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Chromatin remodeller CHD7 is required for
GABAergic neuron development by promoting
PAQR3 expression
Priyanka Jamadagni1, Maximilian Breuer1, Kathrin Schmeisser2,†, Tatiana Cardinal3, Betelhem Kassa1,

J Alex Parker2,4 , Nicolas Pilon3,5,6 , Eric Samarut2,4 & Shunmoogum A Patten1,3,*

Abstract

Mutations in the chromatin remodeller-coding gene CHD7 cause
CHARGE syndrome (CS). CS features include moderate to severe
neurological and behavioural problems, clinically characterized by
intellectual disability, attention-deficit/hyperactivity disorder and
autism spectrum disorder. To investigate the poorly characterized
neurobiological role of CHD7, we here generate a zebrafish chd7−/−

model. chd7−/− mutants have less GABAergic neurons and exhibit a
hyperactivity behavioural phenotype. The GABAergic neuron defect
is at least in part due to downregulation of the CHD7 direct target
gene paqr3b, and subsequent upregulation of MAPK/ERK signalling,
which is also dysregulated in CHD7 mutant human cells. Through a
phenotype-based screen in chd7−/− zebrafish and Caenorhabditis
elegans, we show that the small molecule ephedrine restores
normal levels of MAPK/ERK signalling and improves both GABAergic
defects and behavioural anomalies. We conclude that chd7
promotes paqr3b expression and that this is required for normal
GABAergic network development. This work provides insight into
the neuropathogenesis associated with CHD7 deficiency and identi-
fies a promising compound for further preclinical studies.

Keywords behaviour; CHD7; GABA; neurodevelopment; zebrafish

Subject Categories Chromatin, Transcription & Genomics; Development;

Neuroscience

DOI 10.15252/embr.202050958 | Received 25 May 2020 | Revised 7 March

2021 | Accepted 15 March 2021 | Published online 26 April 2021

EMBO Reports (2021) 22: e50958

Introduction

Heterozygous loss-of-function mutations in CHD7 are the major

cause of a rare congenital disorder termed CHARGE syndrome (CS),

which stands for coloboma of the eye, heart defects, atresia

choanae, retardation of growth and/or development, genital abnor-

malities and ear abnormalities (Pagon et al, 1981; Zentner et al,

2010; Janssen et al, 2012). The mutations are equally distributed

along the coding region of CHD7, and the most prevalent types are

nonsense mutations (44%), followed by frameshift deletions or

insertions (34%) (Janssen et al, 2012). Although neurological

abnormalities are not considered for clinical diagnosis of CS, many

individuals with CS display moderate to severe neurological defi-

cits, which include autism-like behaviour, obsessive–compulsive

disorder, attention-deficit/hyperactivity disorder, anxiety, aggressiv-

ity and seizures (Hartshorne et al, 2005; Souriau et al, 2005;

Johansson et al, 2006; Bergman et al, 2011; Hartshorne et al, 2017).

Along these lines, CHD7 mutations have been identified in patients

with autism spectrum disorder (ASD) (O’Roak et al, 2012; Takata

et al, 2018). These reports strongly suggest an important role for

CHD7 in the development and functioning of the central nervous

system. However, the precise mechanisms underlying the neurolog-

ical deficits in CS remain poorly understood. A recent study

reported anxious- and aggressive-like behaviours with increased

expression of glycine transporters in adult chd7 heterozygous

mutant zebrafish, leaving however unexplored the molecular and

cellular mechanisms of brain circuitry (Liu & Liu, 2020). Also, note-

worthy, there are no pharmacological and/or genetic treatments to

ameliorate/rescue CS-related neurological features. Current treat-

ment options primarily focus on behavioural management as well

as educational and physical therapies. Development of successful

therapeutic strategies would benefit from the identification and

targeting of causative factors.

Chd7−/− mice die in utero around embryonic day 10.5 (Van

Nostrand et al, 2014), a stage incompatible for studying the role of

CHD7 in the neuropathogenesis of CS. Additionally, Chd7+/− mice

are viable and phenocopy a number of aspects of CS, but the full

spectrum and severity of certain CS malformations are not seen
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(Payne et al, 2015). Yet, Chd7+/− mice, Chd7 conditional knockout

mice and other cellular and animal (Drosophila, zebrafish and Xeno-

pus) models have provided insights on the general function of

CHD7 (Schnetz et al, 2010; Patten et al, 2012; Ohta et al, 2016;

Feng et al, 2017; Whittaker et al, 2017; Belanger et al, 2018). For

instance, it has been shown that CHD7 is capable of both enhanc-

ing and inhibiting expression of embryonic stem cell genes (Sch-

netz et al, 2010). In that respect, CHD7 facilitates neural stem

cell maintenance and proliferation in the developing brain (Ohta

et al, 2016) and quiescence in the adult (Jones et al, 2015). It is

also required for the formation of migratory neural crest cells

(Bajpai et al, 2010; Okuno et al, 2017). CHD7 coordinates with

the transcription factor SOX10 to regulate the initiation of

myelinogenesis (He et al, 2016) and is required for oligodendro-

cyte precursor cell survival (Marie et al, 2018). Genetic inactiva-

tion of Chd7 in cerebellar granule neuron (GN) progenitors leads

to cerebellar hypoplasia in mice, due to impairment of GN differen-

tiation (Feng et al, 2017; Whittaker et al, 2017) but these cerebel-

lar defects did not alter the social behaviour in these mice

(Whittaker et al, 2017). Although these recent findings point to an

important role of CHD7 in brain development, the precise neural

substrates that may contribute to CS-associated neurological deficits

such as autistic traits and/or hyperactivity disorder remain poorly

understood. Emerging evidence suggests that abnormalities in inhi-

bitory GABAergic neurons development/function in the context of

neurodevelopmental disorders are characterized by a shared symp-

tomatology of ASD symptoms (Rubenstein & Merzenich, 2003;

Coghlan et al, 2012). Whether such alterations in brain inhibitory

neural networks underlie the neurological deficits in CHD7 muta-

tion-positive cases of CS is currently unknown.

