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Abstract

Adhesion G protein-coupled receptors (GPCRs) are an underrepresented class

of GPCRs in drug discovery. We previously developed an in vivo drug screen-

ing pipeline to identify compounds with agonist activity for Adgrg6 (Gpr126),

an adhesion GPCR required for myelination of the peripheral nervous system

in vertebrates. The screening assay tests for rescue of an ear defect found in

adgrg6 tb233c�/� hypomorphic homozygous mutant zebrafish, using the expres-

sion of versican b (vcanb) mRNA as an easily identifiable phenotype. In the

current study, we used the same assay to screen a commercially available

library of 1280 diverse bioactive compounds (Sigma LOPAC). Comparison

with published hits from two partially overlapping compound collections

(Spectrum, Tocris) confirms that the screening assay is robust and reproduc-

ible. Using a modified counter screen for myelin basic protein (mbp) gene

expression, we have identified 17 LOPAC compounds that can rescue both

inner ear and myelination defects in adgrg6 tb233c�/� hypomorphic mutants,

three of which (ebastine, S-methylisothiourea hemisulfate, and thapsigargin)

are new hits. A further 25 LOPAC hit compounds were effective at rescuing

the otic vcanb expression but not mbp. Together, these and previously identi-

fied hits provide a wealth of starting material for the development of novel

and specific pharmacological modulators of Adgrg6 receptor activity.
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1 | INTRODUCTION

Adgrg6/Gpr126 is a conserved developmental modulator

of myelination of the vertebrate peripheral nervous

system (PNS).1–3 Homozygous loss-of-function of thisTanya T. Whitfield and Sarah Baxendale contributed equally.
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adhesion class G protein-coupled receptor (aGPCR) in

zebrafish or mouse reduces Schwann cell expression of

myelin basic protein, a major component of the myelin

sheath.3–6 Human mutations of ADGRG6 are also associ-

ated with hypomyelination of the PNS and are causative

for a lethal contracture syndrome, arthrogryposis multi-

plex congenita (AMC),2,7 while other studies have linked

variants in ADGRG6 to a wide range of diseases, includ-

ing adolescent idiopathic scoliosis and cancer (reviewed

in Baxendale et al.8). In the zebrafish, Adgrg6 also has

important roles in morphogenesis of the developing

ear.9,10 Zebrafish homozygous adgrg6�/� mutants fail to

form semicircular canal ducts and exhibit persistent otic

expression of various extracellular matrix genes, includ-

ing core protein genes for the proteoglycan Versican, nor-

mally transiently expressed in the developing ears of

wild-type embryos.10

Recent work has provided insight into the structure,

ligands and mechanism of action of Adgrg6.11–17 A chem-

ical ligand that binds directly with Adgrg6 could provide

a valuable tool to enable isolation of the receptor in its

in vivo conformation, paving the way for further struc-

tural and mechanistic insights, as well as having poten-

tial for therapeutic use. Modulators of Adgrg6 pathway

activity could also provide useful tools or therapeutics to

modulate myelination following peripheral nerve injury

or in ADGRG6-linked disease conditions.18–21 Zebrafish

are a valuable whole-organism model in which to screen

for such compounds.21–25 Drug screening in the zebrafish

takes into consideration absorption, circulation, metabo-

lism and toxicity of compounds during the early stages of

the drug discovery pipeline, properties that can often

prove to be a challenge when advancing to rodent studies

following validation of hits in cell culture (reviewed in

Baxendale et al.26 and Patton et al.27).

In a previous study, we utilized the otic expression

of versican b (vcanb) as a screening assay to identify

compounds from the Tocris Total and Spectrum lib-

raries that could rescue (down-regulate) expression in

adgrg6 tb233c�/� hypomorphic missense mutants

(Figure 1A). A subgroup of hit compounds could also par-

tially restore (up-regulate) myelin basic protein (mbp)

mRNA expression in peripheral nerves of mutant

embryos, building confidence in the compounds as candi-

date agonists of Adgrg6.23 An independent screen of the

Pharmakon library—for rescue of mbp-driven GFP fluo-

rescence in peripheral nerves of adgrg6 st63�/� hypo-

morphic missense mutants—identified additional hit

compounds.22 Both studies used more severe loss-

of-function adgrg6 alleles, with predicted early protein

truncations, to differentiate activity of hit compounds22,23

(Figure 1A). For example, molecules of the gedunin class,

which includes known agonists of other aGPCRs,28 were

effective in rescuing otic vcanb expression in a hypo-

morphic missense allele (adgrg6 tb233c�/�), but not in a

protein-truncating allele (adgrg6 fr24�/�).23 These findings

make gedunins promising candidates for compounds that

bind directly to the receptor.

In the current study, we have screened the structur-

ally diverse Library of Pharmacologically Active

Compounds (LOPAC; Sigma). This collection of 1280

drug-like small molecules contains 603 compounds that

are also represented in either or both of the Tocris and

Spectrum libraries, and 677 unique compounds, of which

275 are structurally diverse from any compounds we have

previously tested on adgrg6�/� mutant embryos. Our

aims were twofold: To test compounds overlapping with

the previously screened Tocris and Spectrum libraries to

determine the reproducibility of their performance in our

screening assay, and to screen the unique LOPAC

compounds to identify novel modulators of the Adgrg6

signalling pathway.

2 | RESULTS

2.1 | Screen of the LOPAC library for
compounds that mediate down-regulation
of otic vcanb expression in adgrg6
hypomorphic mutants

A previous screen of two commercial small molecule

libraries (Tocris Total, Spectrum) identified clusters of

structurally related compounds that could rescue both

the inner ear and the myelination defects in

adgrg6 tb233c�/� hypomorphic mutant embryos.23 We

decided to extend the study to screen the Sigma LOPAC

1280 Library of Pharmacologically Active Compounds,

which contains a diverse range of scaffolds and covers all

major drug target classes. The LOPAC collection includes

603 compounds that overlap with the Tocris Total and

Spectrum libraries, allowing us to test the reproducibility

of compound performance in the assays used. The

remaining 677 compounds, including 275 structurally

novel compounds, have not previously been screened for

rescue of the adgrg6 tb233c�/� mutant phenotype.

The LOPAC screen was performed by administering

compounds at 25 μM to live adgrg6 tb233c�/� hypo-

morphic mutant embryos (three per well) between

60 and 90 h post fertilization (hpf), followed by semi-

automated in situ hybridization to determine levels of

otic vcanb expression (Figure 1, Protocol 3). This proto-

col matched the conditions of our screen of the Tocris

Total and Spectrum libraries,23 ensuring comparability

of results with those of the previous study. Otic vcanb

expression was scored for each embryo as previously23
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(Figure 1; hit score 0–2, non-hit score 3). Compounds

that gave a score of <6 (summed from all three embryos

in a well) were recognized as initial hits, representing

5% (64/1280) of the compounds in the LOPAC library

(Figures 2 and S1). Note that these initial hits could

include false positives (e.g., compounds that down-

regulate gene transcription generically), which were

eliminated later in a counter screen for mbp expression

(see below); 4% (45/1280) of compounds were toxic or

corrosive, whereas the majority (91%; 1161/1280) had

no significant rescuing or other effect on adgrg6 tb233c�/�

hypomorphic mutant embryos at the administered

concentration.

