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Abstract (English)

Background: G protein-coupled receptors (GPCRs) represent the largest protein family in the
human genome and are targeted by 35% of FDA-approved drugs. Their signalling pathways
are complex and attractive for drug discovery. GPCR activation can be measured using the
split TEV protein-protein interaction technique at the membrane. In addition, pathway reporter
gene assays can be used at the transcriptional level via cis-regulatory elements, as these can

be activated independently of the transducer pathways of GPCR activation.

Methods: First, | identified whether the combinations of the signal peptide (SP) and the [3-
arrestin binding motif (i.e., C-terminal tail of the vasopressin 2 receptor (AVPR2); V2R tail) for
six GPCRs and cell backgrounds of four cell types affect the B-arrestin recruitments with the
split TEV GPCR assay in a transfection-based way. Then | developed a living cell-based plat-
form for the multiplex profiling GPCR signalling activities at the transcriptional level, called the
barcoded GPCR pathway assay. GPCRs were stably integrated into HEK293 cells to avoid
the variability associated with transient transfection. To monitor the multiplex profiling of G
protein-coupled receptor (GPCR) signalling activities, a lentivirus-based sensor library was
used encoding various genetically encoded pathway sensors, based on cis-regulatory ele-

ments.

Results: The split TEV GPCR assays revealed that the combinations of SP and V2R tail have
different effects depending on the GPCR, whereas HEK293 cells provided the best perfor-
mance in most situations. Then | selected HEK293 cells for the barcoded GPCR pathway as-
say. The robustness of the barcoded GPCR pathway assay was confirmed by testing various
plate formats, MOls (multiplicity of infection) of the lentiviral sensor library, and ligand stimula-
tion. Furthermore, the reproducibility of the barcoded GPCR pathway assay was demonstrated
through seven independent repetitions performed on different days. However, the combination
of stable cells and the lentiviral sensor library produced two issues. Firstly, there was crosstalk
between different stable cells due to barcode sequencing leakage. Secondly, the next-gener-
ation sequencing procedure can result in so-called read eating effects. This occurred because
the barcodes from the index sensors, which were introduced when the stable cells were es-
tablished, have much higher mRNA levels than the barcodes from the lentiviral sensor library.
As a result, sequencing resources are intensively used for these frequently occurring bar-
codes, leaving only a limited and insufficient amount of sequencing resources for low occurring

barcodes.

Outlook: Although the above two issues need to be addressed, the success of the project is
underlined by the robustness and reproducibility of the barcoded GPCR pathway assay,

providing a solid foundation for its further development.
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Zusammenfassung (Deutsch)

Hintergrund: G-Protein gekoppelte Rezeptoren (GPCRs) sind die groRte Proteinfamilie im
menschlichen Genom und das Target von 35% der von der FDA zugelassenen Medikamente.
Die Signalwege, die von GPCRs aktiviert werden, sind komplex und zugleich attraktiv fur die
pharmazeutische Forschung. Die Aktivierung von GPCRs kann einerseits mit der Split-TEV-
Protein-Protein-Interaktionstechnik direkt an der Zellmembran gemessen werden. Darlber
hinaus kdnnen Signalweg-Assays, die auf einem transkriptionellem Readout beruhen und cis-
regulierende Elemente nutzen, verwendet werden, da diese Reportergen-Assays unabhangig

von den aktivierten Signalwegen GPCR-Aktivitaten abbilden kénnen.

Methoden: Zunachst untersuchte ich, ob die Kombinationen des Signalpeptids (SP) und des
B-Arrestin-Bindungsmotivs (d.h. C-terminaler Tail des Vasopressin-2-Rezeptors (AVPR2);
V2R-Tail) fur sechs GPCRs und in vier verschiedenen Zelltypen die B-Arrestin-Rekrutierung
mit dem Split-TEV-GPCR-Assay auf transfektionsbasierte Weise beeinflussen. AnschlieRend
entwickelte ich eine auf lebenden Zellen basierende Plattform flr die multiparametrische
Profilierung von GPCR-Signalaktivitaten auf transkriptioneller Ebene, den sogenannten
Barcoded GPCR Pathway Assay. Die GPCRs wurden einzeln in HEK293-Zellen integriert, um
die mit der transienten Transfektion verbundene Variabilitat zu vermeiden. Um die Profilierung
der Signalaktivitdten von G-Protein gekoppelten Rezeptoren (GPCRs) zu messen, wurde eine
Lentivirus-basierte Sensorbibliothek mit verschiedenen genetischen Signalwegsensoren

infiziert.

Ergebnis: Die Split-TEV-GPCR-Assays zeigten, dass die Kombinationen von SP und V2R-
Schwanz je nach GPCR unterschiedliche Effekte hatten, wobei HEK293-Zellen in den meisten
Situationen die beste Assay-Performance zeigten. Daher wahlte ich HEK293-Zellen fiir den
Test mit dem multiparametrischen GPCR-Signalweg-Assay aus. Die Robustheit des dieses
Assays wurde durch das Testen verschiedener Plattenformate, MOls (Multiplicity of Infection)
der lentiviralen Sensorbibliothek und der Stimulation mit verschiedenen Liganden bestatigt.
DarUber hinaus wurde die Reproduzierbarkeit des multiparametrischen GPCR-Signalweg-
Assays durch sieben unabhangige Wiederholungen an verschiedenen Tagen nachgewiesen.
Die Kombination von stabilen Zellen und der lentiviralen Sensorbibliothek war jedoch mit zwei
Problemen verbunden. Zum einen kam es aufgrund von Crosstalk in der Barcode-
Sequenzierung zu Uberlappungen zwischen verschiedenen stabilen Zellen. Zweitens kann die
NGS-Sequenzierungstechnik zu sogenannten Read-Eating-Effekten fiihren. Diese treten auf,
wenn die Barcodes der Index-Sensoren, die bei der Etablierung der stabilen Zellen eingeflihrt
wurden, wesentlich hohere mRNA-Werte aufweisen als die Barcodes der lentiviralen

Sensorbibliothek. Dies hat zur Folge, dass die Sequenzierressourcen fir diese haufig



vorkommenden Barcodes intensiv genutzt werden und nur eine begrenzte und unzureichende

Menge an Sequenzierressourcen fiir die selten vorkommenden Barcodes Ubrig bleibt.

Ausblick: Obwohl die beiden oben genannten Probleme noch gelést werden missen, wird
der Erfolg des Projekts durch die Robustheit der Sequenzierbibliothek gewahrleistet.



1. Aims of the thesis

G protein-coupled receptors (GPCRs) represent the largest family of proteins in the human
genome. They serve as the targets of 35% of FDA-approved drugs and act as the receptors
for two-thirds of all human hormones!'l. The discovery that individual GPCRs can activate
multiple signalling pathways has created the potential for developing drugs that selectively
target therapeutically relevant pathways. Techniques to monitor their signalling pathways are
important for drug discovery and the exploration of new therapeutics, for example, GPCR ac-
tivation has been shown to be measured at the membrane using the split TEV protein-protein

interaction technique in many different cell lines such as HEK293 cell.

In this thesis, | first aim to provide an optimized split TEV-based readout for GPCRs to maxim-
ize sensitivity and reproducibility of assays in living cells. Secondly, the objective is to develop
a robust multiplexed cell-based platform to simultaneously profile the complex signalling path-
ways following GPCR activation. This is termed barcoded GPCR pathway assays. The bioas-
say platform, which is embedded in HEK293 cells, is a reporter gene assay in which stable cell
lines are generated individually. These integrate a specific GPCR with a barcode reporter that
is uniquely assigned, in conjunction with a cis-regulatory element that is responsive and serves
as the sensor. Additionally, a variety of sensors with distinct barcodes are introduced into these
stable cells, allowing for the monitoring of multiple pathways. Barcodes are short nucleic acids
(either DNA or RNA) with exponential sequence differences that can be distinguished and
quantified by next-generation sequencing (NGS). Using this barcoded assay platform, | aim to
monitor the selective activation of five GPCRs and two receptor tyrosine kinase as unrelated

controls in a proof-of-principle assay.



2. Introduction

G protein-coupled receptors (GPCRs) represent the largest family of integral membrane pro-
teins in the human genome and are targeted by 35% of FDA-approved drugs!?3l. Their signal-
ling pathways are complex and attractive for drug discovery. GPCRs are among the six major
drug targets, together with ion channels, nuclear hormone receptors, catalytic receptors, en-

zymes, and transporters.

In this project, | developed a living cell-based platform to monitor the multiplex profiling of
GPCR signalling activities at the transcriptional level, called the barcoded GPCR pathway as-

say.

2.1 GPCRs are major drug targets

GPCRs represent the largest family of proteins, comprising 826 out of 20283 (4%) human
genest*®l. They are also the largest family of cell surface receptors in other eukaryotes, such
as fungill. In humans, the majority of GPCRs are olfactory receptors, and the approximately
remaining 350 non-olfactory GPCRs are considered druggable, of which 165 have been vali-
dated as drug targets!®. The term “7TM receptor” is often interchangeably used with “GPCR”,
because the GPCRs have seven hydrophobic transmembrane domains (TM1-TM7) and share
a conventional structure. A GPCR is composed of a single polypeptide chain with an extracel-
lular N-terminus, an intracellular C-terminus, three extracellular loops (ECL1-ECL3), and three
intracellular loops (ICL1-ICL3). When viewed from the extracellular side, the 7 TM regions are
arranged in an anti-clockwise direction®®. However, it is important to note that not all integral

membrane proteins with 7TM domains are GPCRs[®.

GPCRs play a crucial role in pathway signalling and diverse cellular responses, which includes
sensory perception (e.g., rhodopsin), neurotransmitter (e.g., aminergic neurotransmitter) and
hormone (e.g., calcitonin) signalling, immune responses (e.g., chemokines), cardiovascular
regulation (e.g., corticotropin), gastrointestinal function (e.g., releasing digestive enzymes),
and metabolism (e.g., carbohydrate metabolism). Essentially, GPCRs can help eukaryotes
sense their environment and coordinate appropriate responses. GPCRs are the primary tar-
gets for drugs in pharmacology, making them the focus of intensive investment by pharmaceu-

tical companies!?.
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2.1.1 GPCR are classified into subgroups according to their sequence
similarity

The first attempt to classify GPCRs was made by Attwood and Findlay in 1993P], when they
study the seven hydrophobic domains of GPCRs to create the sequence-based fingerprints.
In 1994, Kolakowski classified the GPCRs into six families, from A to F subclassed, based on
the homology of amino acid sequences. In 2003, Fredriksson and his colleagues discovered
over 800 human GPCRs. They then analyzed them with phylogenetic analyses to develop the
GRAFS classification system with five families, where the letters in GRAFS stand for Gluta-
mate, Rhodopsin, Adhesion, Frizzled/Taste2, and Secretin respectively!’®. In 2011, the
GRAFS system was extended to include another member of the T family!"". The unclassified

GPCRs are also grouped into the 'other' subclass, referred to as the O subclass (Table 1).

Itis noteworthy that the A-F classification system applies to both vertebrates and invertebrates,
whereas the GRAFS classification system applies only to vertebrates and that the GPCR clas-

sification systems are still evolving along with new emerging knowledge.

In this thesis, | will mainly use the GRAFS classification system, because it focuses on verte-

brates.

Table 1 A-F classification system and the GRAFS classification system

A-F Class GRAFS #Human GPCRs['2l Note

A Rhodopsin 719 Have the most drug targets, especially the aminergic
GPCRs
B1 Secretin 15 Accept peptides as ligands and play a key role as recep-

tors for peptide hormones.

B2 Adhesion 33 Important in many pathologies, but not yet targeted by
drugs(®!

C Glutamate 22 eIncl. three Taste 1 receptors for sweet and umami
tastes

*Either heterodimers or homodimers are essential for its
biological function.

D N.A. N.A. Fungal mating pheromone receptors

E N.A. N.A. Cyclic AMP receptors

F Frizzled 11 FDA-approved drugs only available at SMO

T Taste 2 25 Sense bitter and not used for drugs

(0] Other 5 7TM receptors not belonging to any of the above classes

Note: The original 6-member A-F classification is extended by two more subclasses, such as T in 2011 (Taste 2)
and O (Other) subclasses!'", where O (other) indicates either that the GPCRs are classified as unique receptors
that do not belong to any family, or that these receptors are considered to have 7TM domains but have not yet been
confirmed as GPCRs by functional studies. Notably, vertebrates have no classes D and E. The tastes of bitter,
sweet and umami are sensed by specialized GPCRs, while the tastes of sour and salty foods are sensed by the
activity of ion channels.
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2.1.1.1 Glutamate family/class C

The glutamate family of GPCRs completely overlaps with the class C, consisting of 22 human
GPCRs, such as eight metabotropic glutamate (mGlu) receptors (GRM), two gamma-amino-
butyric acid (GABA) type B receptors (GABAg1 and GABA&2), one calcium sensing receptor
(CASR), three taste receptors type 1 (TAS1R1-3) for sweet and umami tastes, GPRC6A (G
Protein-Coupled Receptor Class C Group 6 Member A), and seven orphan receptorst®. The
defining characteristic of glutamate family GPCRs is their constitutive homo- or heterodimeri-
zation, facilitated by their extensive N-terminal extracellular domain (ECD)!"¥. In other words,
either heterodimers or homodimers are essential for its biological function!'®. Glutamate family
GPCRs bind small molecules with their N-terminal region as ligands, such as the acidic amino
acids (L-glutamate for GRMs and GABA for GABAg receptors), basic amino acids (the L-a-
amino acids arginine, lysine and ornithine for GPRC6A), Ca2+ for CASR, and the small mo-
lecular sweeteners for TAS1R1-3!. Notably, the binding specificity mediated by the N-termi-

nus is not high, which hinders the development of specific drugs.

2.1.1.2 Rhodopsin receptor family/class A

The rhodopsin receptor family completely overlaps with the class A. There are 719 human
receptors in this family, forming four subgroups - a, B, y and & - with 13 subbranches based on
phylogenetic analysis!'? 81, Rhodopsin receptor family of GPCRs is the largest GPCR family
with high heterogeneity in both sequence and ligand preference, but they generally have short
N-termini where the ligand-binding domain is located!'®!. Rhodopsin was the first GPCR to be
discovered in the 1876!""], although the concept of a GPCR was not introduced until the late
1970s and 1980s thanks to the pioneering work on adrenergic receptors (which are also rho-
dopsin-like receptors) by Robert J. Lefkowitz and Brian Kobilka, who won the 2012 Nobel Prize
in Chemistry for their research on GPCRs!'®. Bovine rhodopsin was also the first GPCR whose
crystal structure (Protein Data Bank accession number: 1F88) was solved in 2000, whereas
the first structure of GPCR-G-protein complex (Protein Data Bank accession number: 3SNG;

beta2 adrenergic receptor-Gs protein complex) was solved in 2011019,

With respect to the high heterogeneity in ligand preference, the rhodopsin receptor family can
be classified into 11 subtypes based on differences in ligand type, such as arylcarboxylic acid,
aminergic, lipid, melatonin, nucleotide, olfactory, orphan, peptide, protein, sensory (opsin re-

ceptors) and steroid rhodopsin GPCRs?%,

The vasopressin receptor 2 (AVPR2), dopamine receptor D1 (DRD1), dopamine receptor D2
(DRD2), and 5-hydroxytryptamine receptor 2A (HTR2A) were included in the Paper . AVPR2

12



is a peptide rhodopsin GPCR that uses vasopressin as its endogenous ligand, and its C-ter-
minal intracellular domain (V2R tail, amino acids 343-371) contains 11 serine and threonine
residues that can be phosphorylated by GPCR kinases (GRKs) and provide a docking site for
B-arrestin-22'l. DRD1, DRD2 and HTR2A are aminergic rhodopsin GPCRs, and both DRD1
and DRD2 use dopamine as their endogenous ligand, while HTR2A uses the amine of 5-hy-

droxytryptamine (5-HT) as its endogenous ligand.

2.1.1.3 Adhesion receptor family/class B2

The second largest family, with 33 members!™®], has been also named the LNB7TM family,
where LN stands for long N-termini which undergo autoproteolytic cleavage from the first hy-
drophobic transmembrane domain (TM1) at a conserved "GPCR proteolysis site" (GPS) which
is located in a much larger (~320 residues) “GPCR autoproteolysis-inducing” (GAIN) domain,
and B stands for sequence homology between the 7TMs of adhesion GPCRs and secretin
GPCR. The nomenclature of adhesion GPCRs implies their potential dual roles in cellular ad-

hesion and signalling.

The GRAFS system, based on the phylogenetic analysis, is the first time to define adhesion
GPCRs as a separate family"®l. Furthermore, based on the detailed phylogenetic relationships
of the TM regions, these 33 members can be classified into eight subclasses I-VIII. Unlike the
secretin receptor family, whose ligands are peptides, the ligands of the adhesion GPCRs are

extracellular matrix molecules such as glycosaminoglycans!'.

2.1.1.4 Frizzled Receptor family/class F

Frizzled Receptor family completely overlaps with the class F. The human genome contains eleven
members of the frizzled receptor family, including ten frizzled receptors (FZD1-10) and the
smoothened receptor (SMO)?2.. The first frizzled receptor was reported in Drosophila melano-
gaster in 1989P!, where the mutant frizzled gene changed the polarity of the trichomes in the
wing, causing them to swirl rather than point distally. This type of receptor was later named
frizzled to indicate its important role in maintaining the orientation property of trichomes!?®.. The
ten FZDs are localized exclusively at the plasma membrane, have 19 Wnt glycoproteins as the
ligands, and control three distinct signalling pathways for cell growth. These include the planar
cell polarity (PCP) pathway, the Wnt/calcium pathway, and the canonical Wnt/beta-catenin
pathway. SMO works in a ligand-independent way in the Hedgehog pathway in humans, which
was also first identified in Drosophila?¥. When dysregulated, SMO plays key roles in the for-

mation of developmental disorders and cancers.
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2.1.1.5 Secretin receptor family/class B1

The secretin receptor family has 15 GPCRs, classified into five subtypes based on the peptide
hormones they bind, such as calcitonin receptors, parathyroid hormone receptors, vasoactive
intestinal peptide and pituitary adenylate cyclase-activating peptide (VIP and PACAP) recep-
tors, glucagon receptor family, and corticotropin-releasing factor receptors, all of which contain
a hormone-binding domain at the N-terminus and are activated by peptidomimetic hormones!®
21 The family name is derived from the rat secretin receptor (SCTR), which was the first se-
cretin GPCR to be discovered®l. The GPCRs belonging to the secretin receptor family hold
significant promise as drug development targets, because they all use peptide hormones as
their endogenous ligands and play a key role in maintaining systemic homeostatic functions in

humans.

Examples are glucagon-like peptide 1 receptor (GLP1R), with glucagon, glucagon-like peptide
1-(7-37), and glucagon-like peptide 1-(7-36) amide as its endogenous ligands, which has the

most drugs in the secretin family (six FDA-approved drugs and 23 ligands in clinical trials)®7].

Due to the significance of the glucagon receptor (GCGR) and GLP1R as therapeutic targets in
type Il diabetes and obesity, and the involvement of the GLP1R in neurological disorders such
as Alzheimer's disease (AD), Parkinson's disease (PD) and amyotrophic lateral sclerosis (ALS),
the GCGR and GLP1R were included in the Paper | as well.

2.1.1.6 Taste 2 receptor family

The taste type 2 receptors (TAS2) were recently considered as a separate sixth subclass in
201101 which is evolved from class A but has the close phylogenetic relationship with FZD
receptors. There are 25 TAS2 receptors in the human genome, mostly clustered on chromo-
somes 7931 and 12p13P. TAS2s sense bitter tastes rather than sweet and umami tastes
(Taste type 1 receptors within the glutamate GPCR family). Interestingly, FZDs have the closer
phylogenetic relationship to bitter taste receptors, supporting the idea that cell growth regula-

tion may have something in common with bitter taste perception.

In particular, in the paper |, published in Biosensors, the six GPCRs from two GPCR families,
such as the rhodopsin receptor family/class A (AVPR2, DRD1, DRD2, and HTR2A) and the
secretin receptor family/class B1(such as GCGR and GLP1R), were selected as a proof of
concept to show that the effects of the signal peptide (SP) and the C-terminal tail of the vaso-
pressin 2 receptor (AVPR2; V2R tail) on the split TEV GPCRs assays are GPCR type-depend-

ent.

14



2.1.2 Transducers and signalling bias

As membrane receptors, GPCRs have three main transducers to mediate signalling pathways
following agonist activation, such as heterotrimeric G proteins, GPCR kinases (GRKs), and
arrestins. The Nomenclature and Standards Committee of the International Union of Basic and
Clinical Pharmacology (NC-IUPHAR) has defined transducers as proteins that bind directly to
activated GPCRs to coordinate downstream signalling, trafficking, or internalisation. Down-
stream regulated pathways are often named after these transducers/?®. In other words, a trans-
ducer protein defines a GPCR signalling pathway. In contrast to direct binding to GPCRs, ef-

fectors are defined as signalling proteins that lie downstream in a transducer pathway!?®!.

GPCR signalling bias refers to the difference in signalling intensity that occurs at any hierar-
chical level within all the pathways following a given GPCR activation, such as the transducer,
the effector, the second messenger, and the transcription factors. The multiple alternative
transducers and their various downstream pathway components for a given GPCR contribute

to signalling bias, which is divided into ligand bias and system bias!?®l.

Different agonists can lead to different conformational changes in a given GPCR, recruiting
transducers with biases, known as ligand bias. Essentially, conformational selection contrib-
utes to ligand bias. Ligand bias can be explained in mechanistic terms, where a ligand binding
and a transducer binding from opposite sides of the cell membrane may prefer the same con-
formation of the receptor structure and thus allosterically select each other?®l. In other words,
the three conjugate factors, different ligands, subsequent different GPCR conformations and
transducer-receptor conformational binding preferences, contribute simultaneously to ligand
bias. As a result of ligand bias, signalling bias can occur at any signalling component, such as
transducers, effectors, second messengers, etc.?], although ligand bias is initiated at ligand

binding.

In contrast, the different concentrations of particular transducers, subsequent effectors, sec-
ond massagers and so on, in different cell types lead to signalling selectivity following unique

GPCRs, which is referred to as system bias.

2.1.2.1 Heterotrimeric G proteins

Heterotrimeric G proteins consist of three subunits, i.e., the a, B, and y subunits. In the inacti-
vated state, heterotrimeric G proteins are anchored to the membrane by the a and y subunits
and pre-bound to GPCRs due to the selectivity between a subunits and GPCRs[?®. The a sub-
unit binds to GDP in the inactivated state. Upon activation, GPCRs change stereoscopically

and act as guanyl nucleotide exchange factors?® for Ga proteins to replace GDP with GTP,
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which results in the disassociation of the By complex to mediate signalling such as the activa-
tion of MAPK pathways, while activated Ga regulates cAMP and calcium mediated signalling.
Notably, both GTP-bound Ga and free GBy can act as transducers to initiate signalling through

interactions with downstream effector proteins®? (Figure 1).

In humans, there are 16 subtypes of the a subunit (Table 2), and they are grouped into four
families based on protein sequence homology and their associated downstream pathways: Gs
(2 subtypes), Gi/o (8 subtypes), Gg/11 (4 subtypes), and G12/13 (2 subtypes)®'. The Gs family
mediates the activation of adenylyl cyclase, whereas the Gi/o family inhibits it. The Gg/11 fam-
ily mainly mediates the activation of phospholipase C. The G12/13 family is involved in the
Rho/Rho kinase signalling pathway. These four main a subunit-mediated pathways are sum-

marized in Figure 1.

The 16 a subunit subtypes also contribute to the signalling bias®2. In particular, it is worth
distinguishing the GPCR-a subunit coupling selectivity from the a subunit contributing signal-
ling bias. GPCR-a subunit coupling is often referred to as G protein coupling, which implies all
practical potential couplings between a GPCR and one or more a subunits®®2-33. G protein cou-
pling selectivity refers to the different potential GPCR-a subunit couplings for each GPCR. To
define the selectivity determinants of GPCR-G protein binding, Flock et al. provided a selec-

tivity barcode, a pattern of amino acids, on each of the 16 human G proteinst®.,

GPCR DRD1 DRD2 HTR2A EDG2
A UUUE voour ooy m\
Heterotrimeric Go,  Gayo G, Gog/qq Galyy/13 ‘
G proteins
AC DAG <P7LC— PIP,
RAF P RhoGEF
Effectors & ATP :
Second messengers
ERK1/2 RhoA
Transcription ," JUN, FOS SRF
factors | [ sP1,ELK-1 e
i ¢ »/ K'/
Cis- lat A
is-regulatory N EGR1p/SRE CArG-box-RE

elements

Figure 1. Diagram of heterotrimeric G protein-mediated signalling pathways. Four GPCRs, such as DRD1,
DRD2, HTR2A and EDG2, individually coupled to one of the four a subunit families are selected to indicate G protein
coupling selectivity and to show the a subunit-mediated pathways as well as the involvement of the By complex in
the MAPK pathway. The GPCR activation can alter gene transcription via the Cis-regulatory elements, such as the
cAMP response element (CRE), the early growth response protein 1 promoter (EGR1p), the serum response ele-
ment (SRE) , the nuclear factor of activated T-cells response element (NFAT-RE), and CarG-box-RE ([CC(A+T-
rich)6GG] box response element)4. Notably, only one coupling for the four GPCRs is shown for readability, but a
GPCR can potentially couple to more than one a-subunit. For example, DRD1 may couple with Gs, Gi/o and Gg/11,
DRD2 may couple with Gi/o and Gg/11, HTR2A may couple with Gi/o and Gqg/11 and EDG2 may couple with Gi/o
and G12/131%2,
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However, signalling biases contributed by a subunits emphasize the functional coupling selec-
tivity between a GPCR and one or more a-subunits in specific contexts, such as different ligand

treatments or different cell types!?®l.