The zebrafish is a powerful tool for studying neurological

diseases including ASD (Stewart et al, 2014; Meshalkina et al,

2018). Here, we report the generation of a chd7−/− mutant zebra-

fish line and show that these animals exhibit altered number and

positioning of GABAergic neurons in the brain and display a

hyperactive behaviour phenotype. Using genetic, pharmacological

and biochemical approaches, we unravel the molecular mecha-

nisms by which chd7 regulates GABAergic network development

and behaviour in zebrafish. Finally, through a chemical-genetic

screen, we identified ephedrine that effectively ameliorates beha-

vioural anomalies as well as the GABAergic defects in chd7

mutants. This study provides novel insights into the role of

CHD7 in brain development and disease and has important trans-

lational implications.

Results

Zebrafish chd7 mutants display phenotypic characteristics of
CHARGE syndrome

To investigate the neurobiological function of CHD7, we generated a

chd7 knockout zebrafish line using CRISPR/Cas9 to target the helicase

domain of the chd7 gene (17th exon) for disruption. A positive founder

transmitting a single nucleotide insertion causing a frame-shifting

mutation was selected (Fig 1A). This mutation causes a premature

stop codon 8 amino acids after the mutation site (Fig EV1A). To assess

whether the mutant chd7 transcript underwent nonsense-mediated

decay upon that mutation, we performed qPCR. The relative abundance

of chd7mRNA in mutant zebrafish was significantly decreased, suggest-

ing a loss of mutant transcript via nonsense-mediated decay (Fig EV1B).

While no major morphological differences were observed between

wild-type (chd7+/+) and heterozygous (chd7+/−) fish (Fig 1B), the

survival rate of homozygous (chd7−/−) larvae sharply declined after

10 days postfertilization (dpf) (Fig 1C). Remarkably, chd7−/− zebrafish

larvae displayed a small head phenotype (Fig 1D) compared with

controls but nevertheless all the brain regions were fairly well-preserved

in mutant fish (Fig EV1C). Additionally, chd7−/− zebrafish larvae exhib-

ited a low frequency of pericardial oedema (20 %) (Fig EV1D), cranial

cartilage malformations (Fig EV1E) and cranial nerve defects (Fig 1E).

Notably, there were less arborizations of peripheral projections from

the Vth cranial nerve in chd7−/− fish. Precisely, chd7−/− fish had reduced

growth and branching of the peripheral axons, resulting in a significant

decrease in the mean total length of the axon projections as compared

to controls (Fig 1E). Strikingly, these phenotypic characteristics are hall-

marks of CS (Hsu et al, 2014). Additionally, this new chd7−/− mutant

fish recapitulates other anomalies previously reported in chd7

morphants (Patten et al, 2012) and other chd7 mutant zebrafish lines

(Cloney et al, 2018; Liu et al, 2018), but with less pronounced cardiac

defects and no apparent blindness, thereby making it an ideal model to

investigate the pathogenic mechanisms underlying CS-associated neuro-

logical deficits. Behaviourally, chd7−/− larvae were significantly hyper-

active compared with wild-type and chd7+/− fish larvae at 5dpf (Fig 1F

and G). This hyperactive phenotype was particularly prominent and

persistent during the dark cycles (Fig 1G).

GABAergic neuron differentiation is defective in chd7−/− mutants

A hyperactivity behavioural phenotype in ASD mouse (Lee et al,

2018) and zebrafish (Hoffman et al, 2016) models has been reported

▸Figure 1. Generation of a zebrafish chd7 mutant using CRISPR/Cas9.

A Chromatograms showing the confirmation a 1-nucleotide insertion mutation by Sanger sequencing.
B Gross morphological analyses of control (chd7+/+; top left image), heterozygous (chd7+/−; bottom left image) and knockout mutants (chd7−/−; images in right panel).
C Kaplan–Meier survival plot showing low survival of chd7 mutants after 12 dpf (N = 5).
D Measurement of head size of control (n = 12) and mutants (n = 14) showing significantly smaller head size in chd7−/− fish (****P < 0.0001, Student’s t-test).
E Acetylated tubulin staining in 28 hpf controls (left) and mutants (right) showing severely affected outbranching of the trigeminal nerve (Vth cranial nerve). Notably,

chd7−/− display reduced branching of the Vth cranial nerve (arrows) and axonal arborization in the tectal area. Graphs showing quantitative analyses of percentage
(n = 5) and mean total length of peripheral projections (n = 6) per zebrafish in controls and mutants (***P < 0.001; **P < 0.005, Student’s t-test).

F Locomotor activity of control (black), heterozygous (blue) and mutants (red) showing significant hyperactivity of mutants in dark and light cycles (N = 3, n = 48).
G Average activity per second during dark cycle (left) is significantly increased in chd7−/− mutants compared with chd7+/+ (n = 32; ****P < 0.0001, Student’s t-test).

Representative swimming tracks during dark cycle of control and mutant fish (right). Mutant chd7−/− larvae displayed hyperactive swimming.