2.2 | Selection of hit compounds for
retests and further analysis

In addition to the 64 compounds identified as hits in the

LOPAC primary screen, other approaches were used to

F I GURE 1 Schematic of zebrafish Adgrg6 alleles and the LOPAC screening pipeline. (A) Schematic of the Adgrg6 protein and the

following domains: Signal peptide (SP), complement C1r/C1s, Uegf, BMP1 (CUB), pentraxin (PTX), sperm protein, enterokinase, and agrin

(SEA), hormone receptor (HormR), GPCR autoproteolysis-inducing (GAIN), Stachel sequence (S), and 7-pass transmembrane (7TM) (for

details, see references in.8 The GPCR autoproteolytic site (GPS) is shown (black arrow). The position of the amino acid change in the tb233c

allele is shown,10 together with other alleles3,10,16 discussed in the text. Hypomorphic missense alleles and the amino acid changes are

shown above in black; truncating nonsense mutations are shown in red. (B) Schematic of the screening pipeline. The LOPAC library was

screened on homozygous adgrg6tb233c�/� hypomorphic mutant zebrafish embryos. Initially, all compounds were tested using the primary

vcanb screen (blue) followed by two retests. Confirmed hits and some additional selected compounds (see text) were then tested in an

optimized counter screen for mbp expression (orange). Images show the expression of vcanb in the developing inner ear (lateral views with

anterior to the left and dorsal to the top, taken from Diamantopoulou et al.23) and mbp expression in the posterior lateral line ganglia

(arrowheads) and nerves (dorsal views of the embryo; anterior to the left). Scores shown below the images were assigned as described

previously.23 Scale bars: vcanb images, 50 μm; mbp images, 100 μm.
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select additional compounds of interest. Compounds

were clustered based on structural similarity alongside

the Tocris Total and Spectrum library compounds

(Figure S1 and interactive network; see Section 4). This

clustering revealed compounds that, although scored as

non-hits in the primary vcanb screening assay, were

structurally related to identified hits. Those that scored

on the margins of the hit threshold were selected for a

retest. Overall, 18 additional compounds of interest were

selected, all of which formed at least one structure-based

connection with an identified hit from across all three

libraries, and returned a vcanb score of 6–8 in the pri-

mary screen.

In total, 82 compounds were retested in duplicate to

identify compounds that reproducibly mediated down-

regulation of otic vcanb expression in adgrg6 tb233c�/�

hypomorphic mutant embryos (Figure 2B,D). After the

retests, the hit threshold score was adjusted to include

compounds consistently scoring ≤6 from a three-test

average (nine embryos). Of the initial hits, 67% (43/64)

tested positive in the retests. By comparison, only 28%

(5/18) of the additional compounds selected for retests

reached the new threshold score. There was a clear posi-

tive correlation (R2
= 0.7) between the two retest scores

for each compound, instilling confidence in the

reproducibility of the assay output (Figure S2). As

expected, the data indicated that low-scoring compounds

from the primary screen (those that rescued the pheno-

type well) were more likely to be identified as hit com-

pounds across all retests. Log P analysis of the LOPAC

library revealed that hit compounds are more lipophilic

than non-hit compounds (Figure 2C).

2.3 | An mbp counter screen reveals
potential Adgrg6 pathway modulators

We tested for rescue of mbp expression levels in

adgrg6 tb233c�/� hypomorphic mutants as a counter screen

to verify hits from the primary screen and to identify and

eliminate any false-positives. We first set out to optimize

the assay conditions for rescue of mbp expression in

adgrg6 tb233c�/� mutant embryos. We trialled multiple

treatment windows and compound concentrations, using

two dihydropyridine hits (cilnidipine, nilvadipine) from

our previous screen,23 together with IBMX (the primary

screen positive control), as test compounds (Figure S3).

We quantified mbp expression in Schwann cells around

the posterior lateral line ganglion (PLLg), as expression

in this location is reliably missing in adgrg6 tb233c�/�

F I GURE 2 A primary drug screen of the LOPAC1280 library reveals 48 hit compounds that consistently down-regulate otic vcanb

expression in adgrg6tb233c�/� embryos. (A) Overview of vcanb staining scores in the primary screening assay. Green, hits (score <6); grey,

non-hits (score 6–9); red, toxic/corrosive compounds. (B) Total vcanb staining scores (summed from 3 embryos) from all compounds in the

primary screen, including 64 initial hits (green). Library compounds are ordered along the x axis based on structural similarity. Red data

points, toxic/corrosive compounds; grey, no effect on vcanb expression (non-hits); green, reduced vcanb expression (initial hits); blue,

additional compounds selected for retest based on structural similarity with hits. (C) Comparison of lipophilicity of initial hit (green) and

non-hit (grey) primary screen compounds. ****p < 0.0001, Welch’s two-tailed t test. (D) Retesting 82 compounds revealed 48 (green and

blue) that consistently down-regulated vcanb expression after two retests.
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mutant embryos.10,23 A treatment window of 54–78 hpf,

with a test compound concentration of 15 μM, was estab-

lished as optimal (Figure 1, Protocol 2) and selected for

the secondary screening assay. For rescue of the tb233c

hypomorphic allele, this regime compared favourably

with our previously published conditions (60–90 hpf,

25 μM)23 (Figure 1, Protocol 3) and those used for rescue

of the st63 hypomorphic allele (48–72 hpf, 10 μM)22

(Figure 1, Protocol 1; Figure S3).

Using this optimized assay, we tested the 48 hit com-

pounds from the vcanb primary screen for their ability to

increase mbp expression around the PLLg in

adgrg6 tb233c�/� hypomorphic mutant embryos, according

to the scoring scheme shown in Figure 1. This identified

17 compounds (35% of vcanb assay hits; 1.3% of the

LOPAC library) as mbp assay hits (total 2-test average

score ≥4.5) (Figure 3; Table S1). The mbp assay hits are a

subgroup of compounds most likely to modulate Adgrg6

pathway activity, as they mediate a measurable rescuing

effect on both transcriptional readouts (down-regulating

vcanb and up-regulating mbp). There were 25 vcanb-spe-

cific hits (52%) that elicited no clear effect on mbp expres-

sion at the concentration used. These compounds may

target the receptor pathway in the ear specifically, or

might exhibit reduced efficiency in reaching or penetrat-

ing Schwann cells in the PNS. This group includes some

potent down-regulators of vcanb (danazol, IC 261, oxapro-

zin, auranofin, dofetilide, and 7-chloro-4-hydroxy-2-phe-

nyl-1,8-naphthyridine, all scoring ≤1 in the vcanb assay).

Such compounds should not be discounted as potential

F I GURE 3 A counter screen reveals 17 hit compounds that can also rescue mbp expression in adgrg6tb233c�/� mutant embryos.