In human and mouse®”, there are 5 types of B subunits and twelve different y units, known as
B1-5, y1-5 and y7-13. These B and y subunit subtypes can pair with each other to generate all
the 60 theoretically possible unique By dimeric complexes®®, but with pairing preferences be-

tween them!?6l,

Similar to the Ga protein subunit anchoring to the plasma membrane, these 60 By dimeric
complexes are initially anchored to the plasma membrane by the y subunit and, after GPCR
activation, translocate to different organelles depending on the type of By complex, such as
the Golgi apparatus, early endosome, endoplasmic reticulum, and mitochondrial®. Like the
GPCR-a subunit coupling selectivity, specific By dimeric complexes may work with specific
GPCRsPY. Moreover, By dimeric complex-mediated signalling by GPCRs may be as prevalent

as that mediated by Ga subunits®%, which has not yet received the same attention.

In contrast, the diversity of By dimeric complexes contributes to the unique spatial and temporal
signalling biases of a given GPCRE%, which may contribute to By dimeric complex-based ligand
biases. In general, the current focus on ligand biases is predominantly on a-subunits and -
arrestins!?® 371, Therefore, G protein mediated bias mainly refers to a subunit rather than By

dimeric complex-based ligand biases.
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Table 2. 16 subtypes of a subunit in human genome.

Gene

Expression specificity

Famil Member i Note
v Symbol  Tissue Cell Brain Brain cell
region
s Gas GNAS Low Low Low Low «localized to the nucleoplasm,
(higher expression in inhibi- the plasma membrane and the
tory neurons cytosol
50 transcripts
*high expression in the brain
Gais GNAL High High Low High *localized to the nucleoplasm
(enriched in  (enriched in inhibitory neurons, (enriched in inhibitory, excita- and cytosol
brain) excitatory neurons) tory neurons +8 transcripts
ilo Gajy GNAI1 High High Low High elocalized to the centrosome, the
(enriched in  (enriched in oligodendrocytes, (enriched in oligodendro-  nucleoplasm and nucleoli
brain) syncytiotrophoblasts, melano- cytes) *18 transcripts
cytes)
Gaip GNAI2 Low High Low High «localized to the cytosol, the nu-
(enriched in monocytes, adipo- (enriched in glial cell, such as cleoplasm and plasma mem-
cytes microglia, oligodendrocytes, brane
and astrocytes) <5 transcripts
Gaiz GNAI3 Low High Low Low «localized to the centrosome, the
(enriched in monocytes) nucleoplasm and nucleoli
*1 transcript
Gay GNAT1 High High Low Low scytoplasmic expression in rods
(enriched in  (enriched in rod photoreceptor (very low expression in astro- in retina.
retina) cells cytes) 3 transcripts
*Very low expression in brain
Gap  GNAT2 High High Low Low «3 transcripts
(enriched in  (enriched in cone photoreceptor *Very low expression in brain
retina) cells)
Gags GNAT3 High High Low High scytoplasmic expression in enter-
(enriched in  (enriched in early spermatids, (enriched in excitatory neu- oendocrine cells in duodenum
intestine) late spermatids, excitatory neu- rons and small intestine. +1 transcript
rons) *Very low expression in brain
Ga, GNAZ High High Low Low «localized to the vesicles inside
(enriched in  (enriched in Horizontal cells, Ad- (lowest expression in micro- cells
brain) ipocytes, Cone photoreceptor glia) «1 transcript
cells, Rod photoreceptor cells) * High expression in brain
Ga, GNAO1 High High Low Low cytoplasmic expression in neu-
(enriched in  (enriched in oligodendrocytes, (highest expression in oli-  ropil, pancreatic islets and pe-
brain, retina) excitatory neurons, astrocytes, godendrocytes ripheral nerves.
Inhibitory neurons) *10 transcripts
q/11 Gaq GNAQ Low High Low Low *localized to the nuclear speck-
(enriched in astrocytes, oli- les, plasma membrane, and cy-
godendrocytes, excitatory neu- tosol «2 transcripts « High ex-
rons, microglial cells) pression in brain
Gayq GNA11 Low High Low Low *membranous and cytoplasmic
(enriched in proximal entero- expression <3 transcripts * High
cytes, distal enterocytes) expression in brain
Gayy, GNA14 Low High Low High *membranous and cytoplasmic
(enriched in astrocytes, oocytes, (enriched in astrocytes)  expression
late spermatids) *1 transcript
Gag GNA15 High High Low High «1 transcript
(enriched in (enriched in dendritic cells, (enriched in microglia) einvolved in the innate immune
bone marrow) Langerhans cells, monocytes) system
12/13 Gay, GNA12 Low High Low Low «localized to the cytosol
(enriched in dendritic cells, Syn- (highest expression in oli-  +4 transcripts
cytiotrophoblasts, Langerhans godendrocyte precursor  «involved in the antigen presen-
cells) cells) tation
Gays GNA13 High High Low Low «localized to the cytosol
(enriched in (enriched in angerhans cells, (highest expression in astro- 2 transcripts

bone marrow) monocytes, Schwann cells, den-

dritic cells)

cytes and microglia)

sinvolved in the antigen presen-
tation

Note: The expression specificity is defined based on the single cell transcriptomics data from the Human Protein Atlas(®®], but not
based on its knowledge-based annotation for protein expression!®¥. The specificity level is simply categorized into high and low.
The expression level is briefly described in the Note section. Tissue specificity indicates the expression specificity across the
human tissues. Cell specificity indicates the expression specificity across the human cell types. In contrast, brain regional speci-
ficity represents the different expression levels in the different brain regions, and brain cell specificity indicates the expression
specificity across all brain cell types. Cell types in the human brain are divided into neuronal cells (including excitatory and inhib-
itory neurons) and glial cells (such as astrocytes, oligodendrocytes precursor cells, oligodendrocytes, and microglia). Notably,
GNA16 is the homologues of GNA15 in mouse.
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https://www.proteinatlas.org/ENSG00000087460-GNAS/tissue
https://www.proteinatlas.org/ENSG00000087460-GNAS/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000087460-GNAS/brain
https://www.proteinatlas.org/ENSG00000087460-GNAS/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000087460-GNAS/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000087460-GNAS/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000141404-GNAL/tissue
https://www.proteinatlas.org/ENSG00000141404-GNAL/tissue
https://www.proteinatlas.org/ENSG00000141404-GNAL/tissue
https://www.proteinatlas.org/ENSG00000141404-GNAL/single+cell+type
https://www.proteinatlas.org/ENSG00000141404-GNAL/single+cell+type
https://www.proteinatlas.org/ENSG00000141404-GNAL/single+cell+type
https://www.proteinatlas.org/ENSG00000141404-GNAL/brain
https://www.proteinatlas.org/ENSG00000141404-GNAL/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000141404-GNAL/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000141404-GNAL/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000127955-GNAI1/tissue
https://www.proteinatlas.org/ENSG00000127955-GNAI1/tissue
https://www.proteinatlas.org/ENSG00000127955-GNAI1/tissue
https://www.proteinatlas.org/ENSG00000127955-GNAI1/single+cell+type
https://www.proteinatlas.org/ENSG00000127955-GNAI1/single+cell+type
https://www.proteinatlas.org/ENSG00000127955-GNAI1/single+cell+type
https://www.proteinatlas.org/ENSG00000127955-GNAI1/single+cell+type
https://www.proteinatlas.org/ENSG00000127955-GNAI1/brain
https://www.proteinatlas.org/ENSG00000127955-GNAI1/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000127955-GNAI1/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000127955-GNAI1/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000114353-GNAI2/tissue
https://www.proteinatlas.org/ENSG00000114353-GNAI2/single+cell+type
https://www.proteinatlas.org/ENSG00000114353-GNAI2/single+cell+type
https://www.proteinatlas.org/ENSG00000114353-GNAI2/single+cell+type
https://www.proteinatlas.org/ENSG00000114353-GNAI2/brain
https://www.proteinatlas.org/ENSG00000114353-GNAI2/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000114353-GNAI2/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000114353-GNAI2/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000114353-GNAI2/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000065135-GNAI3/tissue
https://www.proteinatlas.org/ENSG00000065135-GNAI3/single+cell+type
https://www.proteinatlas.org/ENSG00000065135-GNAI3/single+cell+type
https://www.proteinatlas.org/ENSG00000065135-GNAI3/brain
https://www.proteinatlas.org/ENSG00000065135-GNAI3/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000114349-GNAT1/tissue
https://www.proteinatlas.org/ENSG00000114349-GNAT1/tissue
https://www.proteinatlas.org/ENSG00000114349-GNAT1/tissue
https://www.proteinatlas.org/ENSG00000114349-GNAT1/single+cell+type
https://www.proteinatlas.org/ENSG00000114349-GNAT1/single+cell+type
https://www.proteinatlas.org/ENSG00000114349-GNAT1/single+cell+type
https://www.proteinatlas.org/ENSG00000114349-GNAT1/brain
https://www.proteinatlas.org/ENSG00000114349-GNAT1/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000114349-GNAT1/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000114349-GNAT1/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000134183-GNAT2/tissue
https://www.proteinatlas.org/ENSG00000134183-GNAT2/tissue
https://www.proteinatlas.org/ENSG00000134183-GNAT2/tissue
https://www.proteinatlas.org/ENSG00000134183-GNAT2/single+cell+type
https://www.proteinatlas.org/ENSG00000134183-GNAT2/single+cell+type
https://www.proteinatlas.org/ENSG00000134183-GNAT2/single+cell+type
https://www.proteinatlas.org/ENSG00000134183-GNAT2/brain
https://www.proteinatlas.org/ENSG00000134183-GNAT2/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000214415-GNAT3/tissue
https://www.proteinatlas.org/ENSG00000214415-GNAT3/tissue
https://www.proteinatlas.org/ENSG00000214415-GNAT3/tissue
https://www.proteinatlas.org/ENSG00000214415-GNAT3/single+cell+type
https://www.proteinatlas.org/ENSG00000214415-GNAT3/single+cell+type
https://www.proteinatlas.org/ENSG00000214415-GNAT3/single+cell+type
https://www.proteinatlas.org/ENSG00000214415-GNAT3/single+cell+type
https://www.proteinatlas.org/ENSG00000214415-GNAT3/brain
https://www.proteinatlas.org/ENSG00000214415-GNAT3/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000214415-GNAT3/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000214415-GNAT3/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000128266-GNAZ/tissue
https://www.proteinatlas.org/ENSG00000128266-GNAZ/tissue
https://www.proteinatlas.org/ENSG00000128266-GNAZ/tissue
https://www.proteinatlas.org/ENSG00000128266-GNAZ/single+cell+type
https://www.proteinatlas.org/ENSG00000128266-GNAZ/single+cell+type
https://www.proteinatlas.org/ENSG00000128266-GNAZ/single+cell+type
https://www.proteinatlas.org/ENSG00000128266-GNAZ/single+cell+type
https://www.proteinatlas.org/ENSG00000128266-GNAZ/brain
https://www.proteinatlas.org/ENSG00000128266-GNAZ/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000128266-GNAZ/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000128266-GNAZ/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000087258-GNAO1/tissue
https://www.proteinatlas.org/ENSG00000087258-GNAO1/tissue
https://www.proteinatlas.org/ENSG00000087258-GNAO1/tissue
https://www.proteinatlas.org/ENSG00000087258-GNAO1/single+cell+type
https://www.proteinatlas.org/ENSG00000087258-GNAO1/single+cell+type
https://www.proteinatlas.org/ENSG00000087258-GNAO1/single+cell+type
https://www.proteinatlas.org/ENSG00000087258-GNAO1/single+cell+type
https://www.proteinatlas.org/ENSG00000087258-GNAO1/brain
https://www.proteinatlas.org/ENSG00000087258-GNAO1/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000087258-GNAO1/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000087258-GNAO1/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000156052-GNAQ/tissue
https://www.proteinatlas.org/ENSG00000156052-GNAQ/single+cell+type
https://www.proteinatlas.org/ENSG00000156052-GNAQ/single+cell+type
https://www.proteinatlas.org/ENSG00000156052-GNAQ/single+cell+type
https://www.proteinatlas.org/ENSG00000156052-GNAQ/single+cell+type
https://www.proteinatlas.org/ENSG00000156052-GNAQ/brain
https://www.proteinatlas.org/ENSG00000156052-GNAQ/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000088256-GNA11/tissue
https://www.proteinatlas.org/ENSG00000088256-GNA11/single+cell+type
https://www.proteinatlas.org/ENSG00000088256-GNA11/single+cell+type
https://www.proteinatlas.org/ENSG00000088256-GNA11/single+cell+type
https://www.proteinatlas.org/ENSG00000088256-GNA11/brain
https://www.proteinatlas.org/ENSG00000088256-GNA11/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000156049-GNA14/tissue
https://www.proteinatlas.org/ENSG00000156049-GNA14/single+cell+type
https://www.proteinatlas.org/ENSG00000156049-GNA14/single+cell+type
https://www.proteinatlas.org/ENSG00000156049-GNA14/single+cell+type
https://www.proteinatlas.org/ENSG00000156049-GNA14/brain
https://www.proteinatlas.org/ENSG00000156049-GNA14/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000156049-GNA14/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000060558-GNA15/tissue
https://www.proteinatlas.org/ENSG00000060558-GNA15/tissue
https://www.proteinatlas.org/ENSG00000060558-GNA15/tissue
https://www.proteinatlas.org/ENSG00000060558-GNA15/single+cell+type
https://www.proteinatlas.org/ENSG00000060558-GNA15/single+cell+type
https://www.proteinatlas.org/ENSG00000060558-GNA15/single+cell+type
https://www.proteinatlas.org/ENSG00000060558-GNA15/brain
https://www.proteinatlas.org/ENSG00000060558-GNA15/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000060558-GNA15/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000146535-GNA12/tissue
https://www.proteinatlas.org/ENSG00000146535-GNA12/single+cell+type
https://www.proteinatlas.org/ENSG00000146535-GNA12/single+cell+type
https://www.proteinatlas.org/ENSG00000146535-GNA12/single+cell+type
https://www.proteinatlas.org/ENSG00000146535-GNA12/single+cell+type
https://www.proteinatlas.org/ENSG00000146535-GNA12/brain
https://www.proteinatlas.org/ENSG00000146535-GNA12/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000146535-GNA12/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000146535-GNA12/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000146535-GNA12/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000120063-GNA13/tissue
https://www.proteinatlas.org/ENSG00000120063-GNA13/tissue
https://www.proteinatlas.org/ENSG00000120063-GNA13/tissue
https://www.proteinatlas.org/ENSG00000120063-GNA13/single+cell+type
https://www.proteinatlas.org/ENSG00000120063-GNA13/single+cell+type
https://www.proteinatlas.org/ENSG00000120063-GNA13/single+cell+type
https://www.proteinatlas.org/ENSG00000120063-GNA13/single+cell+type
https://www.proteinatlas.org/ENSG00000120063-GNA13/brain
https://www.proteinatlas.org/ENSG00000120063-GNA13/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000120063-GNA13/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000120063-GNA13/single+cell+type/brain

2.1.2.1 GPCR kinases and arrestins as initial transducers of biased signalling

The human genome contains seven types of GRKs, which are grouped into three subfamilies,
such as the GRK1 subfamily (including GRK1 and GRK7), the GRK2 subfamily (including
GRK2 and GRK3) and the GRK4 subfamily (including GRK4, GRK5 and GRK6)“°. GRKs be-
long to the AGC kinase superfamily, which uses ATP to add phosphate to serine and threonine
residues and was first defined by Hanks and Hunter in 1995 as proteins containing kinase
domains most similar to protein kinase A, protein kinase G and protein kinase C1**4!. There
are four types of arrestins in the human genome, divided into two subfamilies, such as visual
subtypes (S-antigen visual arrestin (SAG) and arrestin 3 (ARR3)) and non-visual subtypes
(arrestin beta 1 (ARRB1) and arrestin beta 2 (ARRB2)) % (Table 3).

Table 3. Four types of arrestins in the human genome.

Expression specificity

Symbol ~Tigsue Cell Brain Brain Note
region cell
SAG High High Low Low °localized to the cytosol in photoreceptors in retina
(enriched in ret-  (enriched in rod «3 transcript variants
ina) photoreceptor cells) *Almost no expression in human brain
*highly antigenic inducing experimental autoimmune
uveoretinitis
ARR3 High High Low Low °localized to the cytosol and the Golgi apparatus in
(enriched in ret- (enriched in cone cones in retina

ina) photoreceptor cells) «3 transcript variants
*low expression in human brain
«a part of the centrosome

ARRB1 Low Low Low Low ‘localized to cytoplasmic and nuclear in most tissues
4 transcript variants

*highest expression in microglia, astrocytes, and in-
hibitory neurons, following by immune cells such as
Kupffer cells and monocytes

every high expression in human brain

ARRB2 High High Low High -localized to the nucleoplasm, plasma membrane,
(enriched in  (enriched in mono- (enriched and the cytosol
bone marrow, cytes, Hofbauer in micro- <9 transcript variants
lymphoid tissue)  cells, macro- dlia)  «involved in the innate immune response
phages, Kupffer +half the expression of ARRB1 in human brain
cells)

Note: The expression specificity is defined based on the single cell transcriptomics data from the Human Protein At-
lasf®®l, but not based on its knowledge-based annotation for protein expression®9. The specificity level is simply cate-
gorized into high and low. The expression level is briefly described in the Note section. Tissue specificity indicates the
expression specificity across the human tissues. Cell specificity indicates the expression specificity across the human
cell types. In contrast, brain regional specificity represents the different expression levels in the different brain regions,
and brain cell specificity indicates the expression specificity across all brain cell types. Cell types in the human brain
are divided into neuronal cells (including excitatory and inhibitory neurons) and glial cells (such as astrocytes, oligoden-
drocytes precursor cells, oligodendrocytes, and microglia).

Upon agonist activation, GPCRs recruit GRKs, which undergo a conformational change that
promotes kinase activation and phosphorylate intracellular domains of these GPCRs[*?. Sub-
sequently, arrestins can bind to these phosphorylated residues. GRKs work in tandem with
ARRs to modulate GPCR sensitivity in two ways: desensitization, by blocking GPCR coupling

to G proteins, and internalization, by endocytosing GPCRs for either degradation or recycling
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https://www.proteinatlas.org/ENSG00000130561-SAG/tissue
https://www.proteinatlas.org/ENSG00000130561-SAG/tissue
https://www.proteinatlas.org/ENSG00000130561-SAG/tissue
https://www.proteinatlas.org/ENSG00000130561-SAG/single+cell+type
https://www.proteinatlas.org/ENSG00000130561-SAG/single+cell+type
https://www.proteinatlas.org/ENSG00000130561-SAG/single+cell+type
https://www.proteinatlas.org/ENSG00000130561-SAG/brain
https://www.proteinatlas.org/ENSG00000130561-SAG/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000120500-ARR3/tissue
https://www.proteinatlas.org/ENSG00000120500-ARR3/tissue
https://www.proteinatlas.org/ENSG00000120500-ARR3/tissue
https://www.proteinatlas.org/ENSG00000120500-ARR3/single+cell+type
https://www.proteinatlas.org/ENSG00000120500-ARR3/single+cell+type
https://www.proteinatlas.org/ENSG00000120500-ARR3/single+cell+type
https://www.proteinatlas.org/ENSG00000120500-ARR3/brain
https://www.proteinatlas.org/ENSG00000120500-ARR3/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000137486-ARRB1/tissue
https://www.proteinatlas.org/ENSG00000137486-ARRB1/single+cell+type
https://www.proteinatlas.org/ENSG00000137486-ARRB1/brain
https://www.proteinatlas.org/ENSG00000137486-ARRB1/single+cell+type/brain
https://www.proteinatlas.org/ENSG00000141480-ARRB2/tissue
https://www.proteinatlas.org/ENSG00000141480-ARRB2/tissue
https://www.proteinatlas.org/ENSG00000141480-ARRB2/tissue
https://www.proteinatlas.org/ENSG00000141480-ARRB2/tissue
https://www.proteinatlas.org/ENSG00000141480-ARRB2/single+cell+type
https://www.proteinatlas.org/ENSG00000141480-ARRB2/single+cell+type
https://www.proteinatlas.org/ENSG00000141480-ARRB2/single+cell+type
https://www.proteinatlas.org/ENSG00000141480-ARRB2/single+cell+type
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back to the plasma membrane (resensitization)®?®. Arrestins can also act as transducers, al-
lowing GPCRs to signal via G protein-independent pathways“?, which was not previously an-
ticipated and leads to the concept of biased agonism or signalling bias. Therefore, arrestin-
mediated ligand bias compared to G protein mediated ones has received a lot of attention in
recent decades?®. In particular, in the paper |, published in Biosensors, the ARRB2 was se-

lected as interacting protein recruited to activated GPCRs in split TEV GPCR assays?"l.

2.1.2.2 Non-canonical transducers of GPCR

In addition to the three main transducers mentioned above, the newer transducers called 14-
3-3 proteins have recently been reported?l. 14-3-3 protein signal transduction is GPCR phos-
phorylation dependent and occurs later than desensitisation and internalisation, whereas it is
B-arrestin independent!*3. In addition, different agonists can have varying potencies on 14-3-3

and B-arrestin signalling, which contributes to the new resources for ligand bias!*!.

It has been reported that cyclin-dependent kinase 5 (CDK5) has a direct physical interaction
with the serotonin receptor 7 (HTR7A) and mediate G-protein-independent signaling, suggest-

ing that it may be a novel GPCR transducer candidate!l.

2.1.3 GPCR are significant in the development of schizophrenia.

As the largest family of proteins, GPCRs are involved in many complex disorders, including
psychiatric disorders, neurodegenerative diseases, brain injury, cancer, metabolic diseases,
immunological and infectious diseases!**“¢.. This project focuses on the establishment of ro-

bust assays for GPCRs impacting schizophrenia (SCZ) as a proof of concept.

SCZ is a neurodevelopmental mental disorder and featured by recurrent episodes of psycho-
sis, which has three predominant symptoms, such as positive, negative, and cognitive symp-
toms. Although its incidence rate is only 0.25% to 0.75%*], it caused serious disease and
social burden because of its long-life psychosis course. However, as SCZ is a genetically com-
plex disorder its exact cause is not fully understood. There are several evidences to try to
explain its pathogenesis from the perspectives of organic causes, such as the hyperactive
DRD2 receptor in the striatum 8, the HTR2A hypersensitivity on glutamatergic neurons®?, the
hyperactive neuregulin1/receptor tyrosine-protein kinase ERBBB-4 (NRG1/ERBB4) signaling
pathway on inhibitory parvalbumin (PV) interneurons and the hypoactive dimeric brain-derived
neurotrophic factor/neurotrophic receptor tyrosine kinase (BDNF/NTRK2) signaling pathway
on the PV interneurons®-°". All the evidence have the same underlying common feature,
which is the abnormalities of the neural circuits, especially the dopaminergic neural circuits.

Striatal dopamine dysfunction has been regarded as fundamental cause for SCZ. The striatum,
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rich in dopamine receptors, is an integrative hub for information processing of the corticobasal

ganglia circuitry®?.

The endogenous receptors for dopamine is called as the dopamine receptors, including DRD1-
like (DRD1 and DRD5) and DRD2-like (DRD2, DRD3 and DRD4)®3%4, |n the central nerve
system, DRD1 is predominantly expressed in cerebral cortex, hippocampus, and striatum®®!,
DRD2 is primarily expressed in the pituitary gland, followed by cerebral cortex and striatum!®.,
Endogenous dopamine predominantly activates neurons expressing DRD1, while simultane-
ously suppressing those expressing DRD2®!. The imbalance of DRD1 and DRD2 activation
within the striatum (that is, striatum dysfunction in dopaminergic system) can comprehensively
explain the pathobiology of schizophrenia well and can be regarded as an integral pathological

hypothesis of schizophrenia.

The aforementioned evidences are also indirectly related to striatal dysfunction in the dopa-
minergic system. For example, the hyperactive HTR2A signaling on glutamatergic neurons,
the hyperactive NRG1/ERBB4 on the PV inhibitory interneurons and the hypoactive
BDNF/NTRK2 signaling on the PV inhibitory interneurons, can ultimately result in the imbal-

ance activities between DRD1 and DRD2 in the striatum.

ERBB4 and NTRK2 are the receptor tyrosine kinases (RTKs), which have 58 members that
are grouped into 20 families and are mainly involved in cell growth®”. Considering the roles of
DRD1, DRD2, HTR2A, ERBB4, NTRK2 in SCZ, | selected them along with two additional
AVPR2 and GLP1R for a proof of concept to test the performance of the cellular barcoded
platform for GPCRs as well as RTKs.

2.1.4 Current drugs for GPCR families

GPCRs dominate FDA drug approvals, and ~34% of those act on GPCR targets®. The drug-
gable GPCRs and their relevant drugs can be found in the GPCR database (GPCRdb) with
the additional search for newly approved entities at Drugs@FDA (New Drugs at FDA) and

cross-referencing with the Drugbank, PubChem, IUPHAR and ChemBL databases.

Glutamate family/class C: Eight of the 22 members of the glutamate GPCR family have been
used as targets by 16 drugs approved by the FDA®. The TM regions have many allosteric
interaction sites and allosteric ligands for the GRMs (metabotropic glutamate (mGlu) recep-
tors), the CASR (calcium-sensing receptor), the GABAg receptors (gamma-aminobutyric acid
(GABA) type B receptors) have also been used®. The ligands that bind to the N-terminus of
glutamate GPCRs are likely to be less specific than those that bind to the TM regions, so the

development of specific high-affinity allosteric ligands seems more attractive!',
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Rhodopsin receptor family/class A: Most of the FDA-approved drugs for GPCRs target the
rhodopsin GPCRs. Of these, the aminergic GPCRs have the largest number of FDA-approved
drugs, and to date, with the exception of HRH4 (histamine receptor H4), all aminergic GPCRs

have corresponding drugs?”..

Adhesion receptor family/class B2: There are no approved or clinically tested therapies target-
ing any of the 33 adhesion GPCRs!"3l.

Frizzled Receptor family: To date, the SMO receptor is the only frizzled-like GPCR for which
drugs have been approved by the FDA and are used as anti-neoplastic agents®. There is a
need to find ligands for the ten frizzled receptors (FZD1-10), particularly in the field of cancer

research®®l.