Data information: ****P < 0.0001; ***P < 0.001; **P < 0.005, Student’s t-test. Data are presented as mean � SEM. Scale bar = 50 μm. n represents number of fish. N
represents number of experimental repeats.
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to be due to alterations in GABAergic interneuron development. To

test whether similar alterations in GABAergic neuron development

occur in chd7−/− mutants, we analysed the inhibitory GABAergic

neuronal populations in wild-type controls and chd7−/− mutants

during early brain development (Fig 2), using a transgenic line that

labels GABAergic interneurons (Tg(dlx5a/6a:GFP)). Compared with

controls, chd7−/− larvae had a significant reduction in the density of

GFP-positive GABAergic cells in the brain at 5 dpf (Fig 2A and B).

Particularly, we observed a highly significant decrease in the

number of GABAergic neurons in the optic tectum (OT) (Fig 2C and

D) and a near-complete loss of GFP-positive cells in the cerebellum

(CB) compared with the controls. Reduced number and malposition-

ing of GABAergic cells were also observed in the hypothalamus

(HYP; Fig 2E and F) and telencephalon (TEL; Fig 2G and H).

We also examined the development of GABAergic neurons in

chd7−/− brain throughout major developmental phases between 1

and 5 dpf (Fig EV2A). The reduced number of GFP-positive GABAer-

gic neurons occurs very early in chd7−/− embryos, with a striking

decrease of GABAergic neurons posteriorly between 1 and 2 dpf (Fig

EV2A). We next tested whether the reduced number of GABAergic

neurons in chd7−/− fish could be due to reduced proliferation, defects

in neuronal differentiation and/or enhanced cell death. The zebra-

fish CNS proliferative profile is still very high at 2 dpf and is rapidly

downregulated up to 5 dpf (Wullimann & Knipp, 2000). At 2 dpf, we

did not observe a change in either the proliferation marker pH3 (Fig

EV2B and C) or differences in the number of apoptotic cells (Fig

EV2D). Additionally, we did not notice differences in the number of

double-positive cells in pH3 and NeuroD1 (neuronal progenitor

marker) co-staining (Fig EV2E). However, at 5 dpf, while no apopto-

sis was observed, a significant increase in pH3-positive cells was

detected (Fig EV2F–H), suggesting a failure in differentiation of

progenitor cells into GABAergic neurons.

We, thus, next sought to evaluate further neurogenesis in chd7

mutants during brain development, with a focus on the midbrain

region—the brain region where the reduced number of GABAergic

neurons was more prominent in 5 dpf chd7−/− fish. Zebrafish larvae

(4 dpf) were exposed to BrdU-containing media for 24 h and fixed.

In both chd7+/+ and chd7−/− fish, BrdU-labelled cells were noted in

the medial tectal proliferation zone (m), dorsal thalamus (DT),

posterior tuberculum (PT) and the lateral tectal proliferation zone

(l) of the midbrain (Fig EV3A and B). Interestingly, compared with

chd7+/+, BrdU-labelled cells in chd7−/− did not migrate over long

distances to reach the early migrated region of pretectum and

proglomerular (Fig EV3A; asterisks), which are regions involved

with visual and other sensorimotor circuits (ref). We also found an

increased in the number of BrdU-labelled cells in chd7 mutant fish

compared with wild-type controls (Fig EV3C).

In order to determine the phenotype of BrdU-positive cells after

the 24-h incubation period, brain sections were double-labelled to

detect the colocalization of BrdU with HuC/D (a neuronal marker;

Fig EV3A, B, D and E), dlx5a/6a-GFP (a GABAergic neuron marker;

Fig EV3F and G) or NeuroD1 (a neuronal progenitor marker;

Fig EV4A–D) in the midbrain area of the 5 dpf zebrafish larvae. The

number of cells positive for both BrdU and HuC/D (Fig EV3E), BrdU

and dlx5a/6a-GFP (Fig EV3G) or BrdU and NeuroD1 (Fig EV4D) in

the midbrain area, surrounding the proliferation zone m, of the

5 dpf larvae was significantly lower in the chd7−/− larvae, indicating

suppressed neurogenesis and impaired GABAergic neuronal

differentiation in chd7 mutants. Noteworthy, we found no change in

the expression of the early glial marker scl1a3 (Glast in mammals)

between chd7−/− and control fish (Fig EV4E), suggesting no alter-

ations in gliogenesis upon loss of chd7.

GABAergic dysfunction is the underlying cause of
behavioural defects

The altered number of GABAergic neurons in the chd7−/− mutant

zebrafish brain suggests that these fish may have abnormal neural

network that subsequently gives rise to abnormal behavioural

outputs. Indeed, a hyperactive behavioural phenotype during dark

cycles in zebrafish has been closely linked to disturbances in

GABAergic signalling (Hoffman et al, 2016). We thus attempted to

rescue/ameliorate the night-time hyperactive phenotype by targeting

GABA receptors with two agonists, muscimol and baclofen (target-

ing GABA-A and GABA-B receptors, respectively). Both agonists

rescued the constitutive hyperactivity observed in chd7−/− mutants

(Fig 2I). We further reasoned that if GABAergic signalling was

perturbed in chd7−/− mutants, these animals would be more suscep-

tible to show signs of seizure upon treatment with pentylenetetrazol

(PTZ), a GABA-A receptor antagonist that induces seizures in

rodents and zebrafish (Baraban et al, 2005; Watanabe et al, 2010).

As expected, PTZ treatment induced more severe seizures in chd7

mutants compared with wild-type controls, for both the time of

onset and overall locomotor activity during the 20-min test period

(Fig 2J and K). Altogether, our findings provide strong evidence that

neurodevelopmental GABAergic signalling deficits underlie beha-

vioural defects in chd7−/− mutants.