(A) Overview of LOPAC library screen results. Hit compounds were grouped according to the strength of vcanb rescue according to the

values in the table; dark green indicates the lowest vcanb score (category A; best rescue). The 18 compounds in blue correspond to the

structurally similar compounds that were also retested. (B) Scatter plot of vcanb and mbp assay scores for the 48 vcanb assay hits. Jitter

(noise) introduced to improve visualization. Green, final hits (17); magenta, vcanb-only hits (25); grey, compounds that decreased mbp

expression (false positives; 6). (C) Table of vcanb (3-test mean score, nine embryos screened) and mbp (2-test mean score, six embryos

screened) assay scores for final 17 mbp hit compounds. Compounds only present in the LOPAC library are highlighted in yellow. Note that

felodipine and nemadipine-A were included in the E category (*) and were previously tested as part of the extended dihydropyridine

cluster.23 (D) Number of structural similarity connections of individual hit compounds with other compounds in the network analysis.

ASAD ET AL. 5

 1
7

4
2

7
8

4
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/b

cp
t.1

3
9

2
3

 b
y

 U
n

iv
ersity

 O
f S

h
effield

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
4

/0
7

/2
0

2
3

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



F
I
G
U
R
E

4
L
eg
en

d
o
n
n
ex
t
p
ag
e.

6
A
S
A
D

E
T
A
L
.

 17427843, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/bcpt.13923 by University Of Sheffield, Wiley Online Library on [24/07/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License



modulators of the Adgrg6 signalling pathway (Table S1).

Critically, the mbp assay also allows identification of

false-positive compounds that caused the down-

regulation of both vcanb and mbp; 6 (13%) such com-

pounds were found and eliminated from further analysis

(Table S1).

2.4 | Confirmation of hit compounds
across multiple library screens and
different assays

Of the 17mbp assay hits from the LOPAC screen, 12 com-

pounds were previously known hits from the Tocris or

Spectrum screens23 (Figure 3C). Forskolin and mevasta-

tin were able to mediate restoration of both vcanb and

mbp to wild-type expression levels in adgrg6 tb233c�/�

hypomorphic mutant embryos (Figures 3 and S1); in the

case of forskolin, mbp expression appeared up-regulated

in comparison with expression levels in wild-type

embryos (Figure 4). Mevastatin was recognized as a hit in

the previous vcanb assay screen,23 but was toxic to

embryos at concentrations above 25 μM. Four com-

pounds are dihydropyridines (cilnidipine, nimodipine,

nemadipine-A, and felodipine). Two of these (cilnidipine,

nimodipine) were also identified as hits in the Tocris or

Spectrum libraries, whereas nemadipine-A and felodipine

were used successfully to test functional predictions from

a network cluster analysis.23 The reidentification of all

12 hits from the LOPAC library demonstrates the repro-

ducibility of the screening assay. Five compounds were

LOPAC-specific (Figure 3C; yellow shading; Table S1).

Within this subgroup, three compounds (ebastine,

S-methylisothiourea hemisulfate [SMT], and thapsigar-

gin) were structurally diverse from any molecules previ-

ously screened; these hits accounted for 1% (3/275) of the

structurally novel compounds present in the LOPAC

library.

Because initial hits were selected using the otic vcanb

assay, the screening protocol does not identify com-

pounds that can rescue only the myelination defect, but

not the otic defect, in adgrg6 mutant embryos. Apomor-

phine, a candidate modulator for Adgrg6 identified by

Bradley et al. (2019), is present in the LOPAC, Spectrum

and Tocris libraries but was not identified as a vcanb

assay hit in any of our primary screens. Bradley et al.

(2019) initially identified apomorphine as a weak rescuer

of mbp:gfp transgene expression in adgrg6 st63�/� hypo-

morphic missense mutant embryos at 10 μM, and demon-

strated its dose-dependent partial rescue of mbp mRNA

expression; it was most effective, but also toxic, at

100 μM.22 We tested the ability of apomorphine to rescue

the adgrg6 tb233c�/� hypomorphic allele in both the vcanb

and optimized mbp expression assays. Treatment at

50 μM, but not 25 μM, was able to reduce otic vcanb

expression (Figure S4). A partial rescue was also observed

in the mbp assay, although this was not significant at

10 and 15 μM (Figure S4). These data suggest that the

vcanb in situ hybridization screen is more stringent than

the mbp:gfp fluorescence screen in the initial identifica-

tion of hit compounds. However, we can also confirm the

rescuing effect of apomorphine at higher concentrations

using the vcanb and mbp expression assays with the

tb233c allele.

2.5 | Testing selected hit compounds
(ivermectin, ebastine) in dose–response
assays

We selected two mbp assay hits, ivermectin and ebastine,

as initial candidates for further analysis. Both compounds

were tested in a concentration series ranging from 2.96 to

50.6 μM (dilution factor 1.5) to determine their therapeu-

tic window, and general observations were made to

assess their toxicity.

F I GURE 4 Hit compounds that mediate rescue of both vcanb and mbp expression in mutant embryos, and are possible modulators of

the Adgrg6 pathway. Lateral images of the inner ear at 90 hpf stained for vcanb and dorsal images of embryos at 78 hpf stained for mbp.

Anterior to the left in all images. (A) Images of control group embryos, including wild types incubated in E3 and adgrg6tb233c�/� mutants

incubated in DMSO or IBMX (positive control). IBMX restores wild-type levels of vcanb (inner ear) and mbp (PLLg) expression in adgrg6

mutant embryos. The dotted rectangle marks the region of interest (ROI) enclosing the left PLLg, enlarged in the inserts in the top right of

each mbp panel. (B–D) Images of adgrg6tb233c�/� mutants treated with dihydropyridine hit compounds from the LOPAC screen (B),

previously known hit compounds from the Spectrum and Tocris screen also identified in the LOPAC screen (C) or novel hit compounds

from the LOPAC screen (D). Hits mediate partial or full restoration of vcanb expression in the inner ear, and mbp expression around the

PLLg. Note the over-expression of mbp in the PNS of forskolin-treated embryos (C, lower panels). Compounds were tested at 25 and 15 μM

in the vcanb and mbp assays, respectively. The IBMX control was tested at 100 and 50 μM in the vcanb and mbp assays, respectively. Arrow,

mbp expression restored around the PLLg; asterisk, expression restored along the supraorbital lateral line nerve; c, expression restored along

nerves innervating the inner ear cristae.
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Ivermectin, a macrocylic lactone used as an antipara-

sitic in both veterinary and human medicine, was inde-

pendently and reproducibly identified as a hit in all three

libraries (a strong vcanb hit in the LOPAC and Spectrum

collections, and a weaker hit in the Tocris library23;

Figure S1). Ivermectin acts as an allosteric agonist of

glutamate-gated chloride channels in the nanomolar

range, and can bind to, activate or modulate a variety of

transmembrane receptors at higher concentrations.29–32

It was ineffective at rescuing the protein-truncating

adgrg6 allele fr24,23 making it a candidate for binding

directly to the Adgrg6 receptor. Ivermectin mediated a

dose-dependent decrease in vcanb mRNA expression in

adgrg6 tb233c�/� hypomorphic embryos; it was most effec-

tive at 50.6 μM, with all embryos displaying some reduc-

tion in otic vcanb expression (Figure 5A). Ivermectin was

also effective at rescuing mbp expression around the

PLLg at concentrations ≥10 μM (Figure 5B).