Secretin receptor family/class B1: Of the 15 members, 14 secretin GPCRs have drugs either
in trials or approved, except for the PAC1 receptor (pituitary adenylate cyclase activating pol-
ypeptide 1 receptor). GLP1R is the receptor for glucagon-like peptide 1 (GLP-1) and plays a
role in regulating insulin secretion in response to GLP-1, which is the hot therapeutic target for
type 2 diabetes (T2D) and obesity®®®. Of the 15 members, GLP1R has received the most at-
tention, with six FDA-approved drugs and at least 23 trials?”. GLP-1 is an incretin hormone
that is secreted by L-cells in the lower intestinel®®. GLP-1 is responsible for up to 70% of insulin
secretion in response to nutrient intake. It can also mediate the incretin effect, which is the
phenomenon of a two- to three-fold higher insulin secretory response to oral glucose admin-
istration compared to intravenous glucose administration®®. The short half-life of native GLP-
1 (1.5 min to 1.5 h, depending on the route of administration) limited its use and much effort
was put into the discovery of long-acting GLP-1 analogues such as liraglutide and semag-
lutide®". Liraglutide, discovered by the company of Novo Nordisk, has a prolonged half-life of
13 hours and can be administered by daily subcutaneous injection to treat type 2 diabetes,
obesity and reduce cardiovascular events!®'-62. Semaglutide, also discovered by Novo Nordisk,
has an even longer half-life of 46.1 hours and can be administered orally once a week for the

treatment of type 2 diabetes, obesity and non-alcoholic fatty liver disease (NASH)®" 631,

Taste 2 receptor family: There are currently no drugs approved or in trials for this family of

bitter taste receptors.

2.2 Techniques for monitoring GPCR signalling activities

Due to the important roles of GPCRs in physiology, pathology and pharmacology, techniques
for monitoring GPCR activities need to be well developed®. These techniques use differ-

ent detection methods to monitor GPCR activities at different hierarchical levels of signalling
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pathways, such as transducer level, effector level, second messenger level, transcriptional

level, etcl?!- 65661,

Assay categories can be classified in different ways based on the characteristics of the assays,
such as throughput, monitoring levels, detection methods, whether the measured object is
transcriptionally expressed (i.e. transcript derived) or not, qualitative, or quantitative, and so
on. Based on throughput, assays can be divided into singleplex and multiplex assays. Based
on whether the measured object is transcript-derived or not, assays can be divided into tran-
scriptional and non-transcriptional assays. Notably, the classification criteria are independent

of each other, and a given assay may have different characteristics.

There are several singleplex and multiplex assays that have been used to monitor GPCR re-
lated activities, and the principles, the selected subtypes, the corresponding signalling hierar-

chical levels of the selected subtypes are summarized in Table 4.

Table 4. Singleplex and multiplex assays for monitoring GPCR signalling

Assay Type Principle Selected Subtype Corresponding Signalling Hierar-
chical Level
Singleplex  Luminescence Split TEV GPCR assaylf’l  B-arrestin-2 recruitment
Full TEV GPCR assay®®  B-arrestin-2 recruitment
FRET smFRETI®] GPCR dimer
BRET EMTA (ebBRET-based)’@ Ga and effector activation as well as
B-arrestin-1 and 2 recruitments
Absorbance TGF-a shedding assayB®'l  Ga recruitment
Multiplex NGS GPCRprofilerl B-arrestin-2 recruitment
Multiplex CRE assayl’ Transcription
Microarray approach Cell microarray!’3! Second messenger (Ca2+)
GPCR microarrayl™l Ligand binding
Multiple distinguished fluo- Multiplex fluorescent as- Second messenger (Ca2+)
rescent proteins sayl’®]
Multiple luminescence with Multiplex hextuple lucifer-  Transcription
spectral decomposition ase assaying!®

Abbreviations: FRET, fluorescence resonance energy transfer; smFRET, single-molecule fluorescence resonance en-
ergy transfer; BRET, bioluminescence resonance energy transfer; EMTA, effector membrane translocation assay; eb-
BRET, enhanced bystander bioluminescence resonance energy transfer; TGF-a, transforming growth factor-a; NGS,
next generation sequencing; CRE, cAMP response element.

2.2.1 Singleplex assays

Singleplex assays can only generate one data point for a single measurement, whereas mul-
tiplex assays can generate more data points. The advantages of singleplex assays include

easier design and implementation and a wider choice of detection methods.

For example, the split TEV GPCR B-arrestin-2 recruitment assay is originally a singleplex as-
sayl?" 67.71. 771 "which is based on B-arrestin-2 recruitment and relies on the functional comple-
mentation of TEV protease fragments (Figure 5). ARRB2 (B-arrestin-2) is a transducer for

GPCRs. The tobacco etch virus (TEV) protease identifies a particular cleavage site and is split
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into two fragments: N-terminal TEV (NTEV) and C-terminal TEV (CTEV). NTEV is fused to the
C-terminus of GPCRs, whereas CTEV is linked to the C-terminus of ARRB22": 67 71 Upon
GPCR activation, the recruitment of ARBB2 leads to the proximity of NTEV and CTEV, and
subsequently this complementation is functional, and the TEV protease can cut its specific
cleavage site to release GV (GAL4-VP16, a synthetic co-transcriptional co-activator) to initiate
transcription of the firefly luciferase, which can catalyse its substrates to release the lumines-
cent photons as a quantitative readout (Figure 5)%'-¢71. The luminescent photons from different
samples have the same wavelength, so only one sample can be measured at a time. Therefore,
the split TEV GPCR B-arrestin-2 recruitment assay is considered a singleplex assay, as are

the other singleplex assays.

2.2.2 Multiplex assays

Multiplex assays can simultaneously generate multiple data points from a single measurement.
In essence, both the diversity of the measured target and the detection method are the key
determinants of whether an assay is multiplex or not. Barcodes, which are short stretches of
nucleotides (DNA or RNA), can have exponentially high diversity due to the coexistence of 5
nucleobases, adenine, guanine, thymine (uracil), and cytosine in RNA or DNAs["8. NGS (next
generation sequencing) can simultaneously detect the diversity of short barcodes. NGS is a
technique that uses massively parallel or high-throughput sequencing to identify many DNA
and RNA species simultaneously™. The coexistence of artificial barcodes and NGS contrib-

utes to the realization of NGS-based multiplex assays.

Based on the monitoring levels, barcoded GPCR assays can be further divided into two types,
such as barcoded GPCR receptor assays and barcoded GPCR pathway assays (Figure 2).
Notably, because the reporter is the barcode that is expressed by transcription within the nuclei,
both these barcoded GPCR assays are using a transcription-based readout. In other words,
both the two barcode-based assays are reporter gene assays, which use a genetically en-

coded reporter to quantify altered transcription.
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GPCR

" Split TEV

Figure 2. Comparison between the barcoded GPCR receptor assay and the barcoded GPCR pathway assay. Bar-
coded GPCR receptor assays monitor the recruitment activity of GPCR transducers based on the split TEV GPCR
B-arrestin-2 recruitment assay using a split TEV assay sensor. Barcoded GPCR pathway assays monitor gene
transcription downstream of GPCR activation using a pathway sensor. Of note, both assays use genetically en-
coded barcodes as reporters and are transcription level assays. ARBB2, B-arrestin-2; NTEV, the N-terminal moiety
of the TEV protease; CTEV, the C-terminal portion of the TEV protease; TCS, TEV protease cleavage site; GV, the

synthetic co-transcriptional co-activator of GAL4-VP16.

2.2.2.1 Barcoded GPCR receptor assays

Barcoded GPCR receptor assays directly monitor the recruitment activity of GPCR transducers
without considering their subsequent altered gene transduction. Theoretically, all three major
GPCR transducers can be directly monitored with the barcoded GPCR receptor assays using
the genetic barcode as an assay reporter, if the appropriate GPCR transducer recruitment
assays are availablel"" 89, for example, the split TEV GPCR B-arrestin-2 recruitment assay can
be modified to use the barcodes as its reporters (Figure 2) Galinski et al in this lab developed
the first barcoded GPCR receptor assay in 2018, termed GPCRprofiler, using the split TEV
GPCR B-arrestin-2 recruitment assay (Table 4)®. The GPCRprofiler is a transient assay by
transfecting GPCR and the B-arrestin-2 adapter plasmids into U20S and PC12 cells. Transient
assays can reduce reagent costs and assay time and are a good way to quickly provide proof
of concept for a novel technique. However, their limitation is that numerous factors (such as
day to day variations of transfection efficiency, cell line status/passage number, performance
by different scientists) affect the efficiency of transient transfection, which can lead to low ro-
bustness®'#4. To eliminate, or at least minimize these constraints of using transient transfec-
tions, | stably integrated targets like GPCRs and RTKs into HEK293 cells.
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2.2.2.2 Barcoded GPCR pathway assays

It is widely recognised that GPCR activation can modify gene transcription through cis-regula-
tory elements for transcription factors that are involved in downstream GPCR pathways (Fig-
ure 1), irrespective of the transducer pathways of GPCR activation!®* &I, Furthermore, the need
to monitor multiple transcriptional events simultaneously has increased due to the recognition
(e.g. HTR2A activation can alter both CRE- and NFAT-RE-regulated gene transcription in Fig-

ure 1), which motivated us to develop the multiplex barcoded GPCR pathway assays.

As a reporter gene assay, the barcoded GPCR pathway assay, as its name suggests, focuses
on the downstream pathways of GPCR signalling, which are monitored as barcoded transcrip-
tional readouts via the pathway sensors (Figure 2). Therefore, reporter gene assays, which
can quantitatively measure the binding of transcription factors to their specific genomic re-
sponse elements (i.e., the responsive cis-regulatory elements), offer the possibility of deci-
phering the various GPCR activations simultaneously®®!. Furthermore, because the amplifica-
tion effects of upstream pathways on gene transcription can amplify the distal magnitude of
activity, the advantages of reporter gene assays include a wide linear dynamic range, high
sensitivity (i.e., a large signal-to-background ratio) and low data variation, making it possible
to detect weak GPCR agonists®4.

In this project, | established cell lines containing the stably integrated GPCRs and infected
barcoded sensors with lentiviral barcodes to monitor the activity of different GPCR signalling
pathways, and we also developed the barcoding technique to quantitatively measure pathway

signalling (Figure 3).
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Figure 3. Schematic of the barcoded GPCR pathway assay. (A) The plasmid map for making stable cell lines
with an integrated receptor and the barcoded sensor. TIR, terminal inverse repeats for the piggyBac transposon

system. CREs, cis-regulatory elements, referred to as index sensors in this project; MLP, major late promoter of

26



adenovirus; IRES, internal ribosome entry site; T2A, Thosea asigna virus 2A peptide. (B) The goal of establishing
a stable platform for barcoded GPCR pathway assays. (C) The workflow for barcode extraction, purification, and
quantification. The barcodes are applied at three levels, such as sensor barcodes, well barcodes and pool barcodes.
The stable cell lines for six receptors (AVPR2, GLP1R, HTR2A, DRD1, ERBB4 and NTRK2)
were established via co-transfecting two plasmids, containing a specific GPCR or RTK with a
specific relevant sensor (called as the index sensor, which monitors the main pathway activity
of a given GPCR or RTK) followed by two index reporters (firefly luciferase and barcodes)
(Figure 3) and the piggyBac transposase individually (Figure 6). The firefly luciferase index
reporters have been used to rapidly validate the functionality of established stable cell lines

(Figure 6), while the index barcodes are used for multiplex assays (Figure 8).

A single receptor per cell is randomly inserted into the cell genome by the piggyBac trans-
posase, producing stable cells with multiple copies. Notably, multi-copy integration of GPCRs

was found to be essential for GPCR activation"2.
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2.2.2.3 Cis-regulatory elements

Cis-regulatory elements can activate transcription within a specific spatial and/or temporal ex-
pression domain, which can be subdivided into transcription factor binding sites (TFBSs) and
other non-coding DNA®"]. Cis-regulatory elements associated with transcriptional regulation
have been identified as playing a particularly central role in gene regulation. Cell type-specific
gene expression profiles are mainly determined by these cis-regulatory elements on the chro-
mosome. Reporter-based assays are the most common methods for identifying a given DNA
sequence to act as an enhancer®® To date, 1,063,878 human sequences have been analysed
as candidate cis-regulatory elements based on the Encyclopedia of DNA Elements (ENCODE)
data, which indicates that the number of cis-regulatory elements is greater than the number of

coding genes!®’l.

For a proof of concept in this project, we have chosen 31 sensors that either consist of cis-
regulatory elements linked to a minimal promoter or endogenous promoter sequences (Table
5). A minimal promoter was used as an internal control (Table 5). These sensors are
endogenously responsive to various physiological and pathological pathways (Figure 4). We
have compiled these 31 sensors and the internal control to create a lentivirus-based library,
which we then used to infect HEK293 cells. The info of the lentivirus-based library is listed in

Table 5.

A Two types of Cis-regulatory elements B Pathways Categories

Barcode

lllll LI LENTN

Clustered transcription factor binding sites

o Inflammation
Ca2+, synaptic activity
proliferation vs. Ca2+
proliferation

m proliferation/ development

® Morphogenic signaling

M Stem cell pluripotency

B Metal homeostasis
- ‘ 3% B Cholesterol
m differentiation/ apoptosis

Endogenous enhancers MER stress

Figure 4. This project explores various pathways associated with two types of cis-regulatory elements. (A)
The lentivirus-based library contains two types of cis-regulatory elements, followed by a minimal promoter and a
barcode reporter. (B) This pie chart shows the corresponding pathways monitored by the 31 selected cis-regulatory
elements.
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Table 5. Information on the 31 cis-regulatory elements.

Name Global Category Category Pathway Barcodes
MLP background control *4
IL6p Immune response Inflammation Inflammation/ DEG response *2
IL8p Immune response Inflammation Inflammation/ DEG response *2
NFkB-RE_v2 Immune response Inflammation Inflammation/ DEG response *2
TNFAp 2nd messenger Ca2+, synaptic activity cAMP - PKA *2
CRE 2nd messenger Ca2+, synaptic activity cAMP, Ca2+ *2
UPRE_v2 2nd messenger Ca2+, synaptic activity cAMP, Ca2+ *2
SARE 2nd messenger Ca2+, synaptic activity Ca2+, cAMP, SRF *2
NR4A1p Cell cycle/ fate proliferation vs. Ca2+ MAPK, SRE vs. Ca2+ *2
EGR1p Cell cycle/ fate proliferation MAPK/ IEG response *2
FOSBp Cell cycle/ fate proliferation MAPK/ IEG response *2
TEAD-RE_v4 Cell cycle/ fate proliferation/ development Hippo - YAP1/TAZ *2
hCTGFp Cell cycle/ fate proliferation/ development Hippo - YAP1/TAZ *2
Wnt-RE Cell cycle/ fate Morphogenic signalling Whnt - beta-catenin *2
SRE Cell cycle/ fate proliferation MAPK / IEG response *2
OCT4-RE Cell cycle/ fate Stem cell pluripotency OCT4-SOX2-Nanog *2
AP1_v1 Cell cycle/ fate proliferation MAPK/ IEG response *2
DUSP5p Cell cycle/ fate proliferation MAPK/ DEG response *2
EGR2p Cell cycle/ fate proliferation MAPK/ IEG response *2
FOSp Cell cycle/ fate proliferation MAPK!/ IEG response *2
MRE Metabolism Metal homeostasis metal homeostasis *2
SREBP-RE_v2 Metabolism Cholesterol cholesterol, insulin *2
E2F-RE_v2 Cell cycle/ fate differentiation/ apoptosis G1/S Check Point *2
EIF2AK2p Immune response Inflammation JAK - STAT *2
DUSP1p Cell cycle/ fate proliferation MAPK/ DEG response *2
6XNFAT 2nd messenger Ca2+, synaptic activity Ca2+ *2
HSE Metabolism ER stress heat shock *2
HSPA1Ap Metabolism ER stress heat shock *2
SRF-RE_v2 Cell cycle/ fate proliferation MAPK/ IEG response *2
MEF2-RE 2nd messenger Ca2+, synaptic activity Caz2+ *2
IL2p Immune response Inflammation Inflammation/ DEG response *1
IL17Ap Immune response Inflammation Inflammation/ DEG response *1

Note: The adenovirus major late promoter (MLP) is a minimal promoter that drives a constitutively expressed bar-
code, serving as an internal control for quantification to resolve false positive reads. The Barcodes column displays

the number of barcodes applied to each cis-regulatory element.
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3. Own contribution to the original research papers

3.1 Contribution to paper |

The paper |, published in Biosensors, was on the improvement of split TEV GPCR B-arrestin-
2 recruitment assays using the signal peptide (SP) and the C-terminal tail of the vasopressin
2 receptor (AVPR2; V2R tail), where we identified the best combination of the signal peptide
and the B-arrestin binding motif for six GPCRs (DRD1, DRD2, HTR2A, AVPR2, GCGR and
GLP1R) in four cell types (HEK293, PC12 Tet-off, U2-OS and Hela).

| optimized the protocol of the luciferase assay itself using the reverse pipetting technique,
which reduced the variability of the assay and increased its robustness. As a result, a high
robustness was achieved across all luciferase assays, and we can use these data to easily

draw solid conclusions.

Either a SP at the 5’ end or a V2R tail at the 3’ end was added to each GPCR, and four
combinations per GPCR were generated, such as native, native with the SP, native with the
V2R tail, and native with both the SP and the V2R tail. Therefore, for each GPCR assay, one
plasmid was constructed, resulting in 24 plasmids in total. All 24 assays were conducted per
cell line tested. To validate their expression stability, | performed Western blotting after trans-
fecting each of these plasmids into the HEK293 cells. To validate their expression locations, |
transfected them and performed immunocytochemistry stainings (ICCs) with or without perme-
abilization with 0.1% Triton X-100 using the antibodies against the extracellularly expressed
FLAG and the intracellularly expressed 2xHA tag, and then imaged them using fluorescence
microscopy. For the firefly assays, | made transfection mixes with the corresponding reporter
plasmid (containing the UAS firefly luciferase cassette) and the transfection efficiency control
plasmid (containing the nuclear EYFP) for subsequent convenient transfections. These 24
transfection mixtures were then applied to the four cell types to test cell line-dependent perfor-

mance.

To show the workload of the luciferase assay in this paper, the number of data points is a good
indicator. As there were four cell types, the total number of experimental conditions (i.e. exper-
imental units®-°) was 96 (24*4=96). To increase the statistical power, | used six replicates
and generated 576 (96*6=576) data points. From these 576 data points, two types of data
were calculated, such as fold changes and Z'-factor, which were used to assess the assay
window and assay robustness. Furthermore, in terms of data presentation, | summarized these
192 (96*2=192) individual calculated data points into a table to clearly show the results, and
this table is labelled as Table 1 in this paper.
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Finally, | performed dose-response assays in HEK293 cells transfected with GCGR and
GLP1R constructs to compare the target-based split TEV assays with the cellular cAMP path-
way assay. After | finished the data analysis, Michael Wehr, my supervisor, and | contributed

to the interpretation of the data.

The manuscript was written in collaboration with Michael Wehr, who guided the study.

3.2 Contribution to paper Il

Paper Il, published in Cellular Signalling, identified TAOK2 (thousand-one-amino-acid kinase
2) as a key modulator of the Hippo signalling pathway, which limits cell growth. TAOK2 was
retrieved as a key candidate from a split TEV based protein-protein interaction screen and was
shown to modulate the activity of the core kinase cassette kinases STK3/4 and LATS1/2, as
well as the anti-apoptotic transcriptional co-activator Yes1 associated transcriptional regulator
(YAP1), the key downstream target of the pathway. In Hippo signalling, YAP1 is inactivated by
cytoplasmic retention through upstream-mediated phosphorylation. In other words, once phos-

phorylated, YAP1 moves from the nucleus to the cytoplasm.

To confirm that TAOK2 can contribute to the redistribution of YAP1 from the nucleus to the
cytoplasm, | performed ICC in HEK293 cells with stably integrated doxycycline-inducible
TAOK2 (HEK293_TAOK2-dox cells) at low density (i.e. 20,000 cells per 24-well). As high cell
densities can activate the Hippo pathway leading to YAP1 redistribution to the cytosol, a rather
low cell density was aimed for assessing the TAOK2’s effect on YAP1 distribution. Therefore,
the seeding density was also optimised to avoid activation without adding doxycycline and to
remain sufficient after the complex and harsh staining procedures. In order to achieve these
two goals simultaneously, | tested several seeding cell numbers per 24-well, such as 10000,
20000, 50000 and 100000 cells per 24-well, and then decided to use 20000 cells as the final
density for ICC staining, where the cell confluence was 10% when the fixation with 4% para-
formaldehyde for 10 min was initiated. Under these conditions, TAOK2 overexpression re-
sulted in the nuclear YAP1 staining. This ICC staining result is shown in Figure 2G of this

paper.

Likewise, we assessed the effect of TAOK2 knockdown on Hippo signalling, including YAP1
distribution. To confirm the effect of TAOK2 inactivation on YAP1 localisation, | seeded 10000
HEK293 cells stably carrying a dead Cas9 gene fused to a ZIM3-KRAB domain and the CRIS-
PRi sgRNA #3 for TAOK2 knockdown (HEK293 sgTAOK2i cells) per 24-well plate at high
density. Cells were cultured for 24 hours to 50% confluence and then fixed with 4% paraform-
aldehyde for 10 minutes. In this case, the phenotypic distribution of YAP1 was suppressed.

The results are shown in Figure 3E.
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After identifying that TAOK2 can limit the growth of HEK293 cells, | confirmed that the growth-
limiting effects also exist in human cancer cell lines. To conduct proliferation assays using the
Cell Counting Kit-8 (CCK8), | established two stable cell lines by transducing lentivirus con-
taining doxycycline-inducible TAOK2 into A549 (human lung cancer) and U-138 cells (human
glioblastoma). Subsequently, | performed CCK8 assays with these two stable cell lines. The

results of the proliferation assays are displayed in Figure 6A and D, and Figure S6A and D.

In addition to the above, | prepared all the lysates for Western blotting shown in Figure 20 and
P, in Figure 6B, C, E and F, in Figure S6, as well as in Figure S5C and D.

To confirm that TAOK2 can increase p-LATS1 without STK3/4 in HEK293 cells is displayed in
Figure 20 and P. Figure S6B, C, E and F display that 8 hours were a suitable time for doxycy-
cline induction in A549 and U-138 cells. Furthermore, Figure 6B, C, E, and F confirmed that
TAOK2 can increase p-LATS1 in A549 and U-138 cells. Figure S5C and D show the redun-
dancy between TAOK2 and TAOK1/3. For clarity and comprehension, | have summarised the

details of the 24 cell lines used, including their function and culture information, in Table S6.

The manuscript was written in collaboration with Michael Wehr, and my co-authors Xiao Ma

and Fiona Mandausch. Michael Wehr guided the study.

3.3 Contribution to paper Il

In paper lll, published in iScience, we developed a transfection-based multilevel barcoded re-
porter assay to assess activities of ERBB receptors that can be monitored both at the receptor
level using the split TEV technique and at the pathway level using pathway sensors. We used
this assay to profile known ERBB antagonists. Furthermore, we identified two new ERBB4

selective antagonists representing promising lead compounds.

In this paper, | prepared the various plasmids for transfections to perform the multiplex profiling
assays and | performed singleplex dose-response luciferase assays to validate several find-
ings from the multiplex profiling assays. | also contributed to the discussion and writing of the
paper. The remaining experimental work was mainly conducted by the first author, Luksa Po-

povic. The study was directed by Michael Wehr.
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4. Results

4.1 Summary of published results

In the first publication, | optimized the split TEV GPCR B-arrestin-2 recruitment assays for six
GPCRs implicated in SCZ, Parkinson's disease, diabetes mellitus, obesity, etc. in four different
cell backgrounds. The effects of the signal peptide (SP) and the C-terminal tail of the vaso-
pressin 2 receptor (AVPR2; V2R tail) attached to GPCRs were tested in the split TEV GPCR
B-arrestin-2 recruitment assay, which we call the improved split TEV GPCR B-arrestin-2 re-

cruitment assay (Figure 5).
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Figure 5. Diagram of the improved split TEV GPCR B-arrestin-2 recruitment assay. (A) To test the performance
of the assay, a GPCR could be fused to the signal peptide (SP) and/or the tail of the vasopressin receptor 2 (V2R).
(B) This is a graphical representation of the split TEV GPCR fusions. ARRB2 refers to B-arrestin-2, while TCS
stands for TEV protease cleavage site. NTEV is the N-terminal moiety of the TEV protease. CTEV is the C-terminal
portion of the TEV protease. GV is for the synthetic co-transcriptional co-activator of GAL4-VP16. UAS is for the
clustered upstream activated sequences. (Taken from Wu et al., 2022[2")

It was discovered that the performance of the assay varied significantly for each GPCR variant
and was dependent on the cell line used. | also found that HEK293 cells provided the best
performance for most of these GPCRs, except for HTR2A. In particular, DRD2 activity can be
monitored with high dynamic range and robustness in HEK293, which is particularly important
when suitable cis-regulatory elements cannot be used to monitor DRD2-altered gene transcrip-

tion downstream.

In the second publication, we developed a genetically encoded split TEV technique to quantify
protein-protein interactions within the Hippo signalling pathway and identified the central role
of TAOK2 in this pathway. The success of the protein-protein interaction screening further
demonstrates that split TEV-based methods can provide high sensitivity and fidelity to eluci-

date functions of proteins in vivo.

In the third published paper, we developed a barcoded assay for ERBB receptor tyrosine ki-

nases, called ERBBprofiler, to monitor both ERBB receptor activities via split TEV and ERBB

downstream pathway activities via cis-regulatory elements. All four ERBB receptors such as
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EGFR, ERBB2/3 and ERBB4 were included in this assay. HTR2A was used as a control assay
for an unrelated target, as it is a GPCR. We used the ERBBprofiler to profile eight established
ERBB antagonists, confirming known effects and providing previously unreported properties,

such as pyrotinib's preference for ERBB4 over EGFR.