Brain gene expression profile is altered in chd7−/− zebrafish

CHD7 controls DNA accessibility by remodelling chromatin via

translocating nucleosomes, thereby influencing gene transcription of

many genes in both a positive and negative manner (Martin, 2010;

Schnetz et al, 2010; Bouazoune & Kingston, 2012). To identify the

molecular pathways underlying the neurodevelopmental defects in

chd7−/− mutants, we thus performed an unbiased transcriptomic

(RNA-seq) analysis on zebrafish chd7−/− larval brains (5 dpf)

compared with wild-type controls. This age was chosen to perform

an exhaustive analysis of the molecular phenotype because it corre-

sponds to a stage when the behavioural phenotype is distinct. We

identified 1,251 genes expressed in the chd7−/− larval brain that

were significantly up- (677 genes) or downregulated (574 genes;

P < 0.05; Fig 3A, Dataset EV1). Gene ontology analysis revealed

that several biological processes (Fig 3B) and molecular functions

(Fig 3C) are enriched in the differentially expressed genes such as

binding, signalling, catalytic activity, cellular process, metabolic

process and biological adhesion. Using pathway analysis, the

expression of the significantly dysregulated genes was mainly

assigned to the following pathways: MAPK signalling, cell adhesion,

calcium ion signalling, lipid transport, haem binding, tryptophan

metabolism and sterol synthesis (Table EV1). Analysis of the chro-

matin immunoprecipitation-sequencing (ChIP-seq) datasets from the

ENCODE Transcription Factor Targets project (Rouillard et al, 2016)

revealed that many of the dysregulated genes within the above-

listed pathways are likely direct targets of CHD7 in murine and

human cell lines (Table EV1).
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Figure 2. GABAergic neuron defects in zebrafish chd7 mutant brain.

A Structural illustration of 5 dpf zebrafish brain from dorsal (top) and lateral (bottom) view (OB: Olfactory bulb, Tel: Telencephalon, OT: Optic tectum, CB: Cerebellum,
HB: Hindbrain).

B 5 dpf dlx5a/6a transgenic line showing GFP+ GABAergic neurons are reduced in chd7−/− mutants (bottom) in comparison with controls (top) in both dorsal (left)
and ventral (right) view.

C–H Total number of GABAergic neurons (GFP+ cells) in (C, D) the optic tectum (OT) and cerebellum (CB) regions of 5 dpf wild-type and chd7 mutant fish (n = 16;
****P < 0.0001; Student’s unpaired t-test), (E, F) the hypothalamus (hyp) region (n = 10; *P = 0.0182; Student’s t-test) and (G, H) the telencephalon (tel) (n = 7;
*P = 0.0347; Student’s t-test).

I Treatment of control (dark grey) and mutants (light grey) with GABA agonists Baclofen (N = 3, n = 24; ns, P = 0.1427; Student’s t-test) and Muscimol (N = 3,
n = 24; ns, P = 0.3987; Student’s t-test) showing recovery of hyperactive locomotor activity in chd7−/− mutants (vehicle: N = 3, n = 24, ****P < 0.0001; Student’s
t-test).

J Functional analysis of GABAergic signalling shows increased responsiveness to GABA antagonist PTZ in both onset and overall locomotor activity (n = 24;
****P < 0.0001; one-way ANOVA).

K Average locomotor activity between 2 dpf controls (black) and chd7−/− mutants (red) shows increased activity after 3 mM PTZ exposure (n = 24; ***P < 0.001;
two-way ANOVA).

Data information: Data are presented as mean � SEM. Scale bar = 50 μm. n represents number of fish used. N represents number of experimental repeats.
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Downregulation of paqr3b in chd7−/− zebrafish contributes to
GABAergic defects via MAPK/ERK signalling

Among the identified dysregulated pathways, MAPK signalling

caught our attention the most based on its well-known role in the

pathogenesis of a wide range of neurodevelopmental disorders,

including autism (Vithayathil et al, 2018). To complement our tran-

scriptomic analysis, we thus decided to evaluate the status of

MAPK/ERK signalling in chd7−/− mutant brains and determine

whether alteration of this pathway contributes to the observed

GABAergic and behavioural defects. We detected a significant

increase of phospho-Erk1/2 (pERK) in 5 dpf chd7 mutant brains

compared with wild-type controls, using both Western blotting

(Fig 3D) and immunostaining (Fig 3E). Additionally, treatment with

a specific MEK/ERK inhibitor that prevents ERK phosphorylation

(U0126) significantly increased the number of GABAergic neurons

in chd7−/− brains (Fig 3F and G) and reduced the hyperactive loco-

motor phenotype in chd7−/− larvae (Fig 3H). Altogether, these data

strongly suggest that CHD7 regulates GABAergic neuron develop-

ment and behaviour via MAPK signalling.

Amongst the dysregulated genes in chd7−/− brains that were

assigned to the MAPK signalling pathway, we noted that 6 of them

(paqr3b, flnb, nr4a1, dusp2, hspa8 and dusp16) were also identified

as direct targets of CHD7 in murine and human cell lines tested in

the ENCODE project (Table EV1). We further noted that paqr3b, an

inhibitor of the MAPK/ERK signalling (Feng et al, 2007; Zhang et al,

2010), is normally highly expressed in the zebrafish brain (Fig EV5A

and B), and the most dysregulated gene in our RNA-seq dataset

(Table EV1). Using RT–qPCR, we confirmed the strong downregula-

tion of paqr3b in chd7−/− mutant brains (Fig EV5C). Importantly,

we also validated that this finding was relevant for human CS using

previously described lymphoblastoid cell lines (LCLs) derived from

a CHD7 mutation-positive child and its unaffected parents (B�elanger

et al, 2018). LCLs are especially useful for analysing molecular

mechanisms relevant to CS (B�elanger et al, 2018). Accordingly, RT–-
qPCR analysis showed that PAQR3 gene expression was robustly

decreased in CHD7 mutation-positive LCLs compared with parental

control LCLs (Fig 4A), while ChIP-qPCR revealed that this decrease

was associated with markedly reduced occupation of the PAQR3

proximal promoter by CHD7 (Fig 4B and C). These observations in

human LCLs thus confirm that CHD7 directly regulates the expres-

sion of PAQR3.