Ivermectin has previously been reported to be both

cardiotoxic and ototoxic in the zebrafish.33,34 In our

assays, ivermectin had some toxicity above 1 μM, reduc-

ing embryo movement (not shown). At 50 μM, ivermec-

tin treatment resulted in pericardial oedema and a failure

to inflate the swimbladder (Figure S5). However, we

found no evidence of severe ototoxicity, even at higher

concentrations: lateral line neuromasts appeared rela-

tively normal in Tg (pou4f3:GFP) embryos after treatment

with 100 μM ivermectin (Figure S5).

Ebastine, a piperidine derivative, and a widely mar-

keted antihistaminic drug, is an inverse agonist for the

histamine H1 receptor, a rhodopsin-class GPCR.35,36

Ebastine was one of three LOPAC-specific hits, and is not

closely structurally related to any other compound in the

three libraries (Figures 3C and S1). Although ebastine

was toxic above 25 μM, it rescued otic vcanb expression

over a restricted concentration range of 15–22.5 μM

(Figure 5A), and gave a partial rescue of mbp expression

at concentrations between 2.96 and 15 μM (Figure 5B).

Interestingly, a number of other compounds that are

structurally unrelated to ebastine, but which also function

to block H1 receptor activity, were also isolated as hit

compounds in the primary screen. These include cypro-

heptadine hydrochloride (a strong vcanb hit from all three

libraries) and flunarizine dihydrochloride (a strong vcanb

hit from the LOPAC and Tocris libraries) (Figure S1).

This demonstrates the value of grouping hit compounds

by biological function as well as chemical structure.

3 | DISCUSSION

Adhesion GPCRs are key components of signalling path-

ways involved in development and disease and have huge

potential for drug discovery.37 In this study, we set out to

identify potential modulators of the Adgrg6 signalling

pathway using a previously developed in vivo assay.

Utilizing transcriptional readouts of vcanb and mbp as

measures of Adgrg6 signalling activity in an adgrg6

hypomorphic zebrafish mutant, we have identified

48 compounds that consistently downregulated otic

vcanb expression in adgrg6 tb233c�/� embryos, 17 of which

also restored mbp expression in Schwann cells around

the posterior lateral line ganglion (PLLg) in an optimized

mbp assay.

The adgrg6 screening regime displayed a high degree

of reproducibility. Screening of the LOPAC library

enabled blind retesting of previously identified hits that

were also represented in the Spectrum and Tocris librar-

ies. Compounds such as ivermectin and mevastatin,

along with the dihydropyridine nimodipine, were identi-

fied as hits in all three libraries and confirmed with dif-

ferent mbp assay conditions. Within the LOPAC screen,

consistent scoring was also evident between multiple ret-

ests for both vcanb and mbp scores. The scoring criteria

for the initial primary screen hits were less stringent than

for the retests to increase the likelihood of identifying all

potential hit compounds; however, this did result in a

higher number of false positives after retesting.

At the screening concentration tested (25 μM),

25 compounds were only able to rescue otic vcanb expres-

sion, but not mbp (Table S1). Although some of these

compounds might mediate rescue of the mbp phenotype

at different concentrations, their differing activities in the

two tissues of interest also illustrate potential differences

in Adgrg6 signalling pathways within the ear and those

in Schwann cells. In the inner ear, Adgrg6 is required for

the epithelial contact and fusion events that lead to for-

mation of the semicircular canal pillars, and is expressed

on both sides of fusing epithelial projections.10 In

Schwann cells, Adgrg6 is thought to be activated by con-

tact with an axon, triggering a cascade of gene expression

that drives Schwann cell differentiation beyond the pro-

myelinating stage.3 It is also important to consider that

vcanb-specific compounds may act directly to modulate

vcanb expression. Such compounds could hold therapeu-

tic potential as overexpression of versican is associated

with inflammation and cancer progression38,39 (and refer-

ences within).

3.1 | Candidate Adgrg6 pathway
modulators

Adgrg6 is thought to signal through a canonical Gαs/ade-

nylyl cyclase/cAMP/PKA pathway to regulate myelina-

tion of the PNS by Schwann cells.1,3 A selection of
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compounds that are known to mediate elevation of cyto-

plasmic cAMP levels were identified as hits, including

the adenylyl cyclase agonists colforsin and forskolin, and

the phosphodiesterase inhibitors IBMX, vinpocetine and

trequinsin hydrochloride (Diamantopoulou et al.23 and

this work). These findings provide further support for the

interpretation that Adgrg6 signals through Gαs, but

potentially also through Gαq/11 and Gα12/13, as these

pathways involve cGMP signalling, which is also elevated

by inhibition of phosphodiesterases.40,41 Furthermore,

F I GURE 5 Performance of selected

hits in dose–response assays on

adgrg6tb233c�/� mutants. Ivermectin

(A) and ebastine (B) were tested in a

1.5-fold dilution series on groups of nine

adgrg6tb233c�/� hypomorphic mutant

embryos. Charts show the number of

mutant embryos (columns 2–11) that

scored 0, 1, 2, or 3 in the vcanb and mbp

assays, in comparison with untreated

wild-type embryos (column 1). The blue

shades represent the in situ

hybridization staining score for each

gene. For vcanb, a pale shade indicates

full rescue (reduction) of otic expression

to wild-type levels (vcanb score 0; see

scale), whereas the darkest shade

indicates no rescue (vcanb score 3). For

mbp, the darkest shade indicates full

rescue (restoration) of expression

around the PLLg (mbp score 3), and pale

shades no rescue (mbp scores 1 or 0).

Toxic effects are highlighted in red

(pale, toxic (T); dark, corrosive (C; no

embryos in well)). (A) Example images

show lateral view of an ear from a

mutant embryo treated with 22.5-μM

ivermectin in the vcanb assay (A I0,

score 0), and dorsal view of a mutant

embryo treated with 10-μM ivermectin

in the mbp assay (A II0, score 2).

(B) Example images show lateral view of

an ear from a mutant embryo treated

with 10-μM ebastine in the vcanb assay

(B I0, score 1) and dorsal image of an

embryo treated with 6.67-μM ebastine in

the mbp assay (B II0, score 2). Arrows

mark restoration of mbp expression

around the PLLg.
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identification of such compounds provides proof of con-

cept for the screening assays, as the phenotypic rescuing

effects of forskolin and IBMX—on various adgrg6 zebra-

fish mutant alleles—have been well documented3,10,23.

The LOPAC hits confirm and extend the existing

collection of putative Adgrg6 modulators identified in

previous screens. The follow-up work on ivermectin and

ebastine described here illustrates some of the consider-

ations involved in the further testing of primary screen

hits. There are many additional compounds of interest

that could form the basis of future studies. Functional

links between hit compounds are highlighted by the

repeated identification of histamine H1 receptor antago-

nists (this work) and L-type calcium channel interactors

(Bradley et al.,22 Diamantopoulou et al.,23 and this work).