The three published papers provided a solid foundation for the development of the barcoded
GPCR pathway assay, where we can either use the split TEV technique to monitor GPCRs
without identified relevant cis-regulatory elements such as DRD2 or use multiple cis-regulatory

elements within a cell to achieve multiplex profiling of GPCRs.

4.2 High robustness and sensitivity of the established stable cell
lines with luciferase assays

Prior to generating the stable cell lines for AVPR2, GLP1R, HTR2A, DRD1, DRD2, ERBB4
and NTRK2, their responsive index sensors were selected. The cAMP response element (CRE)
was used as the index sensor for AVPR2, GLP1R, HTR2A and DRD1, and the promoter of the
early growth response protein 1 gene (EGR1p) was used as the index sensor for ERBB4 and
NTRK2. DRD2 is coupled to Gi/o proteins, and HEK293 has been reported to be able to mon-
itor Gi/o protein activation in a By dimeric complex-dependent manner, so | transiently trans-
fected five individual sensors associated with Gi/o or By dimeric complex-related pathways into
HEK293 to determine if DRD2 activity could be monitored®. However, no suitable sensors
were identified for DRD2 (Figure 6A).

The plasmids containing a specific GPCR or RTK with a specific index sensor plus reporters
(Figure 3) were co-transfected with the piggyBac transposase plasmid to generate stable cell
lines (Figure 6B). After stable transfection, single cell clones were picked up to proliferate for
the subsequent validations. To validate the GPCR expression characteristics, the intensity of
blue fluorescent protein was imaged by fluorescence microscopy and the expression of HA-
tag was checked by Western blotting, and their surface expression was validated by ICC (Fig-
ure 6C). For functional validation of the cell clones, the endpoint luciferase assays were used
to check the robustness with Z'-factors and the sensitivity with agonist-induced fold changes
(Figure 6C and 6D), and the specificity of the cell clones was validated with both agonist and

antagonist dose-response curves (Figure 6C).

34



A Testing different sensors to monitor DRD2 activity in HEK293 B

5x1064  CRE _ UPRE = NFAT  EGRIp SRE
g .
2 6 e
g A%x105- piggyBac transposase
= ns ns
& sxioq PRDL W
ok - ns ns
2 oxioed Stable
2 . 2 . L Zmam Transfection DRD1
©
> 1x10%4 . . . /'-\
= ™~
&)
o B e
* e I B ma m s B p po B e Sensor Reporter
Control + + + + + HEK293
FSK10 pM + +
PMA 3 pM + + +
C DA 3 pM + + + + +
. Luc Assay Western Blotting Dose-Response- .
Cl C t Cell M hol BFP E ! : Ant: t DRC
one Boun LI R Functionality ICC staining Curve (DRC) MEEDIE
o | e ® T ® T [ T @ T [
Start  Micked 34 clones 27 Clones DIV27 7 Clones DIV40 4 Clones DIVSO 2Clones End

|dentify highest

number
. of p(:Icmtés )
after Puromycin i ¢
select\ax l}- ; ; -
D A AVPR2 clones B GLP1R clones c HTR2A clones
[=] e [] vasoprossin 1 uka [3] Fek 10pM [#] et [3] winghuticc 1 ke [&] Fo 10 pta [#] e [3] s-H7 3 o] Fek 1om
Receptor Agonist Z'-factor Fold Change . = = = = = =, = ==
3e+07
0.97 9.78 g g g
AVPR2 Vasopressin  0.98 866 E g = R
0.98 174 &> H ]
0.93 6.48 §> g st :; seu
GLP1R Liraglutde  0.93 743 & et 8 : 8 o
0.93 691 3 = g D m
082 483 0e+00 lj m ] 0e+00 m D |:| 0e+00 =
HTR2A  Serctonin 0.71 224 AWPRZ_#1  AVFRZ#2  AVPRZ#3 GLFIR #1  GLFIR.#2  GLPIR #3 HTRZA #1  HTRZA #2  HTR2A #3
0.88 7.32
0.98 15.07 D DRD1 clones E ERBE4 clones F NTRKZ clones
DRD1 Dopamine 0.96 2132 [+] v [3] oz um [&] Fex romm [o] em [#] £cria 10 ngrmL [] Praa s pm [#] et [*] sonF 10 ngm [5] Prasc.otum
0.93 21.98 s e e T = ey e T Ty
0.93 5.59 o o a7 =
8 8 8
ERBB4 EGFId 048 452 3 3 2 e
0.82 4.64 3 o7 E aeer g
0.77 223 = = =
NTRK2 ~BONF 0.4 232§, =i £ e
0.81 203 % z z D D
vesso| L o ™ De+bD Ij D EI 0e+00 D
ORO1_#1  DRD1 %  DRD1#G EREE4_ %1  CREG4 42  ERBE4 43 NTRKZ #1  NTRK2#2  NTRK2 3

Figure 6. Generation of stable cell lines. (A) Five individual sensors with DRD2 were transiently transfected into
HEK293. Forskolin (FSK) and phorbol 12-myristate 13-acetate (PMA) were used to active the corresponding sen-
sors as a positive control. Notably, only EGR1p gave a response with a 1.9-fold change, which is empirically not
enough for generating functional stable cell lines. CRE, cyclic AMP response element; UPRE, unfolded protein
response element; NFAT, the nuclear factor of activated T-cells; EGR1p, the promoter of the early growth response
protein 1 gene; SRE, the serum response element. (B) Generation of stable cell lines by co-transfection (with DRD1
as example). (C) The workflow for generating and validating stable cell lines with DRD1 as an example. (D) High
robustness and sensitivity of the established stable cell lines with luciferase assays. Z'-factor represents the assay's
robustness with the range (-, 1], and the values larger than 0.5 indicate robust assays. BDNF, brain-derived neu-
rotrophic factor; Ctrl, control; DA, dopamine; EGFId, epidermal growth factor-like domain. The statistical test used
was ordinary one-way ANOVA and Dunnett's multiple comparison test. ns, not significant; ****, p-values are less
than 0.0001.
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4.3 Results on the barcoded GPCR profiling platform

4.3.1 The barcoded pathway assays exhibit high robustness and
reproducibility

To ensure comparability within and between the barcoded pathway assays, it is essential to
identify and consistently use positive control ligands throughout platform development®!l. In
this study, | utilized forskolin (FSK; 10 uM) and phorbol 12-myristate 13-acetate (PMA; 3 uM)
as the positive control ligands. In HEK293 and Hela cells, FSK stimulates adenylyl cyclase,
resulting in an increase in intracellular cAMP levels®, and PMA activates protein kinase C,
leading to the activation of both the JNK and ERK pathways®®. Both FSK and PMA induce

gene expression by altering gene transcription.

The performance of the barcode pathway assays was initially tested by introducing only the
lentivirus-based sensor library into the HEK293 cells without integrated GPCRs or RTKs (Fig-
ure 7A). To assess the robustness of the lentivirus-based sensor library, | tested four vessel
formats and three MOIs (multiplicity of infection). | observed a repeated response pattern
across each vessel format, as shown in Figure 7B. To test reproducibility, | repeated the same
assay condition (i.e., using 96-well plates with an MOI of 2000 of the sensor library) seven
times on different days (Figure 7C). The responses of each sensor to FSK or PMA stimulation
from the seven batch tests showed a high degree of consistency, as shown by two boxplots
(Figure 7C).

4.3.2 Crosstalk at the pool barcode level may cause a problem

After confirming the stable performance of the barcode pathway assays, | tested the barcoded
GPCR pathway assays. In this assay, both the receptors and the lentivirus-based sensor li-
brary were introduced into the HEK293 cells (Figure 8A). Figure 8B shows the three levels of
barcodes, such as sensor level, well level and pool level. Regrettably, there was clear crosstalk
at the pool barcode level between pools (Figure 8C). The crosstalk was also accompanied by
the so-called read-eating effects, a phenomenon in NGS where highly enriched barcodes use
most of the allocated sequencing depth, leaving the less frequent barcodes underrepresented
in the final readout. Therefore, sequencing data of the barcoded GPCR pathway assay indi-
cates that the index barcodes (introduced by piggyBac transposon system) had much higher

expression levels than those of the lentivirus-introduced barcodes (Figure 8C).
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Figure 7. The barcoded pathway assays exhibit high levels of robustness and reproducibility. (A) The time-
line for the barcoded pathway assays. (B) The heatmap demonstrates the consistent performance of the assays
across different vessel formats and various MOls with four replicates. (C) Both a heatmap and boxplots illustrate
the high reproducibility of the assays, with the same condition repeated seven times with 4 to 8 replicates on differ-
ent days. The boxplots display 7 individually extracted data points from the heatmap for both FSK and PMA stimu-
lation. The sensors were sorted by decreasing log2-scaled fold changes, and the inverse induction was also meas-
ured. It should be noted that the IL17Ap sensor activity was not detected and, therefore, its readings were excluded.

Ctrl, control; FSK, forskolin; PMA, phorbol 12-myristate 13-acetate.
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Figure 8. Crosstalk occurs at the pool barcode level. (A) The timeline for the barcoded GPCR pathway assays
is presented. The term sHEK293 refers to stable cells that contain either a specific GPCR or RTK. (B) The barcoded
GPCR pathway assays employ three levels of barcodes: sensor barcodes, well barcodes, and pool barcodes. The
sensor barcode is abbreviated as SC. (C) Crosstalk and read-eating effects. The assay was conducted in a 96-well
plate with a 2000 MOI with 4 to 8 replicates. Squares with a grey colour indicate raw reads lower than 100, and
their corresponding values are considered missing. The initial barcode level encoded the sensor barcodes within
each well of the 96-well plate. The raw reads are represented by the colour in each square of the heatmap. The
second barcode level encoded each well on the 96-well plate, i.e., it coded each column of the heatmap. The pools
were labelled on the top row of the heatmap using the third barcode level for coding. The index barcode raw reads
for each cell type are displayed in the first six rows individually. In general, the index barcode should be specific to
each cell type. However, crosstalk occurred between cell types within each pool. BDNF, brain-derived neurotrophic
factor; Ctrl, control; DA, dopamine; EGFId, epidermal growth factor-like domain; FSK, forskolin; Lira, liraglutide;
PMA, phorbol 12-myristate 13-acetate; VA, vasopressin.
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Abstract: G protein-coupled receptors (GPCRs) are major disease-relevant drug targets; robust
monitoring of their activities upon drug treatment is key to drug discovery. The split TEV cell-based
assay technique monitors the interaction of an activated GPCR with {3-arrestin-2 through TEV protein
fragment complementation using a luminescent signal as the readout. In this work, split TEV GPCR
B-arrestin-2 recruitment assays were optimized to monitor the endogenous ligand-induced activities
of six GPCRs (DRD1, DRD2, HTR2A, GCGR, AVPR2, and GLP1R). Each GPCR was tested in four
forms; i.e., its wildtype form, a variant with a signal peptide (SP) to facilitate receptor expression,
a variant containing the C-terminal tail from the V2 vasopressin receptor (V2R tail) to promote
B-arrestin-2 recruitment, and a variant containing both the SP and V2R tail. These 24 GPCR variants
were systematically tested for assay performance in four cell lines (HEK-293, PC12 Tet-Off, U-2 OS,
and HeLa). We found that the assay performance differed significantly for each GPCR variant and was
dependent on the cell line. We found that V2R improved the DRD2 split TEV assays and that HEK-293
cells were the preferred cell line across the GI’CRs tested. When taking these considerations into
account, the defined selection of assay modifications and conditions may improve the performance
of drug development campaigns that apply the split TEV technique as a screening tool.

Keywords: GPCR; drug screening; drug discovery; cell-based assay; split TEV technique

1. Introduction

G protein-coupled receptors (GPCRs), which constitute the largest class of cell sur-
face receptors, regulate various biological processes in health and disease, including the
proliferation and differentiation of cells, neuronal activity, immune response, hormonal
modulation, vision, taste, and smell [1,2]. Abnormal CPCR activity and altered downstream
cellular signaling is implicated in various human diseases such as cancer and diabetes as
well as in neurological and psychiatric disorders, including schizophrenia [3,4]. Because
GPCRs have critical roles in the pathophysiology of many complex diseases, they are key
drug targets. Consequently, GPCRs are currently targeted by 33% of all marketed drugs,
which makes them the largest druggable class of receptors [5].

GPCRs are seven-transmembrane receptors that have three intracellular loops and a
C-terminal tail for transducing cellular signals [1]. G proteins and B-arrestins can bind to
those intracellular regions of GPCRs, thereby constituting options for biased signaling [6,7].
The previously canonical signaling route is via G proteins that can be categorized into
stimulating or inhibitory effectors that initiate specific downstream signaling events such as
cAMP-mediated or calcium-dependent pathways [8]. Activation of GPCRs causes the G
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protein-dependent phosphorylation of the C-terminal tail by G protein-coupled receptor
kinases (GRKs), which provides docking sites for f-arrestins. Arrestin recruitment to
the GPCR leads to the desensitization of the primary signaling response by internalizing
the GPCR/ p-arrestin complex and initiates cellular signaling responses that include the
activation of ERK signaling. Importantly, G protein- vs. p-arrestin-mediated signaling, also
known as biased signaling, defines the physiological response of an activated GPCR [8,9].
While, for example, Gas proteins link GPCR activity to increased cAMP signaling, activated
[-arrestins initiate mitogen-activated protein kinase (MAPK) signaling cascades. In addition,
by deciphering these mechanisms of cellular signaling, there is the opportunity to create
better drugs with fewer side effects [10].

In drug discovery, cell-based assays are often applied for GPCR-targeting drugs [11].
For example, the activity of GPCRs can be monitored via genetically encoded reporter gene
assays: either indirectly using pathway assays such as CREB responsive element (CRE)
assays that depend on cAMP and calcium levels [12] or directly using target-based assays
that are based on 3-arrestin-2 recruitment and rely on proximity [13,14]. One type of such
a GPCR/ -arrestin-2 recruitment assay is based on the split TEV assay, which is based on
the functional complementation of TEV protease fragments [15,16]. When brought into
proximity, the TEV protease fragments functionally complement to form an active protease
and release a GPCR-anchored transcriptional co-activator that migrates into the nucleus to
initiate a reporter gene of choice such as firefly luciferase. Whereas CRE pathway assays
use the physiology of the cell and depend on intracellular cAMP levels, target-based assays
such as the split TEV assay enable the direct monitoring of GPCR activity. The C-terminal
intracellular domain of the vasopressin receptor 2 (V2R tail, amino acids 343-371) contains
11 serine and threonine residues that can be phosphorylated by GRKs and constitutes a
docking site for -arrestin-2. The V2R tail has been shown to promote assay performance
for full-length TEV GPCR/ 3-arrestin-2 recruitment assays [17]. Therefore, the V2R tail
has also been applied to split TEV GPCR assays [15,16]. Furthermore, the fusion of a
cleavable signal peptide (SP) derived from influenza virus hemagglutinin to the N-terminal
end of a GPCR was reported to enhance surface expression and to be beneficial for assay
performance [18].

Here, we describe a systematic approach to develop sensitive and robust target-based
split TEV assays for GPCRs in which we measured whether an additional artificial SP
and/or the V2R tail fused to a GPCR improved assay performance. We applied this
approach to six GPCRs of various subfamilies, including class A receptors (the dopamine
receptors DRD1 and DRD2, serotonin receptor 2A (HTR2A}), and vasopressin receptor 2
(AVPR2)) and class B receptors (the glucagon receptor (GCGR) and glucagon-like peptide 1
receptor (GLP1R)). In addition, we tested assay performances in various cell lines used for
GPCR biology, including HEK-293, U2-0S, HeLa, and PC12 Tet-Off (PC12-TO) cells. We
found that it was critical to test whether the addition of the artificial SP and/or the V2R tail
helped to establish a sensitive and robust assay in a given cell line because in most cases,
the addition of either the SP or V2R tail compromised the assay performance as measured
by the fold change and the Z’ factor [19]. DRD2 assays benefited from the addition of the
V2R tail to improve the assay performance in HEK-293 cells. In contrast, for the other
GPCRs tested, the fusion of the SP had a negligible effect on the assay performance. In
addition, we found that the cell line of choice was critical for a given split TEV GPCR assay.

2, Materials and Methods
2.1, Plasmids

The GPCR ORFs were amplified via PCR using the Q5 High-Fidelity DNA Polymerase
(NEB), and the resulting PCR was BP-recombined into the pDONR/Zeo plasmid using
Gateway recombination cloning (Thermo Fisher Scientific, Waltham, MA, USA). Each
entry clone plasmid was control-digested using BsrGI, which cut inside the recombination
sequences and thus released the insert. Lastly, the GPCR ORF sequences were verified via
Sanger sequencing. Gateway LR recombination was used to transfer the ORFs from the
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entry vectors into the split TEV destination vectors (either pcDNA3_attR1-ORF-attR2-NTEV-
TCS-GV-2xHA_DEST or pcDNA3_attR1-ORF-attR2-V2R-NTEV-TCS-GV-2xHA_DEST). The
signal peptide (SP; peptide sequence: MKTIIALSYIFCLVFA | DYKDDDDASID, cleavage
site indicated by the arrow) derived from hemagglutinin [13] was added via 2-step PCR to
the GPCR ORFs. Gateway entry clones for DRD2, HTR2A, and AVPR2 without SP, as well
as the Gateway expression clone for ARBB2-CTEV (pcDNA3.1_Zeo_ ARRB2-1-383-CTEV-
2xHA), were described previously [16]. The Gateway entry clone for GLP1R was obtained
from Harvard PlasmlD (pENTR223-1_GLP1R_Cop, HsCD00082670). The plasmids used in
this study are listed in Supplementary Table 51 and are available at Addgene. The oligos
used for cloning are listed in Supplementary Table 52.

2.2. Compounds

The dopamine hydrochloride, [Arg8]-vasopressin acetate salt, and glucagon were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The serotonin hydrochloride was
obtained from Tocris. The liraglutide (NN2211) was purchased from Selleck Chemicals
(Houston, TX, USA).

2.3. Cell Culture

The HEK-293 (ATCC, CRL-1573) and Hela (ATCC, CCL-2) cells were cultured in
DMEM (4.5 g/L glucose, Thermo Fisher Scientific) supplemented with 2 mM GlutaMAX
(Thermo Fisher Scientific), 10% FCS (Thermo Fisher Scientific), 100 U/mL of penicillin, and
100 pg/mL of streptomycin (Thermo Fisher Scientific). The PC12 Tet-Off cells (Clontech,
631134; PC12-TO) were maintained in DMEM medium (1 g/1 glucose, Thermo Fisher
Scientific) supplemented with 10% FCS, 5% horse serum (HS), 2 mM GlutaMAX, 100 U/mL
penicillin, and 100 pg/mL streptomyecin (all Thermo Fisher Scientific). The osteosarcoma U-
208 cells (ATCC, HTB-96) were cultured in McCoy's A (Modified) Medium supplemented
with GlutaMAX containing 10% FCS, 100 U/mL penicillin, and 100 pug/mL streptomycin
(all Thermo Fisher Scientific). The PC12-TO cells were grown on surfaces coated with
poly-L-lysine (PLL, Sigma-Aldrich) for the maintenance and experiments. For coating, the
plates were incubated with PLL (0.02 mg/mL final concentration diluted in ddH,O) for
30 min at 37 °C, washed twice with ddH,0, and air-dried. The cells were cultured at 37 °C
and 5% COZ

2.4. Luciferase Assays

For the luciferase assays, the cells were plated on flat-bottom 96-well clear plates
(Falcon) at 2 x 10* HEK-293 cells/well, at 4 x 10* HeLa cells/well, at 4 x 10* U-2 OS
cells/well, or at 5 x 10* PC12-TO cells/well one day before the experiment. All of the
luciferase assays were performed using 6 replicates per condition. For the split TEV assays,
the cells were transfected with split TEV plasmids (GPCRs and B-arrestin-2) and the UAS
reporter plasmid (pGL4_10xUAS-MLPmin-luc2). For the CRE pathway assays, the cells
were transfected with GPCR and a CRE reporter (pGL4_CRE-CMVmin-luc2) plasmids. All
of the transfection mixes also contained a plasmid that encoded a nuclear variant of EYFP
(1 ng per 96-well plate) for visual control of the transfection efficiency. Thus, we consistently
transfected 31 ng for the split TEV assays and 21 ng for the CRE assays per 96-well plate.
The transfection was conducted according to the manufacturer’s instructions. The plasmids
and the transfection reagent (Turbofect (Thermo Fisher Scientific) for the HEK-293 cells at a
ratio of 1 ug of DNA to 3 uL of Turbofect; and Lipofectamine 3000 (Thermo Fisher Scientific)
for the U2-0S, HelLa, and PC12-TO cells at a ratio of 1 ug of DNA to 2 uL of P3000 and
1 ug of DNA to 1.5 uL of Lipofectamine 3000) were diluted in Opti-MEM (Thermo Fisher
Scientific) and incubated for 20 min at room temperature and added to the cells. Next, the
medium was removed from the cells, the transfection mix was added, and the assay plates
were incubated for 2 h at 37 °C. Double the volume of the culture medium (final volume:
90 uL per well) was then added to dilute the transfection reagents. The next day, the culture
medium was replaced with serum-free assay medium (HEK-293: DMEM (4.5 g/L glucose)
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supplemented with 2 mM GlutaMAX; HeLa: DMEM (4.5 ¢ /L glucose) supplemented with
2 mM GlutaMAX; U-2 O5: McCoy’s 5A medium; and PC12-TO: serum-reduced medium
(DMEM (1 g/L glucose) supplemented with 1% dialyzed FBS (Thermo Fisher Scientific),
2 mM GlutaMAX, and 0.1 mM non-essential amino acids (NEAA, Thermo Fisher Scientific))
for 17-18 h. On the second day, the medium was removed, and the cells were treated with
compounds diluted in the assay medium at various concentrations for 6 h at 37 °C. For the
dose-response analyses, the compounds were diluted on a semi-logarithmic scale using
15 concentrations that ranged from 1 pM to 10 pM. Next, the medium was removed, and
the cells were lysed with 30 uL of passive lysis buffer (Promega, Madison, WI, USA). To
measure the firefly luciferase activity, the lysates were transferred to white flat-bottom
96-well plates (Falcon, Minato City, Tokyo). The firefly luciferase activity was measured
with a Mithras LB 940 Microplate Reader (Berthold Technologies, Bad Wildbad, Germany)
using the MicroWin 2000 software. The data were exported to Excel and processed with
R-based scripts based on the ggplot? package to calculate and plot bar graphs with mean
values, the standard deviation (s.d.), and the data points of the 6 replicates. To plot and
analyze the dose-response curves, the R-based drc package [20] was used with the four-
parameter log logistic function for curve fitting. The data were plotted as means with the
standard error of the mean (s.e.m.) of the 6 replicates of the firefly readings. The assays
were repeated twice.

2.5. Western Blotting and Antibodies

To measure the expression levels of the split TEV GPCR fusion constructs, the plasmids
were transfected into HEK-293 cells using Lipofectamine 3000 according to the manufac-
turer’s instructions. After allowing the plasmids to express for 24 h, the cells were washed
1x with PBS and lysed in a Triton-X lysis buffer (1% Triton-X100, 50 mM Tris pH 7.5,
150 mM NaCl, and 1 mM EGTA) containing the Complete protease inhibitor cocktail
(Roche, Basel, Switzerland) and the PhosSTOP phosphatase inhibitor (Roche). The lysed
cells were kept on ice for 10 min, sonicated 3x for 10 s at 4 °C, and denatured for 10 min at
70 °C. The Mini-PROTEAN Tetra Electrophoresis System (Bio-Rad, Hercules, CA, USA)
was used for running and blotting the protein gels. For the chemiluminescence detection of
proteins, the Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific) was used
followed by imaging with a ChemoStar ECL imager (Intas Science Imaging Instruments,
Gottingen, Germany). The HA-tagged proteins were visualized using an HA antibody
(clone 3F10, dilution 1:500, No. 11 867 423 001, Roche).