Human PAQR3 is a regulator of ER (endoplasmic reticulum)-to-

Golgi transport (Cao et al, 2018) that is essential for maintaining

cellular and physiological homeostasis (Feng et al, 2007). To

indirectly test this key role of PAQR3 in the context of GABAergic

neuron development, we treated wild-type zebrafish with the ER-to-

Golgi transport blocker brefeldin A (BFA) (Donaldson et al, 1992).

Using a low dose of BFA to affect ER-to-Golgi trafficking without

inducing cell stress and death in wild-type zebrafish (Le Corre et al,

2014), we found that BFA treatment was sufficient to recapitulate

the decreased number and malpositioning of GABAergic neurons

observed in chd7−/− mutant brains (Fig 5A and B). Importantly, we

found that overexpression of paqr3b mRNA in chd7−/− mutants

partially rescued the GABAergic neuron development defects at

3 dpf (Fig 5C and D) as well as restored pERK level to basal wild-

type level (Fig 5E). Of note, overexpression of paqr3b mRNA in

zebrafish embryos did not alter their gross morphology and viability

(Fig EV5D). Altogether, these findings strongly suggest that a CHD7-

PAQR3-MAPK/ERK regulatory axis is especially important for

proper development of GABAergic neurons.

Ephedrine restores MAPK/ERK signalling and rescues GABAergic
defects and associated behavioural anomalies

We recently demonstrated the power of combining simple genetic

models such as worm (Caenorhabditis elegans) and zebrafish

(Danio rerio) for identifying neuroprotective compounds that can

rapidly be translated into preclinical and clinical testing (Patten

et al, 2017). In C. elegans, loss-of-function of chd-7 (Fig EV6A)

leads to significant impairment of swimming locomotion when

compared to wild-type animals (Fig 6A), and reduced lifespan

(Fig 6B). Locomotion of C. elegans is controlled by inhibitory

GABAergic and excitatory cholinergic motor neurons (Zhen &

Samuel, 2015). To visualize neurodevelopmental problems in these

neurons, unc-47p::mCherry and unc-17p::GFP reporters for

GABAergic and cholinergic motor neurons, respectively, were

crossed into chd-7 mutant animals (referred to chd-7 mut here-

after). We found that GABAergic neurodevelopment is significantly

impaired in chd-7 mut when compared to wild-type animals at the

L4 stage, whereas the cholinergic motor system seems not to be

affected by a mutation in the chd-7 gene (Fig 6C). Particularly, a

major neurodevelopmental problem in chd-7 mut consists of inter-

rupted connections in the GABAergic neuronal network, as indi-

cated by significantly more axonal gaps and axonal loss/breaks

larger than 50 µm (Fig 6D–G). The numbers of GABAergic cell

bodies (Fig 6H) and commissures (Fig 6I) are slightly but signifi-

cantly decreased to 22 and 12, respectively, compared with 26 and

16 in healthy worms. These observed phenotypes in chd-7 mut

worms are strikingly similar to those we previously reported in

▸Figure 3. chd7 regulates GABAergic neuron development via MAPK/ERK signalling.

Transcriptomic analysis was performed on dissected 5 dpf brains.
A Volcano plot showing each gene plotted according to its log2 fold change. All highly differentially expressed genes with P < 0.05 are in orange with fold change

> 1.5.
B, C Biological processes (B) and molecular function (C) that are enriched in the differentially expressed genes.
D ERK activation by phosphorylation is increased in mutants as shown by Western blot quantification (N = 4; ***P < 0.005; Student’s t-test).
E pERK immunohistochemistry showing increased ERK activation in the mutant brain (N = 3, n = 8).
F, G Treatment with the ERK signalling inhibitor U0126 ameliorated the number of GABAergic neuron (n = 10–15; **P < 0.05; ****P < 0.0001, one-way ANOVA).
H Treatment with the ERK signalling inhibitor U0126 rescues locomotor hyperactivity phenotype in chd7 mutant fish (n = 8 for chd7+/+ and chd7−/−; n = 16 for

U0126-treated fish; ****P < 0.0001; ns, not significant, one-way ANOVA).

Data information: Data are presented as mean � SEM. Scale bar = 50 μm. n represents number of fish used. N represents number of experimental repeats.
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several C. elegans genetic models for ASD (Schmeisser et al,

2017).

We next exploited the impaired locomotion phenotype in chd-7

mut worms to perform a comprehensive drug screen with 3,850

compounds (Fig 6J). We identified 49 compounds with beneficial

effects that partially corrected the impaired locomotion of chd-7 mut

worms (Table EV2). Based on their suggested function, these

compounds could be clustered into six main categories (Fig 6K).

From all positive substances, three that improved swimming move-

ment particularly well were chosen for further investigation: fisetin,

meloxicam and ephedrine. The compounds were retested in worms

and validated in our zebrafish model (Fig 6J) at various concentra-

tions ranging from 1 to 50 μM. We confirmed two active compounds

in zebrafish and identified ephedrine as the most potent lead
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Figure 3.
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compound. Ephedrine was found to significantly improve beha-

vioural and GABAergic defects in both C. elegans (Fig 6L and M)

and zebrafish (Fig 6N and O). Ephedrine also improved the Vth

cranial nerve branching defects in zebrafish (Fig EV6).