The synthetic steroid danazol was also reproducibly iden-

tified as a hit (Diamantopoulou et al.23 and this work).

Steroids are good candidates for molecules that interact

directly with the receptor; the steroidal core of glucocorti-

coids, for example, has been shown to bind to and

activate the human aGPCR ADGRG3/GPR97.42 Mole-

cules of the steroid-like gedunin family, including 3-α-

deoxygedunin (3-α-DOG), are not represented in the

LOPAC library, but remain very promising candidates as

Adgrg6 interactors23 (Figure S1).

Zebrafish screens have proved increasingly successful

at identifying drugs that can then translate to use in other

species.43–45 The in vivo screening strategy described here

is equally suitable for libraries covering a wide range of

chemical space, or for those tailored to specific families

of compounds. It has the added advantage of screening

for rescue of the adgrg6 mutant phenotype in two very

different tissue contexts, strengthening support for candi-

date compounds with specific agonistic activity for the

Adgrg6 pathway. Further testing on protein-truncating

alleles provides an effective way to differentiate hit

compounds and prioritize those likely to bind directly to

the receptor.22,23

In summary, we have identified a number of promis-

ing hits from the combined screens of the LOPAC,

Spectrum and Tocris libraries, several of which fall into

structurally related groups represented by two or more

hit compounds (Diamantopoulou et al.23 and this work).

Future structure–activity relationship (SAR) analysis

could use information from hit compounds to select or

design molecules with improved characteristics, includ-

ing increased specificity and reduced toxicity. Precedent

for this approach is illustrated through the testing of fam-

ilies of structurally related compounds to those identified

as screening hits, which resulted in the identification of

additional dihydropyridines23 or aporphine alkaloids22

with rescuing activity in adgrg6 hypomorphic mutants.

Once a suitable molecule is found, further work could

include identification of the binding pocket in the Adgrg6

receptor for the compound of interest, and a determina-

tion of its mechanism of action.

4 | MATERIALS AND METHODS

4.1 | Animals

All zebrafish strains were raised and maintained in the

aquarium facility at the University of Sheffield, in accor-

dance with UK Home Office licence regulations. Adult

zebrafish were housed in mixed-sex groups in plastic

tanks (Tecniplast) with circulating water maintained at

28.5�C on a 14-h light/10-h dark cycle. Embryos were

harvested into E3 medium (5-mM NaCl, 0.17-mM CaCl2,

0.33-mM MgSO4) at 28.5�C, sorted into groups of

approximately 50 in plastic 10 mm Petri dishes, and

staged according to Kimmel et al.46 Homozygous nacre

(mitfaw2�/�; ZDB-GENO-990423-18) embryos lacking

melanophores47 were employed as wild-type controls in

drug screening experiments, for the ease of visualizing in

situ hybridization patterns. The zebrafish adgrg6 mutant

line used was the hypomorphic missense allele tb233c

(I963N; ZDB-ALT-980203-351).9,10 Figure 1A shows how

this allele compares with alleles used in previous stud-

ies22,23 and mentioned in the text. The transgenic line

used to assess hair cell viability (Figure S5) was Tg

(pou4f3:GAP-GFP) (ZDB-TGCONSTRCT-070117-142).48

4.2 | Compound storage and preparation

The drug screening assay was performed using the Sigma

Library of Pharmacologically Active Compounds

(LO4200, LOPAC1280, Sigma-Aldrich), comprising 1280

compounds dissolved in DMSO arrayed across 16 plates.

V-bottom 96-well microtitre plates (Matrix) containing

2.5 μl of compound in each well at 2.5 mM (or 1.5 mM)

were prepared for screening. Initial hit compounds and

additional compounds of interest were cherry-picked

from the Sigma LOPAC master plates (5-mM concentra-

tion) and used for retests and counter screening assays.

Compounds selected for follow-up experiments were pur-

chased separately: ivermectin (Sigma I8898) and ebastine

(Sigma E9531).

4.3 | Assay development

Wild-type (mitfaw2�/�) and adgrg6 tb233c�/� homozygous

mutant embryos were either dechorionated by hand with

forceps or treated with pronase and washed extensively

10 ASAD ET AL.
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before drug incubation. For the vcanb assay, embryos had

a final overnight incubation at 20�C to slow down their

development to reach the equivalent of 60 hpf in the

morning (estimated in accordance with Kimmel et al.46).

For mbp screening experiments, the embryos were kept at

28.5�C after dechorionation to develop to 54 hpf prior to

drug administration. For the drug screening assay plate,

2.5 μl of control compounds (2.5 mM) were administered

in columns 1 and 12, including 1% DMSO as a negative

control, and 5- to 10-mM 3-isobutyl-1-methylxanthine

(IBMX) as a positive control; 80 library compounds were

arrayed in columns 2–11; 247.5 μl of fresh pre-warmed

(28.5�C) E3 was added to each well and transferred to a

receiver plate to give a final compound concentration of

15–25 μM for screening. At the appropriate stage of devel-

opment, three embryos were aliquoted into each well of a

MultiScreen 96-well mesh-bottomed plate (100 μm; Milli-

pore) in E3 medium. The mesh plates were then trans-

ferred to the receiver (assay) plate of compounds and

incubated at 28.5�C for 24–30 h, depending on the experi-

ment. Following this incubation, mesh-bottomed plates

containing embryos were transferred into 4% (v/v) para-

formaldehyde (PFA) and stored at 4�C overnight before

bleaching with 3% H2O2/0.5% KOH in E3 medium for

approximately 20 min to remove pigment. Embryos were

stored in 100% methanol at �20�C prior to in situ hybridi-

zation. For toxicity assays, larvae were treated as above in

96-well plates (three embryos per well).

4.4 | In situ hybridization

In situ hybridization was performed in the MultiScreen

mesh-bottomed multiwell plates using the Biolane HTI

16 V in situ robot (Intavis). Digoxigenin-labelled RNA

probes were prepared for vcanb49 and mbp (mbpa).50 The

whole-mount in situ hybridization protocol followed

standard procedures51 with modifications for higher

throughput.52

4.5 | Hit selection

Stained embryos were scored manually using the scoring

system shown in Figure 1. Briefly, for vcanb expression,

scores were 0 for complete rescue of expression to low

(wild-type) levels, 1 or 2 for intermediate levels of expres-

sion, and 3 for no reduction of expression (no rescue).

The individual scores for three embryos in a microplate

well were summed to give a value between 0 and 9. Com-

pounds with a summed score of <6 were taken forward

for retests. The average score for each compound across

the three retests was taken as the final score.

Expression of mbp around the posterior lateral line

ganglion (PLLg) was scored for individual embryos as fol-

lows: 3 for complete restoration of expression to wild-type

levels (full rescue), 2 for intermediate rescue, 1 for no

change in expression, and 0 for down-regulated expression

of mbp around the posterior lateral line ganglion (PLLg)

and in the PNS overall (Figure 1). The individual scores for

three embryos in a microplate well were summed to give

value between 0 and 9. The threshold for ability to rescue

mbp expression was set as a total average score of ≥4.5.