2.6. Immmumocytochemistry of Cells

A total of 200,000 HEK293 cells were seeded per 24 wells, and 200 ng of each GPCR
plasmid was transfected using Lipofectamine 3000. The cells were allowed to express the
plasmids for 24 h and then were washed with PBS and fixed with 4% paraformaldehyde for
10 min at room temperature. Next, after three washes with TBS for 5 min each, the cells were
blocked with 3% BSA in TBS for 1 h at room temperature. To stain for surface expression of
SP-GPCRs (note that the SP harbored a FLAG tag), the cells were not permeabilized, but
rather directly incubated with an anti-FLAG M2 antibody (dilution 1:500, F1804, Sigma-
Aldrich). For the intracellular staining (note that the HA tag was intracellular), the cells
were permeabilized via two washes with TBS/Triton X-100 (0.1%) (TBS-T) for 5 min each,
blocked with 3% BSA in TBS-T for 1 h at room temperature, and incubated with an anti-HA
antibody (clone 3F10, dilution 1:500, No. 11 867 423 001, Roche). The primary antibodies
were incubated for 3 h at room temperature. Next, the cells were washed 3 x with TBS (or
TBS-T for intracellular staining) and incubated for 1h at room temperature with fluorescent
conjugate cross-adsorbed secondary antibodies (Alexa 488 and Alexa 647, Thermo Fisher
Scientific) at a dilution of 1:500. The cells were mounted in EverBrite™ Hardset Mounting
Medium (Biotium, Fremont, CA, USA) that contained Dapi for nuclear staining. The cells
were imaged on a ZEISS Axio Observer.Z1 microscope with a C-Apochromat 63x /1.20 W
Corr objective.
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3. Results
3.1. Construction of a Versatile Split TEV GPCR Assay Expression System Using Gateway
Recombination Cloning

We previously established high-throughput applicable split TEV 3-arrestin-2 recruit-
ment assays for various GPCRs, including DRD1, DRD2, AVPR2, and HTR2A [15,16]. Given
the importance of GCGR and GLFP1R as therapeutic targets in type 1l diabetes [21,22] and
obesity [23,24], as well as GLP1R’s implication in neurological disorders such as Alzheimer's
disease (AD), Parkinson'’s disease (PD), and amyloid lateral sclerosis (ALS) [21,25,26], we es-
tablished split TEV assays for those receptors as well. In our split TEV assay, the GPCR was
fused to the N-terminal moiety of the TEV protease (NTEV), a TEV protease cleavage site
(TCS), and the artificial transcriptional co-activator GAL4-VP16 (GV). The ligand-activated
GPCR bound to B-arrestin-2, which, as a truncated version, was fused to the C-terminal
moiety of the TEV protease (CTEV). Binding of the GPCR to (3-arrestin-2 led to the functional
complementation of the TEV protease fragments, thereby resulting in proteolytic activity.
The TEV protease-cleaved GV migrated to the nucleus to bind to clustered upstream acti-
vated sequences (UAS) and initiated the transcription of a firefly luciferase reporter gene
(Figure 1A). The GPCR in such a split TEV assay could be modified (1) with the N-terminally
fused cleavable SP to enhance surface expression and (2) with a C-terminally fused V2R
tail to enhance B-arrestin-2 binding to promote the assay performance (Figure 1B) [13,17].
The V2R tail may be particularly important for GPCRs with weak or absent endogenous
activity-dependent B-arrestin-2-binding, which is also the case for DRD2 [27]. To test this,
we selected six GPCRs from classes A and B that had a varying number of serine (Ser) and
threonine (Thr) residues in their C-terminal tail. While DRD1, HTR2A, AVPR2, GCGR, and
GLP1R all have 11 or more serine/threonine residues in combination with a different total
length of the C-terminal tail, DRD2 had a very short C-terminus without Ser/Thr residues
(Figure S1). To systematically test whether the V2R tail and SP improved the split TEV assay
performance, we used the Gateway recombination system to clone for each GPCR (1) its
native form, (2) a variant with an N-terminal SP (5P-GPCR), (3) a variant fused to the V2R
tail (GPCR-V2R), and (4) a variant fused to both the SP and V2R (SP-GPCR-V2R) (Figure 1B).
To confirm that each of the 24 GPCR constructs (Table 51) was correctly expressed, we
transfected all GRCR-NTEV-TCS-GV fusions into HEK-293 cells. The expression of each
GPCR construct was validated via Western blotting against an HA tag that was present in
all of the GPCR fusions (Figure 1C-E). The surface expression of GPCR split TEV fusions
was validated via immunocytochemistry staining. While the localization for both the native
and SP-GPCR-V2R variants was examined with an antibody against the C-terminal HA tag
(Figure 1EG), the SP-GPCR-V2R variants were additionally tested against an extracellular
FLAG epitope located C-terminally to the SP (Figure 1H).

3.2. Performance of Split TEV GPCR Assays Depended on Modifications and Cell Type

Next, transient split TEV GPCR B-arrestin-2 recruitment assays were conducted for
all 24 constructs in HEK-293 cells (Figure 2A—F), U2-OS cells (Figure S2), HeLa cells
(Figure S3), and PC12-TO cells (Figure 3A-F). Each GPCR was stimulated with its cog-
nate agonist for 6 h in accordance with previous continuous online luciferase assays for
split TEV GPCR assays [16]. GLP1R was stimulated with the peptide mimetic agonist li-
raglutide [28]. For each assay, the fold-change ratios based on the firefly luciferase values of
non-stimulated and stimulated samples were calculated (Table 1). We found that the assays
for DRD1, DRD2, AVPR2, and GCGR performed best in the HEK-293 cells (Figure 2, Table 1),
while the HTR2A and GLP1R assays performed best in the PC12-TO cells (Figure 3C,F,
Table 1). Specifically, the highest fold changes were obtained with the native forms of DRD1,
DRD2, AVPR2, and GCGR in the cells and the native forms of HTR2A and GLP1R in the
PC12-TO cells. The Z'-factor is an indicator of assay performance that integrates both the
baseline and activated means as well as the standard deviations thereof to determine a
statistical effect size [19]. Excellent assays; i.e., assays with a large separation window that
are compatible with high-throughput applications, have 7!-factor values between 0.5 and
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1.0. Split TEV GPCR assays with the highest fold-change values correlated largely with the
highest Z'-factors when considering only the optimal cell line for a top-performing assay
(i.e., for DRD1, DRD2, AVPR2, and GCGR in HEK-293 cells) (Table 1).
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Figure 1. GPCRs for split TEV (3-arrestin-2 recruitment assays were modified by the addition of
a signal peptide, a V2R tail, or both. (A) Scheme of the GPCR (3-arrestin-2 split TEV recruitment
assay. A GPCR could be fused to the signal peptide (SP) and/or the tail of vasopressin receptor 2
(V2R) to test assay performance. ARRB2, f-arrestin-2; TCS, TEV protease cleavage site. (B) Graphical
representation of the split TEV GPCR fusions. Depicted are the four variants of the GPCRs tested:
native GPCR, SP-GPCR fusion, GPCR-V2R fusion, and SP-GPCR-V2R fusion. FLAG, single FLAG
tag; NTEV, N-terminal moiety of the TEV protease; TCS, TEV protease cleavage site; GV, synthetic
co-transcriptional activator GAL4-VP16; 2HA, double HA tag. (C-E) Split TEV GPCR constructs
were propetly expressed in HEK-293 cells. Western blots of the split TEV GPCR fusion constructs for
DRD1 and DRD2 (C), HTR2A and AVPR2 (D), and GCGR and GLP1R (E). All proteins were detected
with an HA antibedy. LE, longer exposure. (F-H) Surface expression of selected GPCR split TEV
fusions using immunocytochemistry staining. Native GPCR split TEV fusions were stained against
the cytosolic HA epitope (F). SP-GPCR-V2R split TEV fusions were stained against the cytosolic HA
epitope (G) and an extracellular FLAG epitope that was located C-terminal to SP (H). Note that FLAG
staining was performed without permeabilizing cells. The merge was Dapi and antibody staining.
Scale bar =20 pM.
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Figure 2. Split TEV GPCR B-arrestin-2 recruitment assays in HEK-293 cells. (A-F) Luciferase end-
point assays for DRD1 (A), DRD2 (B), HTR2A (C), AVPR2 (D), GCGR (E), and GLP1R (F). All assays
were conducted in HEK-293 cells in a 96-well format. Cells were stimulated for 6 h with their agonists.
Note that the addition of the signal peptide and the V2R tail affected the performance of the split
TEV GPCR f-arrestin-2 recruitment assays. Bar graphs display the means; the error bars represent
the s.d. with six replicates per conditions. A two-tailed Student’s t test was used to determine the
p-values for treatment versus control. *** p << 0.0001.
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Figure 3. Split TEV GPCR B-arrestin-2 recruitment assays in PC12-TO cells. (A-F) Luciferase end-
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Table 1. Robustness of split TEV GPCR assays. Fold-change and Z'factor values of all split TEV
GPCR B-arrestin-2 assays that were conducted in HEK-293, HeLa, U 2-OS, and PC12-TO cells.

DRD1 DRD2 HTR2A AVPR2 GCGR GLPIR
HEK-293
FC Z'-Factor FC Z'-Factor FC Z'-Factor FC Z'-Factor FC Z’'-Factor FC Z'-Factor
Native 5341 0.81 4.52 0.46 146 0.25 12.37 0.74 13.32 0.81 3.82 0.56
SP 3.09 0.50 351 0.55 1.54 012 4.07 063 315 067 252 0.32
V2R tail 3.92 0.69 399 0.56 141 042 7.06 0.63 6.63 0.74 420 0.53
SP and V2R tail 2.85 0.74 326 0.62 1332 —0.63 3.85 0.65 322 0.56 319 0.56
DRD1 DRD2 HTR2A AVPR2 GCGR GLPIR
HeLa
Fc Zi-factor rc Z'factor FC Z'-factor FC Zi-factor FC Z'-factor FC Z-factor
Native 233 0.28 3.46 (.09 141 0.17 142 —-193 131 —0.39 143 —0.48
sp 164 027 2,05 098 ) 2.54 0.05 114 290 126 097
VIR tail 218 0.24 293 0.57 1.15 240 1.52 1.04 1.56 0.25 (1.06) { 6.53)
SPand V2R tail  2.27 .44 2.99 0.46 097)  (—1480)  2.08 0.44 0.75 —0.46 (1.10) (—4.71)
DRD1 DRD2 HTRZA AVPR2 GCGR GLPIR
U-208
FC Z!-factor FC 7' factor FC 7! -factor FC 7! -factor FC Z!-factor FC Z!-factor
Native 2.06 0.38 1.41 0.30 112 —2.56 1.86 0.36 1.47 —0.29 1.20 —1.99
SP 1.83 0.45 1.79 0.19 (1.07) (—5.23) 1.61 013 118 —145 140 —0.55
V2R tail 1.72 0.32 2.71 0.65 (1.06) (—7.04) 1.67 0.16 1.46 0.07 1.36 —0.11
SI and VZR tail 1.84 0.37 267 0.69 (1.07) (—4.35) 157 031 1.28 —0.40 129 —0.52
TDRD1 DRD2 HTRZA AVPR2 GCGR GLPIR
PC12-TO -
FC Z'-factor FC Z'-factor FC Z!-factor FC Z'-factor FC Z!-factor FC Z'-factor
Native 1.33 —0.40 (0.98) (—38.38) 6.45 0.76 7.92 0.68 4.99 0.68 4.38 0.53
SP 1.18 —1.18 (0.95) (—14.82) 4.45 0.64 5.89 0.65 272 0.40 271 0.28
V2R tail 119 —0.46 (1.02) (—15.37) 129 0.58 4.36 0.69 3.30 0.66 349 0.53
ST and V2R tail 1.23 —0.21 (1.03) (—13.06) 4.32 0.57 4.35 0.66 3.09 045 3.15 0.58

! Numbers highlighted in bold indicate the highest fold-change and Z/-factor values for each GPCR in each cell
ling; i.e., considering the four variants of each GPCR used (native form, SP-GI'CR variant, GPCR-V2R variant, and
SP-GPCR-V2R variant). Results were calculated from experiments with 6 replicates. 2 Numbers in parentheses
indicate that the p-value was larger than 0.05 as calculated via the two-sided Student’s f test

GPCRs fused to the SP and /or the V2R tail mostly retained their biological function
with respect to mediating an agonist-induced (3-arrestin-2 recruitment, but in some cases
resulted in a considerable loss of activation in a cell-type-dependent manner; e.g., for
HTR2A and GLPIR in the HeLa cells and for HTR2A in the U-2 OS5 cells (Table 1). The
baseline luciferase readings of the SP-GPCR assays were invariably larger than the ones of
the native forms, which also was reflected by the higher expression levels of the SP-CPCRs
observed in the Western blot analysis (Figure 1C-E and Figure 2A-F).

For the DRD2 assays, the addition of the V2R tail considerably improved the assay
performance in the HeLa and U-2 OS cells as determined by the Z'-factors (Figures 52 and S3,
Table 1), while in HEK-293 cells, the additional V2R tail had a less pronounced effect (Figure 2B,
Table 1). Nonetheless, the DRD?2 assays overall performed best in the HEK-293 cells when
taking both the Z/-factor and fold change into account. The addition of the V2R tail, especially
when combined with the SP, to the DRD2 substantially increased the absolute luciferase reporter
readings in the HEK-293, HeLa, and U-2 OS cell lines, but the overall performance was the best
in the DRD2-V2R fusion. In contrast, the DRD2 assays did not perform in the PC12-TO cells at
all. Of note, the GLP1R assays that used the native form and the V2R variant also performed
robustly in the HEK-293 cells in terms of both the fold change and the Z'-factor. The preferred
variant and cell line for each GPCR tested is summarized in Table 2.

3.3. Split TEV Assays for GCGR and GLPIR Correlated with @ cAMP Response Element
Pathway Assay

Here, we report for the first time the establishment of split TEV (-arrestin-2 assays
for GCGR and GLPIR. To further characterize the assays for these two GPCRs in terms
of sensitivity and robustness, we conducted dose-response assays with their respective
ligands: glucagon (Figure 4A) and liraglutide (Figure 4B). HEK-293 cells were used for both
assays because the GLP1R assays were robust both in HEK-293 cells (Figure 2F) and PC12-
TO cells (Figure 3F). In the GCGR assay, glucagon had an EC5; of 4 nM, while liraglutide
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yielded an EC5j of 1 nM in the GLP1R assay. GCGR and GLP1R signaled via Gas proteins
and the second messenger cAMP to regulate the cellular signaling [21,29]. Therefore, the
activity of these GPCRs could also be indirectly monitored using a cAMP response element
(CRE) sensor assay [12]. To compare the target-based split TEV assays with this widely used
cellular pathway assay, we performed dose-response assays in HEK-293 cells by transfecting
the GCGR and GLP1R constructs with a CRE reporter plasmid that drove a firefly luciferase
reporter gene. Both the glucagon (Figure 4C) and liraglutide (Figure 4D) treatments yielded
dose-dependent responses: an ECsg of 25 nM for glucagon and of 7 nM for liraglutide, which
were in the range of previously reported data obtained in HEK-293 cells [30].

Table 2. Preferred GPCR variant and cell line for split TEV assays: effects of signal peptide (SP), V2R
tail, and cell line on assay performance. The best variant was identified by the highest fold change
and a paralleled Z'-factor > 0.5 across the cell lines tested.

Target Preferred Variant Preferred Cell Line
DRD1 Native HEK-293
DRD2 V2R variant ! HEK-293
HTR2A Native PC12-TO
AVPR2 Native HEK-293
GCGR Native HEK-293
GLPIR Native %, V2R variant * PC12-TO 2, HEK-293 3

I The DRD2-V2R variant had the highest fold change for a Z'-factor > 0.5. 2 The fold change for GLPIR was
highest in PC12-TO cells with the native version. 3 The use of the V2R variant in HEK-293 cells was preferred due
to compatibility with other GPCR assays.
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Figure 4. Dose-tresponse curve analysis identified robust agonist assays for GCGR and GLP1R using
both target-based split TEV and pathway-based CRE reporters. (A) Dose-response assay for native
GCGR using glucagon as stimulus and split TEV as readout. Hill slope = 0.741. (B) Dose-response
assay for GLP1R-V2R using liraglutide as stimulus and split TEV as readout. Hill slope = 0.602.
(C) Dose-response assay for native GCGR split TEV construct as used in (A) using glucagon as
stimulus and a CRE reporter as readout. Hill slope = 1.991. (D) Dose-response assay for GLP1R-
V2R split TEV construct as used in (B) using liraglutide as stimulus and a CRE reporter as readout.
Hill slope = 1.491. Receptors were stimulated for 6 h. Data represent mean = s.e.m. Firefly counts
were normalized to the minimum and maximum of ligand response.
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4. Discussion

Arrestin-2-mediated transduction of GPCR signaling is nearly always assayed at the
level of recruitment because downstream effectors or second messengers do not converge
on a single pathway [8,10]. Split TEV GPCR assays are highly sensitive and directly
transform GPCR-triggered B-arrestin-2 recruitment into luminescent signals. They are
regularly used to measure GPCR activity in compound screens [15,16,31]. To establish split
TEV assays with improved characteristics, we designed vectors compatible with Gateway
recombination cloning to shuffle GPCRs of interest with and without an SP and V2R tail into
expression cassettes to identify the most sensitive and robust assay. We tested six GPCRs
that were selected from class A and class B subfamilies that were either stimulated by small
molecules (biogenic amines) or peptide ligands to cover a rather broad range of GPCRs.
Across the selected GPCRs, the split TEV assays for DRD1, DRD2, AVPR2, and GCGR
performed best in HEK-293 cells as evidenced by the fold-change and Z'-factor values, both
of which were the highest for many assays in this cell line. However, the HTR2A assays
performed best in the PC12-TO cells, which was consistent with our previous report [16].
The GLP1R assays performed well in both the HEK-293 and PC12-TO cells.

The addition of SP (either alone or in combination with V2R) generally did not improve
the split TEV assay performance (except marginally for DRD2). The added SP instead
led to increased readout activity as observed in the absolute luciferase readings and also
as supported by the Western blot analysis. We confirmed surface expression for native
and a subset of SP-fused GPCRs linked to the NTEV moiety. Furthermore, GPCRs with
a hemagglutinin-derived SP linked to full TEV moieties were previously shown to be
efficiently transported to the cell surface [13]. We noted, however, that overexpressed
GPCRs accumulated inside the cells. Thus, the SP may also have exacerbated an incorrect
transport of overexpressed GPCRs in the cell, thereby precluding an improved assay
performance. In some cases; i.e., for AVPR2 and GCGR in the HEK-293 cells, the addition
of SP even reduced the fold changes strongly. Notably, GCGR contained an SP as part
of its open reading frame [32]. Therefore, the endogenous SP provided the best assay
performance, thereby making the addition of the additional SP obsolete [33]. Further, we
point out that the activation of peptidergic GPCRs (in this study: AVPR2, GCGR, and
GLP1R) could only occur at the cell surface because peptide ligands could not pass through
the plasma membrane, supporting the notion of efficient surface expression.

The addition of the V2R tail improved the assay performance for DRD2 in the HEK-293,
Hela, and U-2 OS cells, and the addition of the SP further marginally improved the assay
robustness as indicated by the 7!-factor values in the HEK-293 and U-2 OS cells. However,
the other GPCR assays that were tested in the split TEV assays were not improved by the
V2R tail. This contrasted with GPCR (3-arrestin-2 recruitment assays that used a full TEV
protease approach and were reported to be improved by the addition of V2R [13,17]. We
also found that the DRD2 split TEV assays performed reasonably well in the HEK-293,
HelLa, and U-2 OS cells even without a V2R tail, although less efficiently. DRD2 does not
have serine and threonine residues in its C-terminal tail, which, when phosphorylated
after receptor activation, are a common [3-arrestin binding motif. However, B-arrestin-
2 can also bind to phosphorylated serine and threonine motifs located within the third
intracellular loop, which suggests that the V2R tail might be redundant or sensitive to the
local environment [27,34]. In other cases, as for AVPR2, DRD1, and GCGR, the addition
of the V2R tail did not improve the assay performance, but instead led to a substantial
decrease in both the fold change and Z-factor. As summarized in Table 2, the native form
followed by the V2R variant were the preferred variants to use depending on the GPCR.

All of the split TEV assays were based on transient transfection with pcDNA3-based
vectors, which are some of the most frequently used vectors in molecular and cellular
biology [35]. However, we cannot rule out any differences in assay performance that
may occur when using different vector backbones or different promoters (we used the
CMYV promoter; other options are, e.g., human EFla or UbC promoters) for expressing
split TEV fusion proteins. Furthermore, pcDNA3 expression plasmids harbor the bovine
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growth hormone polyadenylation signal sequence to increase expression in mammalian
cells [36]. Therefore, we selected the pcDINA3 plasmid as the backbone, introduced corre-
sponding GPCR cassettes via Gateway cloning, and validated the plasmid expression using
Western blotting.

All of the assays presented here were based on transient transfections. We would
like to note that rather low amounts of plasmids (c.f. the Section 2) were efficient in
producing robust and sensitive assays. We regularly co-transfect a fluorescent marker
plasmid (here: the nuclear form of EYFP) to assess efficiency. Therefore, we recommend
always using clear plates for culturing the cells even if this requires a later transfer into
white 96-well plates to measure the signals of the firefly luciferase. For the transfection
reagent, we recommend testing with fluorescent marker plasmids first to find a suitable
reagent because the performance can vary significantly from cell type to cell type. In
addition, it may be helpful to co-transfect a constitutively active Renills plasmid to assess
the potential toxicity of compounds.

For GCGR and GLP1R, the split TEV and pathway assays correlated well, including
for the range of ECsy values. However, the dose-response assays that used pathway sensors
had a steeper Hill slope when compared to the split TEV assays, potentially implicating
that the signals, which were initiated at the cell membrane and captured downstream,
reached signal saturation via amplification inside the cell and/or were subject to feedback
regulation [37,38].

GPCR biology is critical to complex disorders such as schizophrenia and type 1L
diabetes. To provide alternative approaches for the discovery of therapeutic agents that
simultaneously modulate DRD1, DRD2, and HTR2A or allosterically target GLP1R and
the closely related GCGR, we developed and optimized genetically encoded cell-based
split TEV assays for these targets to enable the profiling of compound libraries to identify
selective agonists. DRD1, DRD2, and HTR2A have been implicated as drug targets in
schizophrenia [39,40]. Schizophrenic patients suffering from positive symptoms such as
hallucinations benefit from DRD2 and HTR2A antagonists [41], but potentially also from
low-efficacy DRD1 agonists [42]. The anticipated medication paradigms are thus complex,
and the development of drugs with a desired range of polypharmacology in disease-
relevant targets is very demanding. Although each receptor can be efficiently targeted by
many approved drugs (e.g., risperidone, which antagonizes DRD2 and HTR2A [43]; or
lisuride, which is a partial agonist for DRD1 [44]), a multitarget drug that combines the
features is still elusive.

GCGR and GLPIR are key targets to treat type Il diabetes [21,22]. For both GCGR
and GLP1R, multiple ligands have been approved by the FDA and EMA [45-47], even as
the orally administrable peptide analogon known as semaglutide [48,49]. Nevertheless,
the development of small-molecule drugs with an improved polypharmacoclogical profile
and an increased half-life is desired, and the search as well as clinical testing are still
ongoing [50-52]. Furthermore, the activation of GLP1R was implicated in neuroprotective
effects in ALS [25], and GLP-1 mimetics could alleviate ALS relevant phenotypes in both
cellular and murine models [53,54]. However, liraglutide was recently reported to have
failed to exert beneficial effects in a mouse model of ALS [55], thus still requiring better
drugs to be developed.

Robust and sensitive assays using the technology outlined in this study could be
applied in a multiplexed approach. In these assays, multiple experimental conditions can
be monitored in parallel in a single well, and it is expected that such multiplexed assays
will promote the broad screening for more selective drugs with fewer side activities [56,57].
In such multiparametric assays, each assay cell type expresses a different target linked to a
unique barcode as the reporter and enables the pooling of single assays [16]. In addition, sig-
naling cascades and pathways such as Go-dependent cAMP and Geg-stimulated calcium
responses or -arrestin-2 mediated ERK1/2 signaling can be simultaneously monitored
using barcoded CRE and EGR1 promotor (MAPK) pathway reporters, thus linking target
and pathway responses. For example, each of the GPCR split TEV assays could be multi-
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plexed with CRE and EGR1 promoter sensor pathway assays in one cell: different barcode
reporters could be linked to the 10xUAS sensors used for split TEV assays, CRE sensors
could be used to assess the cAMP/ calcium signaling, and EGR1-promoter sensors could
be used to assess the MAPK signaling. Such an approach may be particularly attractive to
researchers in drug development because the monitoring of both GPCR activities and the
elicited biased signaling actions are expected to generate better drugs with higher efficacies
and reduced adverse effects [10,58].

5. Conclusions

Taken together, we provided a technical resource for optimizing split TEV GPCR
{-arrestin-2 recruitment assays. For each unique GPCR, the effects of genetic modifications;
i.e., the addition of an SP and/or a V2R tail, and the cell line of choice should be thoroughly
tested to determine the best assay performance.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /bios13010048 /51, Figure 51: Split TEV GPCR constructs were prop-
erly expressed in HEK-293 cells. (A) GPCRs tested in this study. Note that the GPCRs had different
C-terminal tails with varying numbers of phosphorylatable serine and threonine residues that when
phosphorylated impacted on B-arrestin-2 binding. (B) Protein sequences of the C-terminus tails of the
GPCRs shown in {(B). Serine and threonine residues are highlighted in red. Figure 52: Split TEV GPCR
[p-arrestin-2 recruitment assays in HeLa cells, (A-F) Luciferase end-point assays for DRD1 (A), DRD2
(B), HTR2A (C), AVPR2 (D), GCGR (E), and GLP1R (F). All assays were conducted in a 96-well format.
Assays were stimulated for 6 h using cognate agonists, Bar graphs display means; error bars represent
s.d. with six replicates per conditions. A two-tailed Student’s f test was used to determine the p-values
for treatment versus control. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001, n. s., not significant.
Figure S3: Split TEV GPCR B-arrestin-2 recruitment assays in U-2 OS cells. {A-F) Luciferase end-point
assays for DRD1 (A), DRD2 (B), HTR2A (C), AVPR2 (D), GCGR (E), and GLP1R (F). All assays were
conducted in a 96-well format. Assays were stimulated for 6 h using cognate agonists. Bar graphs
display means; error bars represent the s.d. with six replicates per conditions. A two-tailed Student’s
t test was used to determine the p-values for treatment versus control. * p < 0.05; ** p < 0.01;
4 p < 0.001; *** p < 0.0001, n. s., not significant. Table 51: Plasmid information (plasmids are
available at Addgene). Table S2: Oligonucleotides used for cloning,
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Profiling of ERBB receptors
and downstream pathways reveals selectivity
and hidden properties of ERBB4 antagonists

Luksa Popovi¢,»” Jan P. Wintgens,” Yuxin Wu,' Ben Brankatschk,” Sascha Menninger,® Carsten Degenhart,®
Niels Jensen,” Sven P. Wichert,”* Bert Klebl,® Moritz J. Rossner,”* and Michael C. Wehr'.%5*

SUMMARY

ERBB receptor tyrosine kinases are involved in development and diseases like cancer, cardiovascular, neu-
rodevelopmental, and mental disorders. Although existing drugs target ERBB receptors, the next gener-
ation of drugs requires enhanced selectivity and understanding of physiological pathway responses to
improve efficiency and reduce side effects. To address this, we developed a multilevel barcoded reporter
profiling assay, termed ‘ERBBprofiler’, in living cells to monitor the activity of all ERBB targets and key
physiological pathways simultaneously. This assay helps differentiate on-target therapeutic effects
from off-target and off-pathway side effects of ERBB antagonists. To challenge the assay. eight estab-
lished ERBB antagonists were profiled. Known effects were confirmed, and previously uncharacterized
properties were discovered, such as pyrotinib’s preference for ERBB4 over EGFR. Additionally, two
lead compounds selectively targeting ERBB4 were profiled, showing promise for clinical trials. Taken
together, this multiparametric profiling approach can guide early-stage drug development and lead to
improved future therapeutic interventions.