To test whether ephedrine is exerting its beneficial effects by

correcting the aberrant MAPK/ERK signalling in chd7−/− mutants,

we examined the level of pERK in these fish at 5dpf and found a

significant reduction upon ephedrine treatment (Fig 6P and Q). Our

findings thus support a model whereby development of GABAergic

neurons in zebrafish is regulated by chd7 via MAPK/ERK signalling.

However, ephedrine treatment did not affect the level of paqr3b

expression in chd7−/− mutants (Fig 6R), suggesting that ephedrine is

acting downstream in the MAPK/ERK signalling cascade.

Discussion

Despite advances in genetic studies of CS, the underlying mecha-

nisms for the neurological deficits in this disease remain poorly

understood. In this study, we showed that loss-of-function of the

chromatin remodeller-coding gene chd7 disrupts normal number of

the inhibitory GABAergic neurons in the zebrafish brain.

A

B

C

Figure 4. CHD7 regulates PAQR3 expression in human cells.

A qPCR analysis of PAQR3 expression in a CHD7 mutation-positive patient compared with parental controls set (N = 4; ****P < 0.0001; Student’s t-test). Fold change
was calculated according to the 2�ΔΔCt method, using HPRT1 and RPS1 as housekeeping genes for normalization. All data were expressed as mean fold change � SD
across replicates, relative to control parents set to 1 (dotted line). N is the number of experimental repeats.

B Schematic view of PAQR3 exon 1 and proximal promoter on chromosome 4 (hg19 assembly), obtained with the UCSC genome browser (https://genome.ucsc.edu/) and
showing the sequence amplified in ChIP-qPCR assays in LCLs (thick black line) along with a previously described CHD7 ChIP-seq peak (thick grey line) and signal
(green) in H1-hESC (ENCODE3).

C ChIP-qPCR assays in LCLs showing decreased occupation of CHD7 on the PAQR3 proximal promoter in a CHD7 mutation-positive patient (N = 3) compared with
parental controls (N = 6); *P < 0.05; Student’s t-test. All data were expressed as mean fold change � SD. N is the number of experimental repeats.
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Importantly, we also discovered that these GABAergic neuron

defects result in behavioural anomalies that occur via an ERK-

dependent mechanism. Furthermore, through a phenotype-based

drug screening strategy, we identified a clinically approved drug,

ephedrine, which proved to be very effective at correcting increased

MAPK/ERK signalling, GABAergic defects and behaviour deficits

caused by chd7 loss-of-function.

We observed a significant reduction in the number of GABAergic

interneurons in the zebrafish chd7−/− brain during development.

GABAergic interneurons play an essential role in neural circuitry

and behaviour. Proper differentiation of GABAergic neurons during

brain development is important for establishing anatomical and

functional circuitry. We found that the hyperactivity behavioural

phenotype of chd7−/− mutant fish could be suppressed by

A B

C

E

D

Figure 5. Zebrafish paqr3b regulates GABAergic neuron development.

A, B GABAergic neuron defects in wild-type fish treated with ER/Golgi traffic inhibitor BFA (n = 9; ****P < 0.0001; ns, not significant; one-way ANOVA).
C, D Overexpression of paqr3b mRNA improve the number of GABAergic neurons in 3dpf chd7 mutant fish (n = 7 for chd7−/− and n = 11 for chd7−/− + paqr3b mRNA;

****P < 0.0001; **P < 0.05; One-way ANOVA). Of note, the rescue experiment was performed at 3 dpf given the transient nature of mRNA.
E ERK activation by phosphorylation in chd7−/− mutants was restored to normal levels upon overexpression of paqr3b mRNA shown by Western blot quantification

(N = 4; **P < 0.05; One-way ANOVA, N is the number of experimental repeats).

Data information: Data are presented as mean � SEM. Scale bar = 50 μm.
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modulating GABAergic signalling with agonists. These findings

suggest that the abnormal behaviour due to loss of chd7 in our

mutants is likely in part due to defects in GABAergic network devel-

opment. Interestingly, our observations are consistent with an ASD-

related phenotype recently described in zebrafish mutants of the

ASD risk gene, CNTNAP2 (Hoffman et al, 2016). Patients with

CHARGE syndrome frequently exhibit autism-like behaviour (Hart-

shorne et al, 2005; Smith et al, 2005). Several studies have shown

that GABAergic neurons and circuits are altered in ASD (Rubenstein

& Merzenich, 2003; Coghlan et al, 2012) and the dysfunction of inhi-

bitory GABAergic circuits has been proposed as a cause for ASD

(Pizzarelli & Cherubini, 2011). Our work suggests that the overlap-

ping symptom of autistic features in CS and ASD may share a

common neurobiological pathway implicating improper GABAergic

development and function.

Noteworthy, we did not observe any abnormalities in chd7

heterozygous mutants at the larval developmental stages that we

studied. This is likely due to some teleost-specific genetic compen-

sation mechanisms occurring in heterozygous background. Such a

lack of phenotype in the heterozygous mutant population has

also been observed while modelling several autosomal dominant

diseases in zebrafish such as Dravet syndrome, hyperekplexia and

juvenile myoclonic epilepsy, where disease-related phenotypes are

only recapitulated in a homozygous mutant (−/−) background

(Samarut et al, 2018; Samarut et al, 2019; Sourbron et al, 2019). It

is, however, plausible that CHARGE-related behavioural changes

may occur in juvenile or adult chd7 heterozygous mutants and this

warrants further studies.