4.6 | Dose response assay

Wild-type and adgrg6 tb233c�/� mutant zebrafish embryos

were raised to the equivalent stage of 54–60 hpf (see

above) prior to drug administration in E3. At the appropri-

ate developmental stage, embryos were dechorionated

before being placed in a 24-well plate (10 embryos/well in

400 μl of E3). A 1.5-fold dilution series of each compound

was prepared in DMSO before diluting in E3 and adding

100 μl directly to the plate wells for testing to give a final

volume of 500 μl; DMSO was kept at 1% (v/v) per well.

4.7 | Imaging

Whole-well images of the screening assay plates were

taken with a Nikon AZ100 microscope with an auto-

mated stage (Prior Scientific), using NIS-Elements

Extended Depth of Focus software (Nikon) to create a

compressed in-focus image. Individual stained embryos

were mounted in 70% glycerol and imaged using an

Olympus BX51 microscope with a C3030ZOOM camera

and CellB software, or a Micropublisher 6 camera and

Ocular software. All lower magnification micrographs

are dorsal views with anterior to the left; all higher mag-

nification images of the ear are lateral views with ante-

rior towards the left and dorsal towards the top. Images

of ivermectin-treated embryos in Figure S5 were taken

with a Zeiss AX10 Zoom V16 microscope and Zen soft-

ware. Embryos were mounted laterally and dorsally using

a Stampwell agarose mould (Idylle).

4.8 | Chemoinformatics and data
visualization

Library compound structures were represented as

SMILES and processed as previously described.23 A den-

drogram of the LOPAC library compounds, based on the

similarity matrix between all compound pairs, was

generated using the SciPy library (http://www.scipy.org/,
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accessed 06 November 2018). The Tanimoto coefficient

was used to calculate the compound similarity53 using the

scikit-learn library.54 To create the compound cluster net-

work, a dendrogram of the LOPAC, Spectrum and Tocris

Total libraries was transformed into an adjacency matrix

using a threshold value of 0.5; that is, compounds with a

similarity value >0.5 are connected with an edge. The net-

work visualization was created using Cytoscape55 and can

be accessed using the link (https://adlvdl.github.io/visuali-

zations/network_whitfield_lopac_tocris/index.html).

4.9 | Image and statistical analysis

Staining from in situ hybridization images was measured

in Fiji,56 as previously described.23 Statistical analyses

were performed using GraphPad Prism version 8 for Mac

(GraphPad Software, La Jolla California USA, www.

graphpad.com).

4.10 | Ethics

The study was conducted in accordance with the Basic &

Clinical Pharmacology & Toxicology policy for experi-

mental and clinical studies.57 All animal work was per-

formed under licence from the UK Home Office.

ACKNOWLEDGEMENTS

We thank members of the Whitfield lab for technical

support and discussion, Henry Roehl for use of the Zeiss

microscope, the Sheffield aquarium staff for expert care

of the zebrafish, and the Sheffield Zebrafish Screening

Facility for reagents and equipment.

CONFLICT OF INTEREST STATEMENT

AA and GRW are employees and shareholders of Sosei

Heptares.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are avail-

able from the corresponding authors upon reasonable

request.

LICENCING

For the purpose of open access, the author has applied a

Creative Commons Attribution (CC BY) licence to any

Author Accepted Manuscript version arising.

ORCID

Anzar Asad https://orcid.org/0000-0002-3278-9689

Nahal O. Shahidan https://orcid.org/0000-0002-0253-

9582

Antonio de la Vega de Le�on https://orcid.org/0000-

0003-0927-2099

Giselle R. Wiggin https://orcid.org/0000-0003-4436-9208

Tanya T. Whitfield https://orcid.org/0000-0003-1575-

1504

Sarah Baxendale https://orcid.org/0000-0002-6760-

9457

REFERENCES

1. D’Rozario M, Monk KR, Petersen SC. Analysis of myelinated

axon formation in zebrafish. Methods Cell Biol. 2017;138:383-

414. doi:10.1016/bs.mcb.2016.08.001

2. Ravenscroft G, Nolent F, Rajagopalan S, et al. Mutations of

GPR126 are responsible for severe arthrogryposis multiplex

congenita. Am J Hum Genet. 2015;96(6):955-961. doi:10.1016/j.

ajhg.2015.04.014

3. Monk KR, Naylor SG, Glenn TD, et al. A G protein-coupled

receptor is essential for Schwann cells to initiate myelination.

Science (80-). 2009;325(5946):1402-1405. doi:10.1126/science.

1173474

4. Glenn TD, Talbot WS. Analysis of Gpr126 function defines dis-

tinct mechanisms controlling the initiation and maturation of

myelin. Development. 2013;140(15):3167-3175. doi:10.1242/dev.

093401

5. Mogha A, Benesh AE, Patra C, et al. Gpr126 functions in

Schwann cells to control differentiation and myelination via

G-protein activation. J Neurosci. 2013;33(46):17976-17985. doi:

10.1523/JNEUROSCI.1809-13.2013

6. Monk KR, Oshima K, Jors S, Heller S, Talbot WS. Gpr126 is

essential for peripheral nerve development and myelination in

mammals. Development. 2011;138(13):2673-2680. doi:10.1242/

dev.062224

7. Shravya MS, Mathew M, Vasudeva A, Girisha KM, Nayak SS.

A novel biallelic variant c.2219T > A p.(Leu740*) in ADGRG6

as a cause of lethal congenital contracture syndrome 9. Clin

Genet. 2023;103(1):127-129. doi:10.1111/cge.14237

8. Baxendale S, Asad A, Shahidan NO, Wiggin GR, Whitfield TT.

The adhesion GPCR Adgrg6 (Gpr126): insights from the

zebrafish model. Genesis. 2021;59(4):1-15. doi:10.1002/dvg.

23417

9. Whitfield TT, Granato M, van Eeden FJ, et al. Mutations

affecting development of the zebrafish inner ear and lateral

line. Development. 1996;123(1):241-254. doi:10.1242/dev.123.

1.241

10. Geng F-S, Abbas L, Baxendale S, et al. Semicircular canal mor-

phogenesis in the zebrafish inner ear requires the function of

gpr126 (lauscher), an adhesion class G protein-coupled recep-

tor gene. Development. 2013;140(21):4362-4374. doi:10.1242/

dev.098061

11. Leon K, Cunningham RL, Riback JA, et al. Structural basis for

adhesion G protein-coupled receptor Gpr126 function. Nat

Commun. 2020;11(1):194. doi:10.1038/s41467-019-14040-1

12. Demberg LM, Winkler J, Wilde C, et al. Activation of adhesion

G protein-coupled receptors: agonist specificity of Stachel

sequence-derived peptides. J Biol Chem. 2017;292(11):4383-

4394. doi:10.1074/jbc.M116.763656

13. Liebscher I, Ackley B, Araç D, et al. New functions and signal-

ing mechanisms for the class of adhesion G protein-coupled

12 ASAD ET AL.

 1
7

4
2

7
8

4
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/b

cp
t.1

3
9

2
3

 b
y

 U
n

iv
ersity

 O
f S

h
effield

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
4

/0
7

/2
0

2
3

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



receptors. Ann N Y Acad Sci. 2014;1333(1):43-64. doi:10.1111/

nyas.12580

14. Bjarnad�ottir TK, Geirardsd�ottir K, Ingemansson M,

Mirza MAI, Fredriksson R, Schiöth HB. Identification of novel

splice variants of adhesion G protein-coupled receptors. Gene.