INTRODUCTION

ERBB receptor family kinases are a sub family of receptor tyrasine kinases (RTKs) and are implicated in various hurnan disorders, such as
various types of cancer, e.q., breast cancer and non-small cell lung cancer, as well as neurclogical disorders and mental disorders, including
schizophrenia." * The ERBB family consists of four type | transmembrane receptors, which are the epidermal growth factor receptor (EGFR,
alsc known as ERBB1), ERBBZ receptor tyrosine kinase 2 (also known as HER2), ERBB3 (HER3), and ERBB4 (H ER4).” ERBB receptors are acti-
vated by epidermal growth factor (EGF) and heregulin-like family ligands and can homo- and heterodimerize, leading to the phosphorylation
on cytoplasmic tyrosine residues and the activation of cellular signaling cascades. While ERBB2 does not bind any endogenous ligand, it can
still signal downstream when dimerized.” ERBB3 favors heterodimerization with its preferred dimerization partner ERBB2 due to an impaired
kinase domain to elicit cellular signaling.” Canonical cellular signaling pathways initiated by activated ERBB receptors are the KRAS-RAF-
mitogen-activated protein kinase (MAPK) cascade, phosphatidylinositel 3-kinase (PI3-K), and STAT signa\ing.""n In particular, the MAPK
axis, which is initiated by the binding of the growth factor receptor-bound protein 2 (GRB2) adapter to phosphorylated tyrosine residues
of ERBB receptors and ultimately results in extracellular regulated kinase 1 and 2 (ERK1/2) activation, is & bona-fide pathway that links
ERBB receptor activity to cellular phenotypes, like cell eycle progression and proliferation."2

Cancer formation is linked to an increased expression of EGFR,'? ERBB2,'? ERBB3,'® and ERBB4.'“ " Notably, ERBB receptors play over-
lapping roles in various cancers, with, however, distinct mechanisms. o Forexample, both EGFR and ERBB4 are linked to colorectal cancer *%°
and non-small cell lung cancer (NSCLC),”" but mutations for either EGFR or ERBB4 generally occur separately. Inhibiting ERBB signaling using
small molecules is an attractive approach ta treat multiple types of cancer. For example, gefitinib, the first EGFR tyresine kinase inhibitor (TKI)
developed, was approved by the US Food and Drug Association (FDA) in 2003 to treat NSCLC,” followed by the FDA approval of erlotinib for
NSCLC in 2004 and lapatinib for the treatment of ERBB2 positive breast cancer in 2007.”' However, resistance patterns to ERBB inhibitor
treatment emerged due to secondary mutations at gatekeeper residues (e.g., T790Min EGFR) i.e., larger residues sterically impeded inhibitor
binding.”® Furthermore, triggering alternative downstream signaling routes and the activation of bypass survival tracks via other RTKs also
accounts for the acquired drug resistance to ERBB receptors.”’ To avoid resistance, various third generation TKI drugs were developed,
such as osimertinib targeting the sensitizing mutation EGFR-T790M to treat NSCLC.”™”" Furthermore, overactive ERBB4 is associated with
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reduced interneuron activity in the prefrontal cortex leading to an imbalance of excitation and inhibition, and consecutively to symptoms of
schizophrenia.”"" Thus, ERBB4 is regarded as a critical target for schizophrenia, and drug development is required to identify compounds
that selectively target ERBB4,” but not EGFR, its most related receptor within the ERBB family.

As activated ERBB receptors can form homo or heteradimers restricted ta their sub family,” targeting only one family member and modu-
lating its downstream signaling is difficult. In addition to those challenges, the development of kinase inhibitors is challenging in general, as
kinases are targeted by only 3% of all marketed drugs.™ Notably, kinases and especially RTKs, together with G protein-coupled receptors
(GPCRs), represent one of the two most important drug targets in human cells.™ Biochemical binding assays and FRET-based assays are
frequently used to profile compounds that interact with RTKs, including ERBB receptars, and offer valuable insights into the binding prop-
erties of various compounds. However, it is essential to recognize their limitations, particularly the lack of physiological context in test tube
(in-vitro) settings, the inability to account for physiologically relevant interactions at the cell membrane (which is erucial for RTKs), and the po-
tential artifacts from thase in-vitro conditions. ™ Standard reporter gene assays in living cells may solve some aspects of the limitations
mentioned above. However, single assays are not able to deliver functionally diverse phenotypes from the very same cell population (i.e.,
an agonistic and antagonistic effect monitered on different pathways fram one well). Therefore, the development of a holistic cell-based assay
system that enables the menitoring of ERBB activities and downstream pathways may substantially contribute to the advancement of better
therapeutic agents targeting ERBB receptors.

Here, we describe a barcoded profiling assay, termed "ERBBprofiler’, to simultaneously assess the activity of ERBB receptors in their native
environment at the cell membrane and their downstream responses to key cellular pathways in living cells. Selective activities of individual
ERBB receptors and pathway responses associated with receptor activation or inhibition can be monitored in the same well upon drug treat-
ment. While ERRB receptar activities at the membrane were monitored by split TEV recruitment assays, pathway responses were measured by
optimized nuclear pathway sensors. By profiling target selectivity and physiological responses of established drugs and compounds that are
either approved, currently tested in clinical phases, or failed, we have demonstrated the capabilities of the cell-based assay platform to iden-
tify relevant features of ERBB antagonists. Lastly, we used the assay platform to profile novel ERBB4 selective antagonists, supporting the
notion that the profiling assay can be used to accelerate early drug discovery campaigns

RESULTS

Design of a barcoded ERBB family receptor and pathway profiling assay

Profiling of both ERBB targets and downstream pathway activities was performed by genetically encoded split TEV and pathway reporter
gene assays, respectively, and requires a readout that is amenable to parallelization (Figure 1A). Therefore, the firefly luciferase reporter of
each reporter plasmid was replaced by a unique DNA barcode that is transcribed into an RNA barcode, which can be isolated from cells
and quantified by next-generation sequencing (NGS).>** For establishing the multiparametric ERBB receptor profiling assay, we first
cloned small (n < 20) libraries of the reporter plasmids encoding (1) a barcoded Gald-VP16 reporter for split TEV assays consisting of
clustered upstream activating sequences (10xUAS), (2) a barcoded pathway sensor for MAP kinase signaling based on the early
growth response 1 promotor (EGR1p sensor), (3) a barcoded pathway senser for cAMP/calcium signaling based on cAMP response
element {CRE sensor), (4) a barcoded pathway sensor for calcium signaling based on the response element of the nuclear factor of acti-
vated T-cells (NFAT senscr), and (5) a barcoded sensor for assessing baseline activities based on the major late promoter (MLP) from
adenovirus. For the simultaneous monitoring of target and pathway activities, a subset of these barcode reporters (3 unique
barcodes for UAS, 2 unique barcodes each for CRE, EGR1p, NFAT, and 1 for MLP} was transfected with plasmids encoding split TEV
compatible ERBB receptors (i.e., EGFR, ERBB2 in combination with ERBB3, or ERBB4) and the split TEV RTK adapter 3xSH2-GRB2"
into PC12 cells for ERBB receptor assays. In addition, we wished to add an unrelated target as a control assay. Thus, another subset
of the reporter plasmids was transfected with the split TEV compatible serotonin receptor 2A (HTR2A), a Gug-coupled GPCR, and the split
TEV GPCR adapter ARBB2-CTEV® for an HTR2A assay (Figures S1A=S1F; Takle 51). Therefore, each batch of cells contained the plasmids
encoding a receptor, its cognate adapter, and the split TEV and pathway reporters with a set of unique barcodes enabling to assess the
activities of one targst, i.e., an ERBB receptor, or HTR2A, and its downstream signals. Multiplexing of target and pathway assays was then
further conducted by mixing cell batches into one well and continued at the plate level. Thus, barcoding occurred at the levels of single
assays, wells, and plates, and enabled the generation of thousands of data points from one ERBBprofiler experiment (Figure 1B). In a
typical profiling experiment, batches of transfected PC12 cells were mixed, plated onto 24-well plates, cultured for 20 h, starved for
16 h in medium with reduced serum conditions, and treated with increasing doses of epidermal growth factor (EGF, ligand for EGFR),
EGF-like domain (EGFId, ligand for ERBB3 and ERBB4), and serotonin (ligand for HTR2A) for 6 h before lysis (Figure S1G). To proceed
to the sequencing of barcodes using next-generation sequencing and to reduce handling, a unique DNA barcode oligo, termed well bar-
code, was added to each lysate originating from one well, enabling the tracking of indivicual lysates in a pool. Next, all lysates from one
24-well plate were pooled for combined processing, a process called ‘Tag&Pool’ (read ‘Tag-and-Pool’, see STAR Methods) (Figures STH
and S1I).

Selectivity of ERBB receptor activation, HTR2A activation, and their downstream signaling by single ligands correlate in
barcoded assays

In the initial ERBBprofiler assay experiment, we examined the impact of EGF, EGFId, and serotonin on the activation on ERBB receptars,
HTR2A, and their key downstream pathways. While EGF treatment selectively stimulated the activity of EGFR, addition of EGFId led to
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Figure 1. Design of a fully integrated, multiplexed assay to profile activities of ERBB receptor family and physiological signaling in parallel

(A) Summary schematic showing target and pathway assays of the barcoded ERBBprofiler assay. Activities of receptors were monitored using split TEV assays,
while activities of pathways were measured using pathway sensors. BC, barcode. Upper inset: targets used in this study. Lower inset: Barcode reporters for targets
(UAS), pathways (EGR1p for MAPK/ERK signaling, CRE for cAMP/Ca”" signaling, and NFAT for Ca”* signaling), and a control (MLP).

[B) Workflow for malecular barcading of assays, wells, and plates, On the first level of barcoding, 50 assays, each with a unique barcode, are moniteredin ane well.
On the second level, the lysates of the wells are barcoded, and on the third level, the plates are barcoded. Barcodes are sequenced using next generation
sequencing (NGS), and data are analyzed. In a typical experiment comprising ten 24-well plates, 12,000 data poirts are generated from ten Tag&Poal (a
method to process 24 lysates combined, see STAR Wethods section) samples. See also Figure 51 and Table S1

the activation of ERBB2/3 and ERBB4 (Figure 2A). The responsiveness to the ligands was clearly observed in dose-response graphs for EGFR
(Figure 2B) and ERBB4 (Figure 2C). PC12 endogenously express EGFR, and EGFR stimulation leads to the activation of the ERK1/2 branch of
MAPK signaling.™ In our cellular profiling assay, this branch of MAPK signaling was captured by the EGR1p sensor. As expected, PC12 cells
that were transfected with the EGR1p sensor only responded to increasing EGF concentrations (Figures 2A and 2D). Conversely, EGFId treat-
ment did not lead to any respanse. When ERBB4 was co-transfected with the EGR1p sensor, EGFld indeed induced an EGR1p response, as
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Figure 2. Selectivity of receptor activation and downstream signaling by single ligands correlate in barcoded assays

(A) Heatmap showing stimulation profiles on ERBB receptors, HTR2A, and downstream signaling pathways. Assays for receptors were performed using barcoded
split TEV, assays for signaling pathways with pathway sensors coupled to barcodes. Compound effects are shown as log2-transformed fold change.

(B-H) Barcoded assays align with luciferase readouts. Visualization of selected data from (A), comparing barcoded assays (black) with luciferase assay readouts
(red). Assays for receptors were performed using split TEV, assays for signaling pathways with pathway sensors. Dose response graphs for EGFR (B), ERBB4 (B),
EGR1p only (D), and EGR1p and ERBB4 transfected (E), HTR2A (F), CRE and HTR2A transfected (G), and NFAT and HTR2A transfected {H) with single stimuli
applied at increasing concentrations, EGFId, EGF-like domain. Error bars represent SEM, n = 3 for barcoded assays, and n = 6 for luciferase assays. See alse
Figure 52 and Table 52.

evident from an increase in EGR1p sensor activity (Figures ZA and 2E). Serotonin treatment selectively activated HTR2A, and physiologically
linked calcium signaling was induced when HTR2A was activated, as indicated by increased CRE and NFAT reporter activities (Figures ZA and
2F-2H). EGF treatment led to a low activation of the NFAT sensor in the presence of co-transfected HTR2A, a finding that can be explained by
crosstalk between EGFR and HTR2A.% Notably, neither EGF nor EGFId activated CRE and NFAT sensors in the absence of HTR2A, nor did
serotonin lead to the activation of the EGR1p sensor, supporting the notion that the stimuli were selective for both targets and physiological
pathways. To benchmark the performance of barcoded assays, target and pathway assays for EGFR, ERBB4, and HTR2A were replicated with
aluciferase-based readout at dose response (Figures 2B-2H). Barcoded and luciferase assays showed comparable dose-response curves and
ECsg values for each assay tested. Responses to target activation (measured by split TEV) and cellular signaling (measured by pathway sensors)
correlated for both barcoded assays and luciferase assays (see Figure S2). In addition, cells were treated with a mix of all three ligands to
assess any potential synergistic effects amoeng ligands, as this mix of ligands was planned to be applied in antagenist profiling assays to
reduce sample numbers, Notably, the effects observed by the individual stimuli and the mix matched for both targets and pathway assays
(Figures 2A and 52), enabling a simultaneous assessment in compound profiling assays. All ECsp values for barcoded assays are summarized
in Table S2.
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Figure 3. The barcoded ERBBprofiler reveals known and previously uncharacterized selectivity properties of ERBB receptor antagonists
(A) Heatmap showing antagonistic effects of compounds on ERBB receptors, HTRZA, and downstream signaling pathways in PC12 cells. Assays for receptors

were performed using barcoded split TEV assays, assays for signaling pathways with barcoded pathway sensors. In addition to the increasing concentrations

of the compounds shown, all assays contained constant concentrations of EGF (30 ng/mL), EGF-like domain (10 ng/mL), and serctonin (1 pM}. Compound
effects are shown as log2-transfermed fold change.
(B-E) Dose response graphs comparing drug selectivity for receptars EGFR and ERBB4 (B, D) and downstream MAPK signaling (C, E) of compounds AG1478
(B, C), and pyratinib (D, E). Data was extracted from the heatmap shown in (&), n = 3.

62

iScience 27, 108839, February 16, 2024

5



¢? CellPress iScience
OPEN ACCESS

Figure 3. Continued

[F-1) Dose response graphs for CRE sensor responses in PC12 cells using luciferase as readout for AG1478 (F), osimertinib (G), poziotinib (H), and pyrotinib (). In
addition to the increasing concentrations of the compounds shown, all assays contained the constant stimulation mix as in (4),

{J-M) Dose response graphs for calcium and cAMP assays using Fluo-4 am. and GloSensor, respectively, as readouts in PC12 cells treated with increasing
concentrations of AG1478 (J), asimertinib {K), poziotinib (L), and pyrotinib (M). As in luciferase assays, the constant stimulation mix was constantly present,
next to the mentioned compounds. Error bars represent SEM, n = 3 for barcode assays (B-E), n = 6 for luciferase, Fluo-4 a.m., and GloSensor assays [F-M)}
See also Figure 53, Tables 53 and 54

The ERBBprofiler assay reveals known and previously uncharacterized selectivity properties of ERBB receptor antagonists
Next, we sought to challenge the barcoded ERBBprofiler assay and selected various ERBB receptor antagonists, which included approved
drugs (erlotinib, gefitinib, lapatinib, osimertiniby,”” """ but also a failed compound (AG1478)," and drug candidates that are in a clinical
trial stage (pozictinib, pyrotinib, TAS6417).""~" Clozapine was selected as an approved drug for targeting HTR2A."” As antagonist assays
require activated receptors and pathways, we selected the mix of ligands to stimulate ERBB receptors and HTR2A, as well as signaling path-
ways. As receptors and pathway sensors were sufficiently activated at a concentration of 30 ng/mL EGF, 10 ng/mL EGFId, and 1 uM serotonin
(Figure 24), dose response treatments for all selected drugs were performed in PC12 cells using those agonist concentrations and the same
experimental setup as outlined before. Agonists were applied as a mix to reduce sample number. To further simplify handling, antagonist and
agonist treatments were conducted simultaneously (Figure $1G). From a total of 240 samples, batches of 24 samples were pooled at the lysis
stage using the Tag-and-Pool process to produce ten samples that were processed for barcode sequencing, yielding 12000 data points in
total {Figure 1B). For each compound, we obtained a dose-response dataset for each receptor (EGFR, ERBB2/3, ERBB4, and HTR2A)
measured by split TEV assays and pathway sensors (EGR1p for the ERK branch of MAPK signaling, CRE for cAMP/calcium signaling,
NFAT for calcium signaling) linked to each receptor (Figures 1A and 3A).

All ERBB antagonists inhibited activities of stimulated EGFR, ERBB2/3, and ERBB4, indicating a pan-ERBB-selective profile, albeit with
different selectivity (see Table 53 for all ICsq values). Erlotinib and poziotinib had similar affinities for all ERBB receptors, and rather dis-
played an evenly distributed pan-ERBB selectivity profile (Figures 3A and 53). Gefitinib showed a mild preference for EGFR (EGFR 1Csg,
0.51 pM; ERBB2/3 ICxq, 0.752 uM; ERBB4 ICxp, 1.23 pM) (Figure S3). Conversely, lapatinib had a preference for ERBB2/3 over EGFR and
ERBB4 (EGFR ICq, 0.942 pM; ERBB2/3 ICsqp, 0.093 uM; ERBB4 ICy, 0.825 uM), which is consistent with previous observations we made
in standard split TEV luciferase assays.” Similarly, osimertinib favorably antagonized ERBB2/3 and ERBB4 over EGFR (EGFR ICs,
0.201 pM; ERBB2/3 ICsp, 0.032 uM; ERBB4 ICsp, 0.082 uM). TAS6417 preferentially inhibited both EGFR and ERBB4 aver ERBB2/3, although
these differences were minor (EGFR ICsp, 0.092 uM; ERBB2/3 ICsp, 0.206 uM; ERBB4 I1Csq, 0.091 pM). In agreement with published data
from in-vitro assays,”” our data confirmed antagonistic effects of TAS&417 on ERBB2/3 and ERBB4 activity for the first time in cellulo, as
well as on ERK signaling downstream of ERBB2/3 and ERBBA4. Clozapine, chosen as non-ERBB receptor inhibitor control, selectively antag-
onized HTR2A and downstream pathways as measured by CRE and NFAT sensors, but did not inhibit any ERBB receptor, nor ERBB medi-
ated signaling (Figures 3A and 53). However, the most striking differences in antagonizing EGFR or ERBB4 for the selected compounds
were identified for AG1478 and pyrotinib. AG1478 showed a clear preference for antagonizing EGFR over ERBB2/3 and ERBB4 activities
in barcoded split TEV assays (EGFR |Csg, 0.065 uM; ERBB2/3 ICsg, 0.202 uM; ERBB4 ICgp, 0.654 uM) (Figure 3B). Conversely, pyrotinib pret-
erentially antagonized ERBB4 activity over EGFR activity in our assay (EGFR ICsq, 0.881 pM; ERBB4 ICy, 0.117 uM) (Figure 3C). Notably,
pyrotinib is reported to efficiently bind to EGFR in biochemical assays,”” but activity on ERBB4 has not been reported so far.™ In the
pathway based EGR1p readout, the preferential antaganistic effects of AG1478 and pyrotinib were still measurable, but less pronounced
(Figures 3D and 3E). All measured effects for the eight ERBB antagonists and clozapine are summarized in Table 53 and compared to
known effects from literature in Table S4.

When comparing our results to 1Csg values of phospho-blots and cell proliferation studies, we either had comparable potency values (e.g.,
for AG1478 on EGFR,”" erlotinib on phospho-ERK,™ osimertinib on ERBB4,”® poziotinib on EGFR and ERBB2/3,"" and TAS6417 on EGFR*) or
an order of magnitude higher ICy; values, possibly due to the use of different cell lines and assay readouts (e .g., for erlotinib on EGFR, gefitinib
on EGFR and ERBB4,”""" osimertinik on EGFR,” and pyrotinib on EGFR." Furthermore, our data were comparable to results for clozapine
effects with three other assays, namely the commercial DiscaveRx PathHunter assay for the HTR2A receptor, a cAMP accumulation assay, and
a Fluo-4 assay to measure Ca® 77

Of note, many ERBB antagonists, including osimertinib, poziotinib, and pyrotinib, caused an upregulation of the CRE sensor at high
compound concentration of 10 pM. An increased CRE sensor activity may pinpoint to bath increased ¢AMP and calcium concentrations
that may arise from cellular stress.” To validate the results from the barcoded profiling assay, we conducted single luciferase assays using
the CRE sensor as readout for these three compounds and AG1478, as the latter did not cause any increased CRE sensor activities in the
barcoded assay. In PC12 cells that were transfected with the CRE sensor only, we found similar patterns of CRE sensor activation at high
compound concentrations of asimertinib, poziotinib, and pyrotinib, but not for AG1478 (Figures 3F-3l}, suggesting a cell intrinsic response
caused by a subset of inhibiters. To identify whether the CRE sensor responded to increased cAMP or calcium concentrations, we con-
ducted orthagonal assays in PC12 cells to measure cAMP using a GloSensor assay, while calcium was assessed using Fluo-4 am., a
cell permeable calcium indicator, AG1478 treatment did not cause any increase in neither cAMP nor calcium (Figure 3J), while higher con-
centrations (= 3 pM) of osimertinib (Figure 3K), poziotinib (Figure 3L), and pyrotinib (Figure 3M) resulted in elevated cAMP, but not calcium
levels.
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Figure 4. Pyrotinib reveals selectivity for ERBB4 over EGFR

A and B) Dose response assays comparing AG1478 selectivity for receptors EGFR and ERBB4 (4) and dewnstream MAPK signaling (B} using firefly luciferase
assays in PC12 cells. Assays for receptors were performed using split TEV, assays for MAPK signaling were conducted with an EGR1p pathway sensor. In
addition to the increasing concentrations of AG1478, EGFR and ERBB4 assays contained a constant concentration of EGF (30 ng/mL} or EGF-like domain
{10 ng/mL), respectively

(C and D] Western blot analyses of p-EGFR (in A549 cells} (C) and p-ERBB4 (in T-47 cells) (D) using increasing concentrations of AG1478

(E and F) Quantification of (C) and (D)

(G and H) Dose response assays comparing pyrotinib selectivity for receptors EGFR and ERBB4 (G) and downstream MAPK signaling {H) using firefly luciferase
assays in PC12 cells. Assays were conducted as in (4, B).

(I and J) Western blot analyses of p-EGFR (in A549 cells) (I) and p-ERBB4 (in T-47 cells) {J) using increasing concentrations of pyrotinib,

(K and L) Cuantification of {I) and (). Error bars represent SEM, n = 6 for luciferase assays (A, B, G, H), n = 3 for Westemn hlot assays (E, F, K, Ll

Pyrotinib reveals selectivity for ERBB4 over EGFR
Akey feature of the established ERBB profiling assay should be thatit can discriminate between EGFR and ERBB4 selective compounds. Next,
we aimed to validate the barcode assay results for AG1478 and pyrotinib using single luciferase assays and Western blotting as orthogonal
assays. AG1478 inhibited EGFR over ERBB4 in split TEV luciferase assays (Figure 4A). However, this preference for EGFR was not present
anymore when the EGR1p pathway sensor was used as readout (Figure 4B), indicating that a direct coupling of the reporter to the target,
as in split TEV assays, is required to detect subtle differences. To confirm AG1478's activity on EGFR over ERBB4, A549 cells, which endog-
enously express EGFR,”' and T-47D cells, which endegenously express ERBB4,” % were treated with constant concentrations of agonists (i.e.,
EGF for A549 cells, and EGFId for T-47D cells) and increasing concentrations of AG1478. Indeed, AG1478 preferentially antagonized phos-
pho-EGFR over phospho-ERBB4 in Western blot analyses (Figures 2CH4F). In addition, AG1478 inhibited EGFR mediated downstream ERK
signaling, a finding that was quantified in cellulo for the first time by our barcoded assay (Figures 3A-3C). These results were validated by the
luciferase assay using the EGR1p sensor as well as biochemically by assessing phospho-ERK1/2 in a Western blot analysis (Figures 4B and 4F).
In sum, the preference for AG1478-mediated EGFR over ERBB4 inhibition was present at receptor level but was lost at pathway level in both
the barcoded assays and Western blot assays

Conversely, pyrotinib preferentially inhibited ERBB4 activity over EGFR activity in split TEV receptor assays (Figure 4G). However, pyroti-
nib's preference for ERBB4 was compromised in pathway assays using the EGR1p sensor as downstream readout (Figure 4H). To confirm py-
rotinib’s activity on ERBB4 over EGFR, we treated A549 cells and T-47D cells with constant concentrations of agonists {i.e., EGF for A549 cells,
and EGFId for T-47D cells) and increasing concentrations of pyrotinib. Indeed, pyrotinib treatment led to a more potent inhibition of ERBB4
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activity as measured by phospho-ERBB4 and phospho-EGFR (Figures 41-4L). Similar to the barcoded and luciferase EGR1p pathway assays,
EGFR and ERBB4-dependent phospho-ERK1/2 signals did not substantially differ in pyrotinib treated cells (Figures 4H and 4L). Taken
together, the barcoded ERBB profiling assay can assess antagonistic actions on ERBB receptors and key physiological pathways, assess a
compound’s selectivity, and identify potential side effects in one experiment.

Discovery of novel ERBB4 selective antagonists

Previously, we identified spironolactone as ERBB4 antagonist in a drug repurposing screen, while spirenolactone's metabolite canrenone did
not inhibit ERBB4 activity.” To test the capabilities of the barcoded ERBBprofiler assay, we treated PC12 assay cells with increasing concen-
trations of both spironolactone and canrenone and agonists. Results confirmed the antagonistic effect of spironolactone on ERBB4 with
similar activity (ICsp: 4.327 uM) (Figure 54). Conversely, canrenone did not inhibit any ERBB receptor nor pathway monitored. Furthermore,
we found that spirenolactone inhibited HTR2A at 10 uM, but not at lower concentrations (Figure 54).