PAQR3 negatively regulates Raf/MEK/ERK signalling (Feng et al,

2007; Zhang et al, 2010). The downregulation of paqr3b expression

in chd7−/− fish likely results in overactive Raf/MEK/ERK signalling,

and hyperphosphorylation of ERK subsequently has detrimental

consequences on neuronal network development. Xu et al (2016)

showed PAQR3-deleted mice display motor and behavioural abnor-

malities. It is thus possible that paqr3b is important for neural

connectivity and motor function in vertebrates. Aberrant signalling

through the MAPK/ERK pathway is involved in the pathogenesis of

neurodevelopmental syndromes that involve autism, intellectual

disability, neurodevelopmental delay and seizures (Vithayathil et al,

2018). Perturbation in MAPK/ERK activity in chd7−/− mutants is

consistent with findings observed in genetic models of ASD. Recent

work by Holter et al (2021) revealed that hyperactive ERK signalling

during mouse development affects the number of GABAergic

interneurons. In our study, we similarly observed that with inhibi-

tion of ERK phosphorylation ameliorated the defective behaviour

and number of GABAergic neurons. However, other mechanistic

pathways under the control of CHD7 may also be important in

GABAergic network development and this warrants further

investigation. Indeed, we showed that the number of GABAergic

neurons in chd7−/− fish can be rescued by overexpressing paqr3b

mRNA. PAQR3 is a key player in regulating ER-to-Golgi transport

(Cao et al, 2018) and perturbing the secretory pathway may affect

neurogenesis.

Ephedrine is both an α- and β-adrenergic agonist (Vansal &

Feller, 1999; Ma et al, 2007). Our findings showed that this adrener-

gic receptor agonist significantly reverses GABAergic defects as well

as abnormal behaviour in our models. Adrenergic receptors (ARs),

in particular α1-AR, have also been shown to play a critical role in

regulation of neurogenesis (Gupta et al, 2009). For instance, in

neonates, α1-ARs are important for the differentiation of neural

progenitors into catecholaminergic neurons and GABAergic

interneurons (Gupta et al, 2009). It has been suggested that α1-AR is

required in the neuronal maturation stages of neurogenesis by regu-

lating the levels of the Dlx2, Mash1, NeuroD and bHlH mRNA

(Gupta et al, 2009). Importantly, α1-ARs colocalize with both

GABAergic and NMDA receptor-containing neurons and are likely to

be involved in their regulation (Papay et al, 2006). As previously

shown (Ferraro et al, 1993), α1-ARs can modulate GABA release in

the human cerebral cortex and they have also been shown to regu-

late CA1 GABAergic interneurons in the rat hippocampus (Bergles

et al, 1996). Interestingly, AR agonist treatment can significantly

increase the excitability of GABAergic interneurons (Bergles et al,

◀ Figure 6. GABAergic defects and behavioural anomalies are suppressed by ephedrine treatment in mut-chd7 Caenorhabditis elegans.

A Movement scores of chd-7(gk290) mutants (red) compared with N2 wildtype (WT; black). Two-tailed t-test was performed for statistical analyses, and movement
score was considered different to WT (N = 3, n = 30; ****P < 0.0001, Student’s t-test).

B Lifespan analyses of chd-7(gk290) mutants (n = 339; red) compared with WT (n = 444; black). Log-rank test was performed for statistical analyses. ***P < 0.001.
C WT and chd-7(gk290) animals with defects in the GABAergic (black) and cholinergic nervous system (grey) at the L4 stage (N = 4, n = 100; ****P < 0.0001;

Student’s t-test).
D–F Example pictures of the GABAergic nervous system cell bodies, commissures, axonal gaps and axonal breaks larger than 50 µm per worm in chd-7(gk290) mutants

expressing unc-47p::mCherry.
G–I GABAergic neurodevelopmental defects of WT (black) and chd-7(gk290) mutants (grey) at the L4 stage classified in axonal gaps per worm (G), number of GABAergic

cell bodies (H) and number of commissures (I). N = 4, n = 100; ****P < 0.0001, Student’s t-test.
J Chemical libraries (3,850 compounds) were first screen in chd-7(gk290) C. elegans mutants and positive hits were tested on chd7 zebrafish mutants.
K 49 compounds that improved motility phenotypes in chd-7(gk290) mutants were identified. These compounds were clustered in 6 main functional categories.
L Movement scores of chd-7(gk290) mutants treated with ephedrine (blue) compared with the solvent DMSO (black). N = 3, n > 100; ****P < 0.0001, Student’s

t-test.
M Defects of the GABAergic nervous system at the L4 stage in chd-7(gk290) mutants treated with ephedrine (grey) compared with DMSO (black) (N = 3, n > 100).

****P < 0.0001, Student’s t-test.
N Average activity per second is wild-type and mutants treated with ephedrine compared with non-treated mutant (wild-type treated with ephedrine is referred to

as Control). Ephedrine suppresses hyperactivity in chd7 mutant fish. n = 24; ****P < 0.0001, one-way ANOVA.
O Representative images of GABAergic neurons and total number of GABAergic neurons (GFP+ cells) in the optic tectum (OT) and cerebellum (CB) regions of wild-type,

chd7 mutant and ephedrine-treated fish (n = 9; ****P < 0.0001; One-way ANOVA). Treatment with ephedrine ameliorated the number of GABAergic neurons.
P, Q pERK is reduced in mutants following treatment with ephedrine as shown by Western blot quantification (N = 4). ****P < 0.0001, one-way ANOVA.
R qPCR analysis of paqr3b expression in chd7+/+, chd7−/− and chd7−/− treated with ephedrine (N = 4; ****P < 0.0001; ns, not significant, one-way ANOVA).

