/3 (Fig. 6A) or STAT1
(Fig. 6B) expression, but phos-
phorylated, active SMAD2/3
(Fig. 6A, C) and STAT1 (Fig. 6B,
D) proteins were significantly
higher following p-cell over-
expression of Gprc5b. We also
quantified expression of MRNAs
encoding Nodal and DP5, which
signal through SMAD2/3 [20]
and STAT1[21] cascades re-
spectively. Nodal and DP5 mR-
NAs were significantly reduced
following CRISPR-mediated
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Fig. 5. Gprc5b-regulated signalling in MIN6 B-cells. Gprc5b KD
MING B-cells were transfected with 10% mouse Gprc5b plasmid or
100% pcDNA3 vector and with Cignal Array reporter constructs.
Pathway reporters are listed by decreasing values of log2 ratio
fold-changes in cells transfected with 10% mouse Gprc5b plasmid
compared to cells transfected with pcDNA3. Data are expressed as
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knock-down of Gprc5b expression, and cells that had been transfected with 10% Gprc5b
plasmid showed substantial up-regulation of Nodal mRNA (Fig. 6E), while DP5 mRNA was

not significantly elevated (Fig. 6F).

Discussion

Insulin-secreting cell lines represent an alternative platform to primary islet b-cells for
studying biological and physiological processes, and they may be genetically manipulated
by transfection to investigate the roles of specific genes. MIN6 B-cells retain many of the
physiological characteristics of primary mouse b-cells, and they have been extensively used
for functional studies [24, 25]. However, MIN6 b-cells are not particularly amenable to
transfection, which has led to difficulties in modifying gene expression for functional analyses
[26, 27]. In this study we identified that jetPRIME® was the most effective candidate for use
with MING B-cells, with a transfection efficiency of ~30% at 48 hours.
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Fig. 6. Gpcr5b regulation of TGF-B and IFNg signalling pathways in MIN6 b-cells. Gprc5b KD MING B-cells
were transfected with 100% empty pcDNA3 vector (KD) or with 10% mouse Gprc5b plasmid (10% Gprc5b)
and harvested 48 hours post-transfection. (A, B) Fractionated proteins were immunoanalyzed for total and
phosphorylated SMAD2 /3 and STAT1 proteins, and compared to beta-actin expression in the same samples.
(C, D) Densitometric analysis of phosphorylated SMAD2/3 (C) and STAT1 (D) normalised to beta-actin. Val-
ues are means + SEM; n=4. ***p<0.001. (E, F) Quantification of mMRNAs encoding Nodal (E) and DP5 (F) in
WT MING B-cells and in Gprc5b KD MING B-cells transfected with or without 10% Gprc5b plasmid. Data are
normalized to Gapdh. Values are means + SEM; n=5. *p <0.05; ***p<0.001 relative to expression in KD cells.

GPCRs represent the largest superfamily and most diverse group of mammalian
transmembrane proteins and over 30% of currently marketed drugs target human GPCRs
[8, 28]. Orphan receptors, those whose endogenous ligand has not yet been identified, have
huge potential in biomedical research and drug development, including in the regulation of
islet function [29]. One of these orphan receptors, GPRC5B, is widely expressed in human and
mouseislets[11,30],and we have previously reported that Gprc5b down-regulation increases
insulin secretion and promotes B-cell survival [11]. In addition, GPRC5B expression was up-
regulated in human islets from type 2 diabetic donors, suggesting a possible association
between this receptor and (-cell dysfunction in diabetes [11]. Moreover, Gprc5b has also
been associated with diet-induced obesity and T2D [13], with confirmed high expression by
white adipose tissue [31].

Since no endogenous ligands have been identified for GPRC5B, we have adopted the
approach of stably down-regulating this receptor in b-cells and then increasing its expression
through transient transfection. We developed a standardised protocol for producing modified
isogenic stable MING B-cell clones under-expressing Gprc5b using CRISPR-Cas9 technology,
in which a non-specific CRISPR-associated endonuclease, directed by a guide RNA molecule
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to aspecific DNA sequence, snips DNA like a pair of molecular scissors [32, 33]. This approach
causes permanent and irreversible insertions, deletions or frameshifts in the targeted
sequence, in contrast to RNA interference methods that result in a temporary reduction
in protein expression. The increased proliferation and apoptosis observed following over-
expression of Gprc5b in MING B-cells suggests that this receptor can signal constitutively, as
has been observed for other GPCRs [34], or that the B-cells express an endogenous agonist
for Gprc5b, which can have autocrine effects when the receptor is expressed at high levels.

High-performance cell-based assays allow screening of multiple signalling activities
simultaneously to identify relevant pathways for further analysis [35]. Using the Cignal™
45-Pathway Reporter Array platform and the Gprc5b KD MING (-cell line, we identified that
apoptosis and proliferation pathways were up-regulated after Gprc5b plasmid transfection,
and the anti-proliferative HNF4a pathway was down-regulated. We then focused on
the IFNy-regulated transcription factor STAT1 and TGF-B-regulated transcription factor
SMADZ2/3 as these proteins have previously been reported to promote 3-cell apoptosis [20,
21]. Up-regulation of the TGF- and IFNg pro-apoptotic signalling pathways following re-
introduction of Gprc5b into Gprc5b KD MIN6 b-cells was confirmed by western blotting. We
also identified that Gprc5b KD MING (-cells had lower levels of mRNAs encoding the pro-
apoptotic proteins Nodal and DP5, which have been implicated in induction of b-cell death
[20, 21, 36]. The down-regulation of these mMRNAs in the Gprc5b KD MING B-cells was not
associated with reduced basal levels of apoptosis, mostlikely because unstimulated apoptosis
in MIN6 b-cells is very low and not readily amenable to further reduction. The increase in
Nodal mRNA following over-expression of Gprc5b is consistent with Gprc5b promoting
b-cell apoptosis through a Nodal/Smad2 /3 pathway, as has been reported for INS-1 insulin-
secreting cells [20]. The role of DPFS5 is less clear, because although its regulation by Gprc5b
is implicated by the reduction in its expression in Gprc5b KD MING [-cells, receptor over-
expression did not significantly up-regulate DP5 mRNA levels. Nonetheless, the array and
western blotting data indicate that Gprc5b activates IFNg/STAT1 signalling in b-cells and
the reduction in DP5 following Gprc5b knock-down suggests a role for this pro-apoptotic
protein downstream of Gprc5b.

In addition to increased signalling through pro-apoptotic pathways, we also identified
that Gprc5b couples to signalling via E2F, which is known to promote b-cell proliferation
[37, 38], and its down-regulation of HNF4a signalling is consistent with the reported role
of this transcription factor as an inhibitor of proliferation [23] and the effects of an HNF4a
antagonist to stimulate b-cell proliferation [39]. It is unusual for individual receptors to be
coupled to pathways that induce both apoptosis and proliferation, as has been identified
here for Gprc5b, but it is possible that enhanced proliferation is required to compensate
for the potentially deleterious effects of activation of the pro-apoptotic cascades described
above.

Conclusion

In summary, we have used the CRISPR-Cas9 technology to specifically reduce Gprc5b
expression in MIN6 B-cells, and used this model for graded re-introduction of this receptor
for functional analyses. We have confirmed that Gprc5b promotes b-cell apoptosis, most
likely through activation of the TGFb/Nodal/SMAD2/3 and IFNg/STAT1/DP5 signalling
pathways, making it an appealing target for development of inhibitors to treat T2D.
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