Next, we sought to profile potentially selective ERBB4 antagonists, termed compounds A and B, that were designed and synthesized in a
proprietary kinase inhibitor program to challenge our barcoded ERBB family profiling assay. The main goal was to identify compounds that
show a selectivity for ERBB4 over EGFR for the potential use in follow-up drug discovery campaigns. Both compounds A and B more efficiently
inhibited ERBB4 than EGFR (Figure 5A). When extracting the data from this heatmap and computing dose-response curves, we found that
both compounds showed a higher activity for ERBB4 than for EGFR and to some extent for ERBB2/3 (Tzble S3). Importantly, compound B had
both better efficacy and preference for ERBB4 over EGFR (ERBB4 |Csq: 0.142 M, EGFR ICsp: 1.085 uM, about 8-fold) than compound A (ERBB4
1Cs0: 0.575 puM, EGFR ICsq: 1.146 1M, about 2-fold) (Figures 5B and 5C), defining compound B as frontrunner compound. Similarly, ERK
signaling was inhibited by these two compounds in an EGFR, ERBB2/3, and ERBB4 mediated manner, reflecting the inhibition at receptor
level (Figures 5D and 5E). Biochemical validation by Western blotting of phospho-EGFR (in A54¢ cells) (Figure 5F) and phospho-ERBBA4 (in
T-47D cells) (Figure 5G) confirmed that compound B preferentially antagonized ERBB4, as revealed by quantification of phosphorylation
levels (Figure SH). An analysis of downstream phospho-ERK1/2 showed that compound B reduced the ERK pathway activity to about 70%
of activated EGFR and ERBB4 (Figure 51). To confirm that compounds A and B inhibited EGFR and ERBB4 at different potencies, we conduct-
ed LANCE kinase activity assays. In this in vitro executed enzymatic assay, synthetic substrates are incubated with EGFR and ERBB4 purified
protein, and the amount of phasphorylated substrate is detected by a specific anti-phosphopeptide antibody, resulting in a time resolved
fluorescence resonance energy transfer (TR-FRET) signal. Notably, both compounds A and B inhibited ERBB4 more effectively than EGFR
(Figures 5J and 5K). In addition, compound B displayed a better preference profile for ERBB4 than EGFR, as evident from |Csq values for com-
pound B (ERBB4: 0.059, EGFR: 0.525) and compound A (ERBB4: 0.01, EGFR: 0.067). Thus, compound B showed an about 9-fold preference for
ERBB4, while compound A only displayed an about 7-fold preference, validating the findings of our cellular profiling assay that compeound B
had better selectivity for ERBB4.

An analysis of downstream pathway activities further showed that compound A treatment at 10 uM led to the activation of the CRE sensor
for all targets tested (Figure 5A). A separate validation assay in PC12 cells by transfecting only a CRE sensor linked to luciferase readout
confirmed this opposite behavior of these two novel ERBB4 antagonists. In this assay, PC12 cells were treated with increasing concentrations
of either compound A or B and the stimulation mix containing EGF, EGFld, and serotonin to mimic the conditions from the barcoded assays.
While compound A treatment led to increased CRE activity at concentrations of =3 uM, compound B treatment inhibited CRE activity in a
dose-dependent manner (Figure 5L). To assess whether the CRE sensor is modulated by altered levels of cAMP or calcium in response to
ERBB4 antagonist treatment, the GloSensor assay was used to measure cAMP and Fluo-4 a.m. to assess calcium. As in luciferase validation
assays, PC12 cells were treated with increasing concentrations of either compound A or B and the stimulation mix. Calcium levels were neither
affected by compound A nor by compound B. However, compound A concentrations of =3 M caused an increase in cAMP levels, while
compound B treatment, starting with 1 pM and higher, caused a steady decrease in cAMP, mirroring the effects from the CRE sensor barcode
and luciferase assays {(Figures SM and 5N). Furthermore, treatment with compound B, but not compound A, resulted in an inhibition of HTR2A
at target (split TEV assay) and pathway levels (CRE assay) in PC12 cells (Figures 54, S5A, and 55B), a finding that was validated by independent
luciferase assays for compound B (Figure S5C). Taken together, we identified two novel ERBB4 selective antagonists, with compound B being
more selective and, at least in cell culture, more potent than compound A.

DISCUSSION

We describe the establishment of a barcoded ERBB receptor profiling assay that enables the simultaneous profiling of compound actions on
ERBB targets and key downstream pathways in living cells. Specifically, split TEV assays for monitoring the activities of full-length EGFR,
ERBB2/3, ERBB4, and HTR2A (a GPCR as non-ERBB receptor control) are parallelized with pathway assays for cAMP/Ca®™ signaling (CRE
sensor), pure Ca”" signaling (NFAT sensor), and the ERK branch of MAPK signaling (EGR1p sensor) in this multiparametric assay platform.
Notably, downstream pathway responses were uniquely assigned to each receptor, allowing the identification of functionally distinct activities
when treated with a compound from one well. For example, while the MAPK sensor EGR1p was inhibited by pyrotinib, the CRE sensor was
activated at high concentrations for all ERBB receptors. Furthermore, varying intensities of inhibition or activation for one pathway were clearly
assigned to a specific ERBB receptor activity. Barcoded assays are as responsive and robust as single luciferase assays, as evidenced by similar
ECsq values obtained from these two assay types for targets and pathways tested. Through applying a multilevel barcoding strategy for
analyzing cellular activities (i.e., sensors with unique barcodes for targets and pathways), wells (sample barcoding through pooling of cell
lysates using Tag&Pool and PCR-based barcoding), and cell culture plates (PCR-based barcoding) in parallel, we reduced sample numbers
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Figure 5. The barcoded ERBBprofiler reveals novel ERBB4 selective antagonists

(4) Heatmap showing antagonistic effects of LDC compounds on ERBB receptors, HTR2A, and downstream signaling pathways in PC12 cells. Assays for receptors
were performed using barcoded split TEV assays, assays for signaling pathways using barcoded pathway sensors. In addition to the increasing concentrations of
the compounds shown, all assays contained constant concentrations of EGF (30 ng/mL), EGF-like domain (10 ng/mL), and serotonin (1 pM).

[B-E) Dose response graphs comparing drug selectivity for ERBB4 over EGFR (measured with split TEV) (B, C) and downstream MAPK signaling (measured with
the EGR1p sensor) {D, E) of compound A (B, D), and compound B (C, E). Data was extracted from the heatmap shown in (A)

{F-) Orthagonal validation for compound B using Western blot analyses of p-EGFR and p-ERK1/2 (measured in A549 cells) (F) and p-ERBB4 and p-ERK1/2
[measured in T-47 cells) (G} using increasing concentrations of compound B (Cpd B).

(H} Quantification of relative p-EGFR and p-ERBB4 from (F, G).

(1) Quantification of relative p-ERK1/2 from (F, G).

{J and K} In vitro kinase activity assays using LANCE assays for compound A {J) and compound B (K] showing dose response graphs comparing drug selectivity for
ERBB4 {red) and EGFR iblack)

(L) Dose response graphs for CRE sensor responses in PC12 cells using luciferase as readout for compounds A (black) and B (red). In addition to the increasing
concentrations of the compounds, the constant stimulation mix as in (A) was present.

{M and N) Dose response graphs for calcium and cAMP assays using Fluo-4 a.m. {black) and GloSenser (red), respectively, as readouts in PC12 cells treated with
increasing concentrations of compound A {M) and compound B {N). In addition to the compounds, the constant stimulation mix was present as in (A). Error bars
represent SEM; n = 3 for barcode assays (B-E), Western blots (F-I) and in vitro kinase assays (J, K); n = & for luciferase assays, Fluo-4 a.m., and GloSensor assays
(L-N}). See also Figures 54 and 55

and hands-on time for sample processing and NGS analyses, while processing thousands of data points. In addition, we reduced sample
numbers in drug profiling assays even further by stimulating ERBB receptor and HTR2A targets with a ligand mix. The principle of the bar-
coded profiling assay can be extended in the future to any other RTK, GPCR, or other targets for which split TEV assays are available or
can be developed. Pathway sensors used here can be applied to any RTK or GPCR assay, and additicnal sensors can be developed to capture
activities of other cellular pathways. However, the number of pathway sensors possibly used per target is limited by the well size {i.e., number
of cells that fit into a well), the number of targets used per well, and the depth of the sequencing, thus affecting the overall assay’'s complexity.

Commonly used kinase profiling assays for ERBB receptors are based on biochemical kinase platforms, which can be divided into two clas-
ses, activity assays and binding assays. Activity assays directly or indirectly measure the catalytic product and include radiometric platforms
{e.g., HotSpot),” luminescence based le.g., Kinase-Glo), and fluorescence-based platforms (e.g., Lance TR-FRET assay or LanthaScreen TR-
FRET assay).”" (Note that compounds A and B were validated using the Lance TR-FRET kinase activity assay.) In contrast, binding assays mea-
sure the binding of compounds to the kinase active site, but not the catalytic product (e.g., KinomeScan).”" All of these are single assays and
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bicchemical in nature. A more focused platform for the analysis of RTK activities uses a membrane-based sandwich immunoassay with phos-
photyrosine antibodies and some degree of multiplexing as one cellular lysate can be used to profile 49 different RTKs.*” RTKs and cellular
downstream effectors can alsc be profiled using an image-based approach, as described for EGFR.* This method was reported to be robust
but rather labor intensive, making multiplexing inefficient. Although most of these assays use smaller well formats than we did in this study,
multiplexing at the assay level (including both targets and pathways), well level, and plate level as introduced for our multilevel barcoded
reporter profiling assay is not feasible. In contrast, using NGS as a readout for our barcoded assay, we simultaneously monitored the effects
of compounds on ERBB receptors and their downstream pathways, using 50 assays per well and obtaining 12,000 data points from a standard
assay setup.

We challenged the ERBB receptor profiling assay with eight different ERBB receptor antagonists (AG1478, erlotinib, gefitinib, lapatinib,
osimertinib, poziotinib, pyrotinib, and TAS6417) that were developed to target different types of cancers. All these drugs inhibited the activity
of EGFR, ERBB2/3, ERBB4 at different levels, and likewise, canonical downstream ERK signaling. When systematically comparing our [Ceg data
with published data obtained from
selected targets and pathways,”
(cf. Table 54)."7"*° The latter case may be due to different cell types and/or assay systems applied. Nevertheless, a substantial number
of studies used phospho-blots to demonstrate the drug effect on ERBB receptors. Although this is a very reliable technigue, due to its tech-
nical demands, most of these findings were only qualitative in nature, especially when studying pathway activities. Conversely, our ERBB
profiling assay allows the monitoring of multiple compounds on ERBB receptors and linked pathways in parallel, saving both hands-on

llular assays, we noticed that we had comparable potencies for some of the eight ERBB antagonists on
13

while for other combinations our potency values were an order of magnitude higher

time and maney. We validated our previous findings for lapatinib that showed a preference for ERBB2/3 and ERBB4 over EGFR,” while spi-
ronolactone was an ERBB4 selective antagonist.” Most strikingly, AG1478 displayed a preference for EGFR, while pyrotinib showed a pref-
erence for ERBB4. As this was expected for AG1478,°” pyrctinib's effect on ERBB4 is novel. Together, these features verify that the barcoded
ERBB receptor profiling assay can detect both preferred activities of compounds for EGFR versus ERBB4 and represents an optimal route to
assess ERBB antagonists in living cells. The ERBBprofiler assay enables the simultaneous monitoring of target and pathway effects in living
cells. In this respect, we identified pathway characteristics for AG1478, as we quantified its effect on ERBB4 and MAPK signaling downstream
of EGFR for the first time in cellulo. Likewise, we monitored effects of TAS6417 on ERBB2/3 and ERBB4 for the first time in cellulo, %% Po-
zictinib was the only covalent inhibiter we tested, and it is known te inhibit ERBB receptor activities at nanomolar range.” " Indeed, we
observed a very strong activity of this drug, both at target and pathway level, arguing that our platform reliably detects compound effects
across several magnitudes of molar range.

Frequently, we cbserved enhanced potency of drugs on pathway assays (i.e., lower ICqp values) when compared to target assays, suggest-
ing that compound effects are amplified within the process of cellular signaling.”” Conversely, target assays were more useful in identifying a
drug's selectivity for a given ERBB receptor, Importantly, activity trends for targets aligned well with pathway activities in our profiling assay,
supparting the nation that both assay types can be used to assess compound actions. Nevertheless, for some conditions, drug effects on
targets may be very subtle or even hidden,”*”® and pathway assays may be used to unveil these effects through cellular signal amplification.

At high drug concentrations of 10 pM, we observed an upregulated CRE sensor response for many of the tested drugs (i.e., erlotinib, ge-
fitinib, lapatinib, osimertinib, pozictinib, pyrotinib, TAS6417, canrenone, and compound A). Using orthoganal assays specific for cAMP and
calcium we found that high concentrations of poziotinib treatment led to an increase of cAMP. Increased cAMP concentrations are linked to
cellular stress pathways, cellular energy status, as well as oxidative and protectoxic stress,"~'® suggesting that high concentrations of
selected ERBB antagonist are the cause for this abnarmal cellular signature. Remarkably, clozapine, spironolactone, and compound B did
nol activate the CRE sensor at 10 uM, suggesting that these compounds are also better tclerated at higher, albeit non-physiological, con-
centrations. In fact, PC12 cells treated with compound B, and without transfecting any other plasmids than the GloSensor, resulted in a con-
centration-dependent decrease of cAMP, which might be mediated by antagonizing activities conferred by HTR6A, a Gu, protein coupled
GPCR expressed in PC12 cells,”” or by inhibiting components of the protein kinase A/cAMP pathway.

Increased ERBB4 activity leads to an excitation/inhibition imbalance in schizephrenic patients, ™" and antagonizing ERBB4 activity using
spircnolactone improved schizophrenia relevant phenotypes including cognition in a Nrg1 transgenic mouse model,* prompting also a clin-
ical trial with spironolactone as adjuvant to antipsychotic medication, i.e., co-administering spironolactone with an established antipsychotic,
e.g., risperidone or aripiprazole.”” Notably, a separately conducted clinical trial using spironolactone as add-on therapeutic to risperidone
reported improvements for positive and negative symptoms, but not cognitive deficits.”” In addition, spironolactone as mineralocorticoid
receptor antagonist was shawn to improve cognition in mouse models of type Il diabetes™ and Alzheimer's disease.”" In our profiling assay,
we found that spironclactone also inhibits HTR2A, and antagonists to HTR2A are frequently used for the treatment of schizophrenia,” sug-
gesting that such a polypharmacological profile may be beneficial for alleviating symptoms in schizophrenic patients.

When targeting ERBB4, at least in the CNS, a drug's selectivity over EGFR is most crucial, as EGFR activity is key for the propagation of
neural precursors and the differentiation of these into neurons, while ERBB4 is linked to schizophrenic phenotypes.**" In addition, ERBB4 is
most closely related to EGFR *** A recent study reported two investigational compounds that are ERBB4-selective over EGFR, with a 2.5-fold
pref. 87. However, compounds with a higher selectivity are required to bypass any non-desired effects that may be mediated through EGFR
inhibition. Here, we identify two novel compounds that were synthesized in a proprietary kinase inhibitor program and that have an increased
selectivity for ERBB4 over EGFR, with compound B displaying an about 8-fold preference. Importantly, this strong preference for ERBB4 for
compound B we observed in the cellular profiling assay was confirmed by in-vitrc kinase assays, albeit to a lesser degree. Furthermore, com-

pound B, but not compound A alsc inhibited HTR2A. Therefore, compound B with its pharmacological profile may represent a lead structure
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for a therapeutic application targeting schizophrenia in stratified patients with an ERBB4 dependent cognitive deficit, requiring further work
on pharmacokinetics, pharmacodynamics, elucidating the mechanism of action, and the compound's effect on behavior in mice. Given a suf-
ficient compound availability in the brain, this novel ERBB4 antagonist should be tested in an add-on study paradigm to assess any improve-
ment in behavioral tests in a relevant mouse model. ™ Moreover, ERBB4 overexpression is associated with numerous cancer types (e.g.,
gastric cancer, non-small cell lung cancer, inflammatory breast cancer, pancreatic cancer, prostate cancer). 7% 7 Thus, the newly developed
compounds A and B may also be lead structures for targeting ERBB4 positive cancers.

In summary, we have developed a multiplexed cell-based profiling assay, termed ERBBprofiler assay that assesses drug effects on ERBB
family receptors and key cellular signaling pathways, opening an efficient route for early-stage drug discovery of ERBB antagonists. Using this
assay, we described previously unknown compound properties for selected ERBB receptor inhibitors. Furthermore, we identified newly de-
signed ERBB4 selective antagonists that have an increased selectivity and could be used as lead compounds in drug discovery programs. Due
to the multilevel barcoding approach, multiple assays and treatment parameters can be run in parallel, enabling the acquisition of thousands

of data points from one experiment. Stable integration of assay components into cells, expansion to additional targets, and automation
through liquid handling robotics is expected to further enhance the assay robustness and throughput to enable profiling of larger compound
collections.

Limitations of the study

For the ERBBprofiler assay, we focused on monitoring the activities of EGFR, ERBB2/3, and ERBB4. We did not measure the effects of ERBB2
and ERBB3 homodimers, although they could be added to an extended version of the ERBBprofiler assay. We included pathway sensors for
three key downstream pathways of ERBB receptors, namely cAMP signaling, Ca”* signaling, and the ERK branch of MAPK signaling. However,
we excluded other ERBB receptor-regulated pathways, such as AKT signaling. In the future, sensors for AKT signaling and other relevant
signaling pathways may also be added. The complexity of the ERBBprofiler assay is determined by the number of barcoded assays in
each well. Here, the ERBBprofiler assay consisted of 50 individual assays per well and was performed in 24-well formats. We did not test
whether the ERBBprofiler assay with a complexity of 50 assays also performs robustly in smaller well formats, like 48-well and 96-well formats,
to enable a high-throughput compatible screening of compounds, Therefore, the current form of the ERBBprofiler assay is constrained to a
medium throughput format that uses 24-well plates. Furthermare, it is feasible to introduce additional assays for both the receptors and path-
ways that would increase the complexity per well. However, this could have an adverse effect on the performance of the assay when conduct-
ed in a 24-well format, as utilized in this study. If more sensors will be added per well, more cells per well may be required for the efficient
sequencing of barcoded reporters. We conducted all experiments using transient transfections. Assays with a transient transfection may, how-
ever, have a reduced robustness and reproducibility compared to stably integrated assay components. Therefore, our future investigations
will primarily focus on making cell lines with receptors that have been stably integrated.
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Antibodies
Rat monoclonal anti-HA High Affinity (clone 3F10) Roche Cat# 11867423001; RRID: AB_390918

Rabbit monoclonal anti-phospho-EGF Receptor
(Tyr1068) (clone D7AS)

Rabbit monoclonal anti-phospho-HER4/ErbB4
(Tyr1284) (clone 21A9)

Mouse menoclonal anti-EGFR {clone A-10)
Rabbit monoclonal anti-HER4/ErbB4 (clone E200)
Rabbit monoclonal anti-phospho-pd4/42 MAPK
{Erk1/2) (Thr202/Tyr204) (clone D13.14.4E)

Rabbit monoclonal anti-p44/42 MAPK
(Erk1/2) (cloane 137F5)

Cell Signaling Technalogy
Cell Signaling Technalogy
Santa Cruz Biotechnology
Abcam

Cell Signaling Technalogy

Cell Signaling Technalogy

Cath 3777, RRID: AB_2096270

Cat# 4757: RRID: AB_2099987

Cath 5¢-373746: RRID: AB_10920395
Cat# ab32375; RRID: AB_731579
Cat# 4370; RRID: AB_2315112

Cat# 4695; RRID: AB_390779

Mouse monoclonal anti-z-tubulin (clone B-5-1-2) Sigma-Aldrich Cat# T5168; RRID: AB_477579
Eu-Anti-Phosphotyrosine (PT66) Antibody (AB) PerkinElmer Cat# AD006S

Bacterial and virus strains

One Shot Mach1 T1 Phage-Resistant Thermo Fisher Scientific Cat# C862003

Chemically Competent E. coli

Chemicals, peptides, and recombinant proteins

AG-1478 (Tyrphostin AG-1478)
Canrenone

Clozapine

EGFR

ErbB4

Erlotinib hydrechloride

Gefitinib

Lapatinib (GW-572016) Ditosylate
Osimertinib (AZD9291)

Poziotinib (HM781-36B)

Pyrotinib

Spironolactone

TAS6417 Zipalertinib)

hEGF

Heregulin-B1 (EGF Domain) human (EGF-like domain)
Serotonin hydrochloride
Compound A

Cormpound B

ATP

LR Clonase™ Il Plus enzyme

Selleckchem

Santa Cruz Biotechnology
Sigma-Aldrich

Thermo Fisher Scientific

Thermo Fisher Scientific
Sigma-Aldrich

Sigma-Aldrich

Selleckchem

Selleckchemn

Selleckchern

MedChemExpress

Selleckchem

Selleckchemn

Sigma-Aldrich

Sigma-Aldrich

Tocris Bioscience

This paper; Lead Discovery Center
This paper; Lead Discovery Center
Sigma

Thermo Fisher Scientific

Cat# 2728; CAS: 153436-53-4
Cat# sc-205616; CAS: 976-71-6
Cat# C6305; CAS: 5786-21-0
Cat# PV4190

Cat# Pv4104

Cat# SML2156; CAS: 183319-69-9
Cat# SML1657; CAS: 184475-35-2
Cat# 51028, CAS: 388082-77-7
Cat# 57297, CAS:1421373-65-0
Cat# 57358; CAS: 1092364-38-9
Cat# HY-104065; CAS: 1269662-73-8
Cat# 54054; CAS: 52-01-7

Cat# 58814; CAS: 1661854-97-2
Cat# E9644; CAS: 62253-63-8
Cat#f H7660

Cat# 3547; CAS: 153-98-0

N/A

N/A

Cat# A7699

Cat# 11538120

Critical commercial assays

GloSensor Technology
Fluo-4, AM, cell permeant
LANCE Ultra ULight™-poly GT

Promega
Thermo Fisher Scientific

PerkinElmer
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Cat# E2301
Cat# F14201
Cat# TRFO100
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LANCE Ultra ULight™-JAK-1 (Tyr1023) Peptide PerkinElmer Cat# TRFO121

NovaSeq 6000 SP Reagent Kit v1.5 (100 cycles) llumnina Cat# 20028401

NovaSeq 6000 SP Reagent Kit v1.5 (200 cycles) lllumina Cat# 20040719

Deposited data

Analyzed data This paper Mendeley Data; https://doi.org/ 1017632/ nyyb2m2c7 1
Data of barcoded ERBBprofiler assays This paper Mendeley Data: https://doi org/ 1017632/ myy62m2¢7 1

Data of orthogonal validation assays (standard split This paper Mendeley Data: https://doi.org/10.17632/vxyy62m2c7 .1
TEV and reporter gene assays, Fluo-4 AM

calcium assays, cAMP GloSensor assays,

quantification of WB assays)

DRC R script This paper Mendeley Data: https-//doi.org/10.17632Anyy62m2c7 1
Heatmap R script This paper Mendeley Data: https://doi.org/10.17632/vxyy62m2¢7 1
Experimental models: Cell lines

Rattus norvegicus: PC12 Tet-Off cells Clontech Cat# 631134; RRID: CVCL V361

Human: A-549 cells ATCC Cat# CCL-185; RRID: CVCL_0023

Human: T-47D cells ATCC Cat# HTB133; RRID: CVCL 0553

Oligonucleotides

See Table 57 This paper N/A

Recombinant DNA

See Table 54 This paper N/A

Software and algorithms

ImageJ

R version 4.2.3 or higher
RStudio2023.03.0 + 384
ggplot2

reshape

tidyr

tidyverse

dre

BioRender
Adobe lllustrator C56
MikroWin 2000 Version 4.41

OPTIMA Version 2.20R2

ChemoStar Imager

Echo Dase Response Software

Schneider et al., 201277
R Core Team {2023)
RStudic Team (2023)
Wickham, 20167
Wickham, 20077
Wickham et al., 20237
Wickham et al., 20197
Ritz et al., 2015

BioRender.com (2023)
Adobe Inc.
Mikrotek Labarsysteme (1992-2007)

BMG Labtech

Intas Pharmaceuticals

Beckman Coulter

https://imagej.nih.gov/ij/
https://www.R-project.org/

http://www rstudic.com/

https://ggplot2 tidyverse.org

http://www jstatsoft.org/v21/i12/paper
https://CRAN.R-project.org/package=tidyr
https://doi.org/10.21105/joss.01686

http://journals.plos.org/plosone/article?id=10.1371/
Journal.pone.0146021

https://app.bicrender.com/biocrender-templates
https://adobe . com/preducts/illustrator

https://mikrowin-2000.software informer.com/
download/
https://www.bmglabtech.com/en/microplate-
reader-software/
https:/fwww.intas.de/chemnilumineszenz-westernblotting/
73-chemecam-imager

hittps://www.beckman de/liquidhandlers/software/
echo/dose-response

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michael Wehr

(michael.wehr@med.uni-muenchen.de).