2007;387(1–2):38-48. doi:10.1016/j.gene.2006.07.039

15. Paavola KJ, Sidik H, Zuchero JB, Eckart M, Talbot WS. Type

IV collagen is an activating ligand for the adhesion G protein-

coupled receptor GPR126. Sci Signal. 2014;7(338):ra76. doi:10.

1126/scisignal.2005347

16. Petersen SC, Luo R, Liebscher I, et al. The adhesion GPCR

GPR126 has distinct, domain-dependent functions in Schwann

cell development mediated by interaction with laminin-211.

Neuron. 2015;85(4):755-769. doi:10.1016/j.neuron.2014.12.057

17. Küffer A, Lakkaraju AKK, Mogha A, et al. The prion protein is

an agonistic ligand of the G protein-coupled receptor Adgrg6.

Nature. 2016;536(7617):464-468. doi:10.1038/nature19312

18. Gomez-Sanchez JA, Pilch KS, van der Lans M, et al. After

nerve injury, lineage tracing shows that myelin and Remak

Schwann cells elongate extensively and branch to form repair

Schwann cells, which shorten radically on re-myelination.

J Neurosci. 2017;37(37):9086-9099. doi:10.1523/JNEUROSCI.

1453-17.2017

19. Mogha A, Harty BL, Carlin D, et al. Gpr126/Adgrg6 has

Schwann cell autonomous and nonautonomous functions in

peripheral nerve injury and repair. J Neurosci. 2016;36(49):

12351-12367. doi:10.1523/JNEUROSCI.3854-15.2016

20. Jablonka-Shariff A, Lu CY, Campbell K, Monk KR, Snyder-

Warwick AK. Gpr126/Adgrg6 contributes to the terminal

Schwann cell response at the neuromuscular junction follow-

ing peripheral nerve injury. Glia. 2020;68(6):1182-1200. doi:10.

1002/glia.23769

21. Bremer J, Skinner J, Granato M. A small molecule screen iden-

tifies in vivo modulators of peripheral nerve regeneration in

zebrafish. PLoS ONE. 2017;12(6):e0178854. doi:10.1371/

journal.pone.0178854

22. Bradley EC, Cunningham RL, Wilde C, et al. In vivo identifi-

cation of small molecules mediating Gpr126/Adgrg6 signaling

during Schwann cell development. Ann N Y Acad Sci. 2019;

1456(1):44-63. doi:10.1111/nyas.14233

23. Diamantopoulou E, Baxendale S, de la Vega de Le�on A, et al.

Identification of compounds that rescue otic and myelination

defects in the zebrafish adgrg6 (gpr126) mutant. Elife. 2019;8:

e44889. doi:10.7554/elife.44889

24. Parng C, Seng WL, Semino C, McGrath P. Zebrafish: a preclin-

ical model for drug screening. Assay Drug Dev Technol. 2002;

1(1):41-48. doi:10.1089/154065802761001293

25. MacRae CA, Peterson RT. Zebrafish as tools for drug discov-

ery. Nat Rev Drug Discov. 2015;14(10):721-731. doi:10.1038/

nrd4627

26. Baxendale S, van Eeden F, Wilkinson R. The power of zebra-

fish in personalised medicine. Adv Exp Med Biol. 2017;1007:

179-197. doi:10.1007/978-3-319-60733-7_10

27. Patton EE, Zon LI, Langenau DM. Zebrafish disease models in

drug discovery: from preclinical modelling to clinical trials.

Nat Rev Drug Discov. 2021;20(8):611-628. doi:10.1038/s41573-

021-00210-8

28. Stoveken HM, Larsen SD, Smrcka AV, Tall GG. Gedunin- and

Khivorin-derivatives are small-molecule partial agonists for

adhesion G protein-coupled receptors GPR56/ADGRG1 and

GPR114/ADGRG5. Mol Pharmacol. 2018;93(5):477-488. doi:10.

1124/mol.117.111476

29. Gibbs E, Klemm E, Seiferth D, Ilca SL, Biggin PC,

Chakrapani S. Conformational transitions and allosteric mod-

ulation in a heteromeric glycine receptor. Nat Commun. 2023;

14(1):1363. doi:10.1038/s41467-023-37106-7

30. Du J, Lü W, Wu S, Cheng Y, Gouaux E. Glycine receptor

mechanism elucidated by electron cryo-microscopy. Nature.

2015;526(7572):224-229. doi:10.1038/nature14853

31. Shan Q, Haddrill JL, Lynch JW. Ivermectin, an unconven-

tional agonist of the glycine receptor chloride channel. J Biol

Chem. 2001;276(16):12556-12564. doi:10.1074/jbc.M011264200

32. Huang X, Chen H, Shaffer PL. Crystal structures of human

GlyRα3 bound to Ivermectin. Structure. 2017;25(6):945-950.

doi:10.1016/j.str.2017.04.007

33. Coffin AB, Dale E, Doppenberg E, Hayward T, Hill J,

Molano O. Putative COVID-19 therapies imatinib, lopinavir,

ritonavir, and ivermectin cause hair cell damage: a targeted

screen in the zebrafish lateral line. Front Cell Neurosci. 2022;

16(August):941031. doi:10.3389/fncel.2022.941031

34. Oliveira R, Grisolia CK, Monteiro MS, Soares AMVM,

Domingues I. Multilevel assessment of ivermectin effects

using different zebrafish life stages. Comp Biochem Physiol Part

C Toxicol Pharmacol. 2016;187:50-61. doi:10.1016/j.cbpc.2016.

04.004

35. Rico S, Antonijoan RM, Barbanoj MJ. Ebastine in the light of

CONGA recommendations for the development of third-

generation antihistamines. J Asthma Allergy. 2009;2:73-92. doi:

10.2147/JAA.S3108

36. Sastre J. Ebastine in the treatment of allergic rhinitis and urti-

caria: 30 years of clinical studies and real-world experience.

J Invest Allergol Clin Immunol. 2020;30(3):156-168. doi:10.

18176/jiaci.0401

37. Purcell RH, Hall RA. Adhesion G protein-coupled receptors as

drug targets. Ann Rev Pharmacol Toxicol. 2018;58(1):429-449.

doi:10.1146/annurev-pharmtox-010617-052933

38. Andersson-Sjoland A, Hallgren O, Rolandsson S, et al. Versi-

can in inflammation and tissue remodeling: the impact on

lung disorders. Glycobiology. 2015;25(3):243-251. doi:10.1093/

glycob/cwu120

39. Kim S, Takahashi H, Lin W, et al. Carcinoma-produced factors

activate myeloid cells through TLR2 to stimulate metastasis.