16 iScience 27, 108839, February 16, 2024

73



iScience © CellPress
OPEN ACCESS

Materials availability

Plasmids used for standard split TEV assays and standard reporter gene assays are available from Systasy Bioscience GmbH {www.systasy.de).
There are restrictions to the availability of the reporter plasmids used for the ERBBprofiler assay due to a material transfer agreement (MTA).
There are restrictions to the availability of the two compounds A and B due to intellectual property considerations

Data and code availability
* Data of barcoded ERBBprofiler assays and orthogonal validation assays have been deposited at Mendeley Data and is publicly avail-
able as of the date of publication. DOls are listed in the key resources table.
* Original code has been deposited at Mendeley Data and is publicly available as of the date of publication. DOls are listed in the key
resources table.
* Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

PC12 Tet-Off cells (RRID:CVCL_V361) (Clentech, 631134, termed PC12 cells for simplicity) were maintained in DMEM medium (1 g/L glucose,
Lonza) supplemented with 10% FBS, 5% horse serum (HS, Thermo Fisher Scientific Inc.), and 100 U/ml each of penicillin and streptomycin
(Thermo Fisher Scientific Inc., Cat. No. 15140-122) and 2 mM GlutaMAX (Thermo Fisher Scientific Inc., Cat. No. 35050038). Starvation of
PC12 cells was induced by 1% FCS, 100 U/ml each of penicillin and streptomycin and 2 mM GlutaMAX, but no HS. Cell-based assays for
PC12 cells were performed in starvation conditions. A549 cells (RRID:CVCL_0023) (ATCC, CCL-185) were cultured in DMEM medium
(4.5 g/L glucose) supplemented with 10% FCS and 100 U/ml each of penicillin and streptomycin and 2 mM GlutaMAX. T-47D cells
(RRID:CVCL_0553) (ATCC, HTB-133) were cultured in RPMI 1640 medium supplemented with human insulin (f.e. 125 pg/L) (Sigma-Aldrich),
10% FCS and 100 U/ml each of penicillin and streptomycin and 2 mM GlutaMAX.

Plasmids

Plasmids for EGFR, ERBB3, and ERBB4 fused to NTEV-tcs-GV moieties and ERBBZ fused to a V5-tag were previously described, * as well as for
HTR2A and ARBB2,? and the clustered SH2 domains of GRB2.7 For the cloning of pathway reporters for CRE, EGR1p, and NFAT elements,
the Gateway Destination vector pGL4.16_attR1_Insert_attR2_luc2/Hygro_DEST (described in®® and based on the pGL4.16_luc2/Hygro vector
from Promega) was used. Entry vectors for CRE (pENTR/221_attL1-CRE-attL4, contains 6 CRE repeats), EGR1p (pENTR/221_attLdr_EGR1-
p_attL3r, contains a 1.0 kb promotor region of the human EGR1 promoter), NFAT (pENTR/221_attL1_NFAT-RE_attL4, contains & NFAT re-
peats), a dummy Entry vector for attL1-attL4 sites (cENTR/221_attL1_dummy_attL4) and an Entry vector carrying a unique 49-mer barcode
sequence (pENTR/221_attL3_Barcodelibrary_attl2) were obtained from a previous study.w pcDNA3.1(+} was obtained from Thermo Fisher
Scientific. All plasmids used in this study are listed in Table 57.

Bacterial strains

The Mach1 competent cells were purchased from Thermo Fisher Scientific and used as competent cells to construct the vectors.

Chemical reagents

The following commercial compounds were used in this study: AG1478 (Selleckchem, 52728), canrenone (Santa Cruz, sc-205616), clozapine
(Sigma-Aldrich, C46305), erlotinib (Sigma-Aldrich, SML2156), gefitinib (Sigma-Aldrich, SML1657), lapatinib (Selleckchem, §1028), asimertinib
(Selleckchem, S7297), poziotinib (Selleckchem, S7358), pyrotinib (MedChemExpress, HY-104065), spironclactone (Selleckchem, 54054),
TAS6417 (Selleckchem, 58814), EGF (Sigma-Aldrich, E9644, EGF-like domain (Sigma-Aldrich, H7660), serotonin (Tocris, 3547). Compounds
A and B were synthesized by the Department of Medicinal Chemistry of the Lead Discovery Center, Dortmund, Germany, as part of a pro-
prietary kinase inhibitor program.

METHOD DETAILS

Vector construction

Pathway reporters for CRE, EGR1p, and NFAT elements were cloned using a Multisite Gateway recombination (Thermo Fisher Scientific) strat-
egy as described in™ and linked to a firefly luciferase gene and unique barcodes for multiparametric assays. Entry vectors harboring CRE and
NFAT sensors were combined with an Entry vector harboring an adenovirus major late promoter (MLP) (oENTR/221_attL4r_MLP_attL3r) and
an Entry vector carrying a unique 49-mer barcode (pENTR/221_attl3_Barcode_attL2). The EGR1p Entry vector (pENTR/221_attL4r_EGR1-
p_attL3r) was combined with the dummy Entry vector (pENTR/221_attL1_dummy_attld} and a unique 49-mer barcode Entry vector
(PENTR/221 _attL3 Barcodelibrary_attl2). Each of the sets containing three Entry vectors were recombined using LR Clonase Il Plus enzyme
(Thermo Fisher Scientific) into pGLA.16_attR1_Insert_attR2_luc2/Hygro_DEST to yield expression vectors, which are listed in Table S1. The
sequences of the expression plasmids were verified using Sanger sequencing.
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Luciferase reporter assays

50,000 PC12 cells were seeded per 96-well onto poly-L-lysin (PLL)-coated plates and transfected the following day (day in vitro 1, DIV1) with
assay plasmids using Lipofectamine 3000 (Therma Fisher Scientific). For split TEV assays, plasmids (pcDNA3 or pTagdC backbone) encoding
receptor-NTEV-tcs-GV, GRB2-SH2-CTEV (for ERBB receptors) or ARBB2-1-383-CTEV (for HTR2A) (all 10 ng/well), and the p10xUAS-lucZ re-
porter plasmid (10 ng/well) were used. For pathway assays, the receptor plasmids (15 ng/well) and pathway reporter plasmids (15 ng/well}
PEGR1p-luc2 for monitoring MAPK signaling, pCRE-CMVmin-luc2 for monitoring cAMP/Ca?™ signaling, ar pbxNFAT-CMVmin-luc2 for
Ca®" signaling were used. Combinations of assays conducted are summarized in Table S5. Transient transfections were conducted according
to the manufacturer’s instructions. On DIVZ2, cells were starved in medium centaining 1% FCS for 16 h. On DIV3, a stimulus was added at
increasing dases or, for antagonist assays, at single concentrations (30 ng/mL EGF for activating EGFR; 10 ng/mL EGFId for activating
ERBB2/3 and ERBB4; and 1 uM serctonin for activating HTR2A) for 6 h. In the case of antagonist assays, compounds were added at increasing
doses together with the stimulus. Cells were lysed in 1x passive lysis buffer (Promega) and subjected to a firefly luciferase assay using a self-
made substrate for firefly luciferase. ™ Luciferase activity was analyzed in a Mithras LB 940 Multimode Microplate Reader (Berthold Technol-

ogies). All assays were run in 96-well plates using six replicates per condition.

GloSensor cAMP assay

The GloSensor cAMP assay was conducted with the same parameters (50,000 PC12 cells per 26-well) as described above for the firefly lucif-
erase assay, with however, three differences. Specifically, (1) 30 ng/well of the pGloSensor-22F plasmid (Promega, E2301) was used for trans-
fection, and (2) on DIV3, cells were equilibrated in assay medium containing a 2% v/v dilution of D-luciferin (Synchem, be219) tor 2 h at 37°C
before (3) the treatment of compounds for 15 min and lysis in 1x passive lysis buffer (Promega) and luciferase activity measurement.

Fluo-4 a.m. calcium assays

50,000 PC12 cells were seeded per 96-well onto poly-L-lysin (PLL)-coated clear bottom plates (PerkinElmer, 6055302) and starved on DIV for
24 h. On DIV2, cells were pre-equilibrated in 10 uM Fluo-4 a.m. (Thermo Fisher Scientific, F14201) away from light for 1 h at 37°C. Next, cells
were incubated in the indicator-free starvation medium to allow de-esterification for 20 min away from light at 37°C. Background fluorescence
was then measured using the BMG POLARstar Optima Microplate Reader prior to adding the treatments and continuously measuring the
fluorescence for the next 30 min. Fluorescence was measured using the bottom optics.

Barcocde reporter assays

Transfection of reporter plasmids and stimulation conditions

Mulitplexed barcoded reporter assays were conducted in PC12 cells using 24-well plates, with 3 replicates per condition. Per well, 250,000
PC12 cells were transfected in solution with assay plasmids using Lipofectamine 3000. Per well, 5 batches of transfected cells were used.
Per well, amounts of assay plasmids were 33 ng of target and adapter plasmids, and 27 ng of each reporter plasmid (note that 10 reporters
were used per batch), totaling to 336 ng/well. Combinations of barcoded assays conducted are summarized in Table S6, barcode sequences
used as RNA reporters are listed in Table S1. Transfected cells were incubated for 2 h at 37°C and 5% CO;. Tubes (15 mL or 50 mL Faleon
tubes) containing transfected cells were loosely closed to allow the CO» flow and put tilted at 45° angle to enhance transfection efficiency
and viability. Cells were then centrifuged for 5 min at 1000 rpm, the whole supernatant was carefully aspirated, and cells were plated in main-
tenance medium into PLL-coated 24-well plates for 24 h. Cells were then starved for 16 h as described above and treated for 6 h with com-
pounds. Agonists and antagonists were applied simultaneously. Cells were lysed in 400 pL/well in a wash and lysis buffer (100 mM Tris/HCl pH
7.5, 500 mM LiCl, 10 mM EDTA, 5 mM DTT, 1% LiDS). Plates were shaken for 10 min at 200 rpm for tharough lysis.

Isolation of barcodes, library preparation, and next-generation-sequencing

For Tag&Pool, a procedure to combine multiple cell lysates for single purification and processing of barcode reporter RNAs, second level
barcodes (to track wells, see Figures 1 and S11) were added to the lysates to a final concentration of 0.125 uM for annealing at 65°C for
15 min. Once cooled to room temperature, all 24 lysates from one 24-well plate and 20 uL of M-PVA OdT2 beads (Chemagen, Cat. No.
CM@G-231) were pooled. Next, beads were subjected to a series of wash steps, including one wash with 100 pL of 1x High-Capacity reaction
buffer (High-Capacity cDNA Reverse Transcription Kit, Thermo Fisher Scientific, Cat. No. 4368814). Finally, cDNA synthesis from beads was
performed in 20 pL of cDNA High-Capacity cDNA Reverse Transcription mix at 25°C for 25 min. For barcoded (‘tagged') cDNA ampilification,
a forward primer containing the Read? lllumina adapter sequence and an UMI sequence was used, in combination with a Read? reverse
primer (30 PCR cycles). lllumina indices and sequencing adapters were attached (10 PCR cycles), the final barcode libraries were pooled in
equimolar ratio (2 p.m.) and subjected to paired end, dual index sequencing with the NovaSeq 6000 SP Reagent Kit v1.5 (lllumina GmbH,
Cat. No. 20028401 or 20040719). Oligos used are listed in Table 57

Biochemistry
Phospheorylation levels of EGFR were assessed™” in A549 cells, while phosphorylation levels of ERBB4 were assessed in T-47D cells. Before

stimulation experiments were performed, both cell types were starved avernight in 1% FCS and compounds were incubated for 1 h. A549
were stimulated with 30 ng/mL EGF for 5 min, while T-47D cells were stimulated with 10 ng/mL EGFId for 5 min. For lysis, cells were washed
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Tx with PBS and lysed in a Triton X- lysis buffer (1% Triton X-100, 50 mM Tris pH7.5, 150 mM NaCl, 1 mM EGTA]} containing the Complete
protease inhibitar cocktail (Roche) and PhosSTOP phosphatase inhikitor (Roche). Briefly, cells were lysed and kept on ice for 10 min, sonicated
3x for 10 s at 4°C, and denatured for 10 min at 70°C. The Mini-PROTEAN Tetra Electrophoresis Systemn and Trans-Blot Turbo Botting System
(both Bio-Rad) were used for running and blotting protein gels. Chemiluminescence detection of proteins by Western blot analysis was per-
formed using the Western LightningPlus-ECL kit (PerkinElmer). HA-tagged proteins were visualised using an HA antibody (RRID: AB_390918)
(clone 3F10, dilution 1:1000, No. 11 847 423001, Roche). Phosphorylation levels of EGFR and ERBB4 were assayed using p-EGFR-Y1068 (RRID:
AB_2096270) (clone D7A5, dilution 1:500, No. 3777, Cell Signaling Technalogy) and p-ERBB4-Y1284 antibodies (RRID: AB_2099987} (clone
21A9, dilution 1:500, No. 4757, Cell Signaling Technology). Total EGFR and ERBB4 protein levels were determined using an anti-EGFR anti-
body (RRID: AB_10920395) (clone A-10, dilution 1:1000, sc-373746, Santa Cruz Biotechnology) and an anti-ERBB4 antibody (RRID: AB_731579)
(clone E200, dilution 1:1000, ab32375, Abcam). Phosphorylation levels of ERK1/2 were assayed using p-p44/42 MAPK (Erk1/2) (RRID:
AB_2315112) (clone D13.14.4E, dilution 1:5000, No. 4370, Cell Signaling Technology), total ERK1/2 protein levels were assayed using p44/
42 MAPK (Erk1/2) (RRID: AB_390779) (clone 137F5, dilution 1:5000, No. 4695, Cell Signaling Technology). Tubulin levels were determined us-
ing an anti-Tubulin antibody (RRID: AB_477579) (dilution 1:2000, No. T 5168, Sigma-Aldrich). For quantification, phosphorylation levels of
p-EGFR relative to EGFR as well as p-ERBB4 relative to ERBB4 were calculated using the Lukemiller protocal (hitp://lukemiller.org/index.
php/2010/11/analyzing-gels-and-western-blots-with-image-j/). Assays were run in triplicates.

In vitro kinase assays

In vitro kinase assays for compounds A and B were conducted using the LANCE Ultra TR-FRET kinase activity assays for EGFR and ERBB4. The
principle of this enzymatic assay is based on the phosphorylation of the Ulight-peptide substrate, labeled with an acceptor fluorophore, by a
purified protein kinase. Phosphorylation is detected by a specific Europium-labelled anti-phospho-peptide antibody, labeled with a donor
fluorophore. The binding of the Europium-labelled anti-phospho-peptide antibody to the phosphorylated Ulight-labelled peptide produces
an FRET signal. Binding of an inhibitor to the kinase prevents phospherylation of the Ulight-substrate, resulting in a loss of FRET. For every
sample, 2 pl of assay buffer (50 mM HEPES pH 7,5, 10 mM MgCl,, 1 mM EGTA0.01% Tween 20, 1% DMSO, 2 mM DTT) were transferred into a
384-well plate [Corning #4513). Compounds were added in a concentration range fram 10 pM to 0.0025 pM using an acoustic dispenser
(Echo520 from Labcycte, San Jose, USA) equipped with Echo Dose Response software. Next, 6 uL of either (1) EGFR (0.5 nM, Thermo Fisher)
and ULight-JAK-1 {Tyr1023) Peptide substrate (50 nM, PerkinElmer, TRFO121) mix or (2) ERBB4 (0.1 nM, Therma Fisher) and ULight-poly GT
peptide substrate (100 nM, PerkinElmer, TRFO100) mix was added. The reaction was started by addition of 2 pL ATP (final concentration 29 pM
for EGFR assay; 0.59 uM for ERBB4 assay, Sigma-Aldrich) working selution and mixed using a Bioshake 5000 microplate shaker (Q Instruments,
Jena, Germany). After 1 h incubation at room temperature, the reaction was stopped with 10 L detection mix containing the 2 nM Europium-
anti-phosphotyrosine (PTé6) antibody (PerkinElmer, ADO068) and 10 mM EDTA. After a second incubation period of 1 h at room temperature,
the FRET signal was measured at 340 nm excitation, 665 nm and 615 nm emission {for the ULight-substrate and Europium antibody, respec-
tively) with an Envision microplate reader (PerkinElmer, Waltham, MA, USA) with 50 us delay and 300 ps integration time. A kinase reaction
without an inhibitor was set as positive control {using DMSQ), representing the maximum readability of the system; conversely, a reaction
without kinase was set as negative control using DMSQ), representing the minimum readability of the system. Both positive and negative
contrals were run in parallel with every compound measurement as a calibration.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data analysis of barcode and luciferase reporter assays

For barcode reporter assays, sequencing reads of each transfected batch from each sample were normalized to their respective MLPmin
sensor controls for every biological replicate and every condition. The MLPmin sensor-based normalization controlled technical aspects
(cell number and transfection effects) and retained cell intrinsic effects (e.g., expression of signaling pathways). MLPmin sensors thus enabled
to control for both target and cellular pathways activities, as observed in this study for e.g., the EGFR-dependent MAPK signaling captured by
the EGR1p sensor (note that PC12 cells endogenously express EGFR, which, when activated, resulted in robust activation of MAPK/ERK
signaling). Internal barcode replicates (3 for receptors, 2 for pathways; Figure 1A) were averaged and considered as one biological replicate.
For luciferase assays, raw firefly values were used for analysis. Biological replicates were averaged, their respective standard errors were calcu-
lated, and both averages and standard errors were normalized to enable curve fitting from 0% to 100% for agonist dose-response curves. For
antagonist treatments, the activity of the lowest compound concentration was set to 100%. Dose-response curves were visualized with R using
the drc package. The robustness of the assays was calculated using the Z' factor (cf. section on statistics). Z' factors for barcoded assays ob-
tained with strong inhibition of selected compounds are listed in Table 58. For heatmaps, the smallest concentration of each compeound was
set to 0 using the logarithmic scale to base 2. Heatmaps were plotted with R using the ggploi2 package.

Data analysis of in vitro kinase assays

The mean values of the negative control reactions were subtracted from each reading of compound treated kinase reactions, followed by the
division of the mean values of positive controls, from which the negative control means were also subtracted. Assays were run in triplicates.
Dose-response curves and |Csg values were plotted and calculated using drc package in R.
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Statistical analysis

Robustness of dose response assays was calculated using the Z' factor that integrates both means and standard deviations of low and high
concentration values.”! The Z’ factor was calculated by this formula: Z' = 1-(3(SDy,+SDy )/|mean;-mean; |). SD; and SOy are designated the
standard deviation of the high and low control values, mean;; and mean, are designated the averages of high and low control values. A value
above 7 = 0.5 is considered as robust assay. Barcoded assays and in vitro kinase assays were run in triplicates, luciferase assays in six repli-
cates, and Western blots in triplicates.
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8. Discussion and perspective

8.1 Considerations in developing barcoded GPCR assays.

Several key criteria must be considered to avoid the problems and pitfalls associated with
reporter gene assays, such as cell background, long incubation time for gene expression and

high baseline due to amplification effect®* 1. 941,

An appropriate cell background is the first consideration when designing a reporter gene assay.
Cellular signaling architecture is widely conserved, albeit some pathways may be distorted
(up-/downregulated) due to the cell line identity. The selected cells must express the relevant
signalling molecules following GPCR activation®'l. Several cell lines have been reported in
GPCR reporter gene assays, including HEK293 cells, PC12 Tet-Off cells, N1E cells and yeast,
but HEK293 cells are intensively selected’"2 9-971 HEK293 cells are a human embryonic ad-
renal progenitor cell line that closely resembles adrenal cells and has many characteristics of
immature neurons!®®. For example, the neuronal markers, such as 160 kDa neurofilament me-
dium chain (NFEM, NCBI Gene ID: 4741), 200 kDa neurofilament heavy chain (NEFH, NCBI
Gene ID: 4744), tubulin beta 3 class Ill (TUBB3, NCBI Gene ID: 10381), RNA binding fox-1
homolog 3 (RBFOX3, NCBI Gene ID: 146713; also known as neuronal nuclei (NeuN) antigen),
synaptophysin (SYP, NCBI Gene ID: 6855), microtubule associated protein 2 (MAP2, NCBI
Gene ID: 4133) and postsynaptic density protein 95 (DLG4, also known as PSD95, NCBI Gene
ID: 1742) are expressed in HEK293 based on the RNA sequencing data within the Human
Protein Atlas, whereas other neuronal makers such as neuronal differentiation 1 (NEUROD1)
(NCBI Gene ID: 4760) and doublecortin (DCX, NCBI Gene ID: 1641) are not expressed. As |
have shown in the barcoded pathway assay experiment using the broad band stimulus PMA
and the selective stimulus forskolin (Figure 7), multiple pathway sensors responded in a dif-
ferential manner. This suggests that HEK293 cells have multiple functional signalling pathways
making them a suitable tool for target and pathway-based screens. Furthermore, HEK293 cells
are widely used in GPCR-related reporter gene assays®, indicating that HEK293 cells are a
generally suitable cell line for the design of a GPCR reporter gene assay. However, it is im-
portant to consider that signalling pathways in cell lines, such as HEK293 cells, may be dis-

torted to some extend and may generate non-natural signalling profiles®®.

The extended incubation time required for reporter gene assays (hours vs minutes) raises
concerns about secondary effects of ligands, such as toxicity or cell tolerance, especially when
using proteins as reporters due to the time required for protein expression®® 19, This is why
efforts are being made to develop destabilised reporters, because destabilized reporters with

shorter half-lives can improve the dynamic range and reduce the incubation time by reducing
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the baseline in the steady statel®®. Barcoded reporter gene assays can overcome this hurdle
with shorter half-lives of transcribed barcodes and reduced incubation times (1-4 hours), which

could ultimately minimize side effects('°",

In general, baseline, also known as background or noise, is a key consideration in the devel-
opment, optimization, and use of reporter assays, as it can greatly influence the regression
equation of standard curves, e.g. the higher the baseline, the lower the slope of a linear stand-
ard curve. Baseline is also strongly related to the usable dynamic range of a given assay!'%?,
because when fold change is used for evaluation within a given linear dynamic range, the
higher the baseline, the narrower the usable dynamic range, as the limit is more easily ap-
proached. The destabilized reporters have a shorter half-life to present less accumulated re-
porters in the unstimulated situation, reducing the signal baseline to improve the sensitivity of
reporter gene assays®!. The half-life of barcodes is generally shorter than that of proteins,

suggesting that barcodes may be a suitable destabilized reporter!'%,

8.2 Advantage and limits of the barcoded GPCR assay

Multiplex barcode assays have the potential to provide more stable readouts due to their use
of artificially introduced cis-regulatory elements, which can partially decrease biological varia-
bility from cell sources, lineages, and culture conditions. From the perspective of statistics, it
is important to note that random errors can arise from various factors, making them unavoida-
ble. Higher errors can reduce the efficiency and efficacy of an assay, resulting in decreased
sensitivity (1-B, also known as 1-Type Il error) and specificity (1-a, also known as 1-Type |
error). Therefore, reducing biological variability in multiplex assays can lead to higher sensitiv-
ity and specificity'%, allowing for the study of specific cis-regulatory element activities follow-

ing GPCR activation.

By focusing on the cis-regulatory elements and consolidating the cis-regulatory elements of
interest into the same cell, the multiplex profiling of GPCR activation can be achieved effec-

tively with lower costs.

Generally, reporter gene assays are used to monitor the weak activities of agonists due to their
high sensitivity. Our developed barcoded GPCR pathway assay has been validated to quantify
the inverse induction such the negative log2 foldchanges for the sensors in Figure 7C, which

indicates it is useable in detecting antagonist activities.

Like all reporter gene assays, multiplex barcode assays, commonly termed multiparametric

reporter gene assays (MPRA), can help researchers investigate gene regulation. However,
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they often test cis-regulatory elements outside of their normal genomic context, which may not

fully reflect their function in vivo®,

8.3 Further improvements of the barcoded GPCR assays

With the above results, | have provided a proof-of-concept that the barcoded GPCR pathway
assay is feasible, although it needs to be further optimised. First, the barcoded GPCR receptor
assay may be complemented with split TEV GPCR [-arrestin-2 recruitment assay for the
GPCRs linked to Gai, such as DRD2, whose pathway sensors are difficult to identify at the
stage of generating stable cell lines. Second, to avoid the crosstalk problems in Figure 8, it is
necessary to optimise the barcoded GPCR pathway assays. This can be achieved by removing
the index barcodes and retaining the firefly luciferase reporter gene only or, alternatively, by
increasing the MOls of the lentivirus-based sensor library. Due to the ease of implementation,
the optimisation experiment using an increased MOI of the sensor library could be carried out

first in the near future.

8.4 The perspectives of barcoded GPCR assays in drug discovery
for brain disorders

Numerous GPCRs are highly expressed in the central nervous system (CNS), especially in the
brain. Some GPCRs appear to have regional specificity in the brain, indicating that they play
important roles in regulating CNS functions. Relevant data can be found in the Human Protein
Atlas. For example, dopaminergic neurons are primarily distributed into retina and four nuclei,
including substantia nigra (SA), ventral tegmental area (VTA)!'%, arcuate nucleus (AR)!"%],
supramammillary nucleus (SuM)!"%!, and periaqueductal gray (PAG)!"?’l. In addition, most neu-
rotransmitters use GPCRs (metabotropic receptors) as their receptors, whereas the other neu-
rotransmitter receptors are ligand-gated ion channel receptors (ionotropic receptors)!%,
These metabotropic receptors are heavily implicated in psychiatric disorders, neurodegenera-
tive diseases and even brain cancer and brain injuries such as pituitary tumors, gliomas, is-

chemic stroke, traumatic brain injury and so on.

In the future, the brain-expressed GPCRs and RTKs can be selected and integrated into the
barcoded GPCR assays for drug discovery for brain disorders. For example, psychedelics are
known to have antidepressant activity that is independent of BDNF/NTRK2 signalling, but hal-
lucinogenic effects that are dependent on HTR2A signalling, and the high-affinity NTRK2-pos-
itive drugs that lack HTR2A activity may retain the antidepressant potential without the hallu-

cinogenic effects!'®. To better understand and accelerate drug discovery for brain disorders,
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in addition to GPCRs and RTKs, other targets such as nuclear hormone receptors, ion chan-
nels, kinases, and proteases can also be included and developed. The barcoded GPCR as-
says can also be used for reverse pharmacology in brain disorders, where an brain-expressed
orphan GPCR, such as GPR88 which is enriched in the basal ganglia, is used as a 'bait' to
identify its 'prey' or ligand!"'%. After compound library processing, the barcoded GPCR assays
can simultaneously monitor massive signalling pathways and would have the potential to iden-
tify potential endogenous ligands for brain-expressed orphan GPCRs in order to de-orphan

them.
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