Nature. 2009;457(7225):102-106. doi:10.1038/nature07623

40. Southern C, Cook JM, Neetoo-Isseljee Z, et al. Screening

β-arrestin recruitment for the identification of natural ligands

for orphan G-protein-coupled receptors. J Biomol Screen. 2013;

18(5):599-609. doi:10.1177/1087057113475480

41. Sriram K, Insel PA. G protein-coupled receptors as targets

for approved drugs: how many targets and how many drugs?

Mol Pharmacol. 2018;93(4):251-258. doi:10.1124/mol.117.

111062

42. Ping Y-Q, Mao C, Xiao P, et al. Structures of the glucocorti-

coid-bound adhesion receptor GPR97–Go complex. Nature.

2021;589(7843):620-626. doi:10.1038/s41586-020-03083-w

43. Jones A, Barker-Haliski M, Ilie AS, et al. A multiorganism

pipeline for antiseizure drug discovery: identification of chlor-

othymol as a novel γ-aminobutyric acidergic anticonvulsant.

Epilepsia. 2020;61(10):2106-2118. doi:10.1111/epi.16644

ASAD ET AL. 13

 1
7

4
2

7
8

4
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/b

cp
t.1

3
9

2
3

 b
y

 U
n

iv
ersity

 O
f S

h
effield

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
4

/0
7

/2
0

2
3

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



44. Kenyon EJ, Kirkwood NK, Kitcher SR, et al. Identification of a

series of hair-cell MET channel blockers that protect against

aminoglycoside-induced ototoxicity. JCI Insight. 2021;6(7):

e145704. doi:10.1172/jci.insight.145704

45. Early JJ, Marshall-Phelps KL, Williamson JM, et al. An auto-

mated high-resolution in vivo screen in zebrafish to identify

chemical regulators of myelination. Elife. 2018;7:e35136. doi:

10.7554/eLife.35136

46. Kimmel CB, Ballard WW, Kimmel SR, Ullmann B,

Schilling TF. Stages of embryonic development of the

zebrafish. Dev Dyn. 1995;203(3):253-310. doi:10.1002/aja.

1002030302

47. Lister JA, Robertson CP, Lepage T, Johnson SL, Raible DW.

nacre encodes a zebrafish microphthalmia-related protein that

regulates neural-crest-derived pigment cell fate. Development.

1999;126(17):3757-3767. doi:10.1242/dev.126.17.3757

48. Xiao T, Roeser T, Staub W, Baier H. A GFP-based genetic

screen reveals mutations that disrupt the architecture of the

zebrafish retinotectal projection. Development. 2005;132(13):

2955-2967. doi:10.1242/dev.01861

49. Kang JS, Oohashi T, Kawakami Y, Bekku Y, Izpisúa

Belmonte JC, Ninomiya Y. Characterization of dermacan, a

novel zebrafish lectican gene, expressed in dermal bones. Mech

Dev. 2004;121(3):301-312. doi:10.1016/j.mod.2004.01.007

50. Brösamle C, Halpern ME. Characterization of myelination in

the developing zebrafish. Glia. 2002;39(1):47-57. doi:10.1002/

glia.10088

51. Thisse C, Thisse B. High-resolution in situ hybridization to

whole-mount zebrafish embryos. Nat Protoc. 2008;3(1):59-69.

doi:10.1038/nprot.2007.514

52. Baxendale S, Holdsworth CJ, Meza Santoscoy PL, et al. Identi-

fication of compounds with anti-convulsant properties in a

zebrafish model of epileptic seizures. DMM Dis Model Mech.

2012;5(6):773-784. doi:10.1242/dmm.010090

53. Willett P, Barnard JM, Downs GM. Chemical similarity

searching. J Chem Inf Comput Sci. 1998;38(6):983-996. doi:10.

1021/ci9800211

54. Pedregosa F, Varoquaux G, Gramfort A, Michel V, Thirion B,

Grisel O. Scikit-learn: machine learning in Python. J Mach

Learn Res. 2011;12:2825-2830.

55. Shannon P, Markiel A, Ozier O, et al. Cytoscape: a software

environment for integrated models of biomolecular interaction

networks. Genome Res. 2003;13(11):2498-2504. doi:10.1101/gr.

1239303

56. Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji: an open-

source platform for biological-image analysis. Nat Methods.

2012;9(7):676-682. doi:10.1038/nmeth.2019

57. Tveden-Nyborg P, Bergmann TK, Jessen N, Simonsen U,

Lykkesfeldt J. BCPT policy for experimental and clinical stud-

ies. Basic Clin Pharmacol Toxicol. 2021;128(1):4-8. doi:10.1111/

bcpt.13492

SUPPORTING INFORMATION

Additional supporting information can be found online

in the Supporting Information section at the end of this

article.

How to cite this article: Asad A, Shahidan NO,

de la Vega de Le�on A, Wiggin GR, Whitfield TT,

Baxendale S. A screen of pharmacologically active

compounds to identify modulators of the Adgrg6/

Gpr126 signalling pathway in zebrafish embryos.

Basic Clin Pharmacol Toxicol. 2023;1‐14. doi:10.

1111/bcpt.13923

14 ASAD ET AL.

 1
7

4
2

7
8

4
3

, 0
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/d

o
i/1

0
.1

1
1

1
/b

cp
t.1

3
9

2
3

 b
y

 U
n

iv
ersity

 O
f S

h
effield

, W
iley

 O
n

lin
e L

ib
rary

 o
n

 [2
4

/0
7

/2
0

2
3

]. S
ee th

e T
erm

s an
d

 C
o

n
d

itio
n

s (h
ttp

s://o
n

lin
elib

rary
.w

iley
.co

m
/term

s-an
d

-co
n

d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y

 th
e ap

p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se


	A screen of pharmacologically active compounds to identify modulators of the Adgrg6/Gpr126 signalling pathway in zebrafish ...
	1  INTRODUCTION
	2  RESULTS
	2.1  Screen of the LOPAC library for compounds that mediate down-regulation of otic vcanb expression in adgrg6 hypomorphic ...
	2.2  Selection of hit compounds for retests and further analysis
	2.3  An mbp counter screen reveals potential Adgrg6 pathway modulators
	2.4  Confirmation of hit compounds across multiple library screens and different assays
	2.5  Testing selected hit compounds (ivermectin, ebastine) in dose-response assays

	3  DISCUSSION
	3.1  Candidate Adgrg6 pathway modulators

	4  MATERIALS AND METHODS
	4.1  Animals
	4.2  Compound storage and preparation
	4.3  Assay development
	4.4  In situ hybridization
	4.5  Hit selection
	4.6  Dose response assay
	4.7  Imaging
	4.8  Chemoinformatics and data visualization
	4.9  Image and statistical analysis
	4.10  Ethics

	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	LICENCING
	REFERENCES