Data information: Data are presented as mean � SEM. Scale bar = 50 μm. n is the number of fish or worms used. N is the number of experimental repeats.
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1996; Marek & Aghajanian, 1996; Kawaguchi & Shindou, 1998;

Papay et al, 2006) while having a contrasting effect in pyramidal

cells (Papay et al, 2006). An α1-AR-mediated facilitation of sponta-

neous GABA release from interneurons has been observed in several

brain regions (Bergles et al, 1996; Kawaguchi & Shindou, 1998). It is

possible that the increase in GABAergic signalling by ephedrine in

our model is likely one of the underlying mechanisms in ameliorat-

ing the phenotypic anomalies in chd7 mutants. Ephedrine acts as

both a direct and indirect sympathomimetic. Its primary mode of

action is achieved indirectly, by inhibiting neuronal norepinephrine

reuptake and by displacing more norepinephrine from storage vesi-

cles (Wellman et al, 2003; Becker, 2012). In addition to nore-

pinephrine, detection of dopamine has also been reported under

ephedrine-stimulated conditions in the CNS (Ruwe et al, 1985).

Interestingly, dopaminergic signalling has been shown to regulate

GABAergic neuron development and motor behaviour in zebrafish

(Souza et al, 2011). The next step will be to unravel ephedrine’s

exact target and mechanism of action in our chd7 models to increase

the number of GABAergic neurons and to ameliorate behaviour.

In conclusion, we show for the first time that chd7 controls

GABAergic network development in zebrafish brain via regulating

paqr3b. We also provide novel insight on the pathogenic mecha-

nisms—from molecular pathway to brain circuits and behaviour—
associated with chd7 loss-of-function with relevance to CS and ASD.

Five of nine members of the CHD family proteins have been impli-

cated in neurodevelopmental disorders (Goodman & Bonni, 2019).

Our findings may additionally be relevant to other neurodevelop-

mental diseases such as autism and epilepsy with which mutations

in chromatin remodellers such as CHD8 and CHD2 have been associ-

ated. In this study, we also identify a clinically approved compound

and its action on MAPK/ERK signalling that may be therapeutic

avenues to be further explored in CHARGE syndrome. Overall, our

work suggests that in vivo drug screening and experimental analysis

of simple genetic models could prove extremely valuable in under-

standing and perhaps ultimately aid in developing treatments for

certain neurological features associated with CHD7 deficiency.

Materials and Methods

Zebrafish

Fish husbandry
Adult zebrafish (D. rerio) were maintained at 28°C at a light/dark

cycle of 12/12 h in accordance with Westerfield zebrafish book

(Westerfield, 1993). Embryos were raised at 28.5°C, and collected and

staged as previously described (Kimmel et al, 1995). The zebrafish

lines used in this study were wild-type, chd7 mutants, Tg(dlx5a/6a:

GFP) which was obtained from the laboratory of Marc Ekker and used

to generate Tg(dlx5a/6a:GFP;chd7−/−) fish. All experiments were

performed in compliance with the guidelines of the Canadian Council

for Animal Care and the local ethics committee of INRS. For imaging

studies, pigment formation was blocked by adding 0.003% phenylth-

iourea (PTU) dissolved in egg water at 24 h after fertilization (hpf).

CRISPR/Cas9-generated mutagenesis
A guide RNA (gRNA) targeting the helicase domain of the chd7 gene

was designed using the online tool CRISPRscan (TGTATTCCTGC

TGTGCACAAGGG; PAM site underlined). Synthesis of gRNA and of

Cas9 mRNA was performed as previously described (Swaminathan

et al, 2018). Cas9 mRNA was synthesized using the mMESSAGE

mMACHINE T3 kit from pT3TS-nCas9n plasmid (Addgene #46757)

linearized with Xba1. A volume of 1 nl containing a mix of 100 ng/µl
Cas9 mRNA and 30 ng/µl gRNA was injected into one-cell stage

embryos using the Picospritzer III pressure ejector. Genotyping of

chd7+/+ (wild-type), chd7+/− (heterozygous) and chd7−/− (ho-

mozygous) fish was performed by high-resolution melting (HRM)

analysis using genomic DNA extracted by boiling larva/clipped

caudal fin in 50 mM NaOH for 10 min and then neutralized in

0.1 M Tris–HCl (pH8).
Rescue experiment was performed using paqr3b (NM_001030148.2)

zebrafish open reading frame cloned into a pCS2+ expression vector.

In vitro transcription was done using the SP6 message machine kit

(Ambion), and 1 nl of paqr3b mRNA (40 ng/µl) was injected into the

1-cell stage embryos.

Gross morphology and survival assessment
Larvae (chd7+/+, chd7+/− and chd7−/−) were assessed for their

survival rate and morphological phenotypes. The sample sizes for

the different genotypes were as follows: three different batches

(N = 5) each batch containing 30 larvae (n = 30) for chd7+/+,

chd7−/− larvae and N = 3, n = 18–19 for chd7+/− larvae. Gross

morphology was observed under a stereomicroscope (Leica S6E).

The head size at 3 dpf was measured using the software, ImageJ.

Briefly, a straight line was drawn between the lowest point of the

otolith and the anterior end of the brain, around the upper jaw area.

Neuronal network analysis
To visualize the axonal tracts, fluorescent immunohistochemistry

was performed using the marker acetylated α-tubulin (Sigma-

Aldrich; Cat# T7451). 28 hpf fish were fixed in Dent’s fixation (80%

methanol and 20% DMSO) overnight (O/N) at 4°C. Samples were

rehydrated in 75, 50 and 25% methanol in PBST for 30 min each.

They were then washed 4 times in PBST for 30 min (twice under

agitation and twice without followed by blocking in 10 % normal

goat serum (NGS) and 2 % bovine serum albumin (BSA) in PBST

for 1 h at room temperature (RT), under agitation). Primary acetyl-

tubulin monoclonal mouse antibody was added to the blocking

(1:500) and incubated overnight at 4°C. After washing the primary

antibody at least six times 30 min in PBST and blocking for 1 h, the

secondary antibody Alexa 488 goat anti-mouse (Sigma-Aldrich; Cat#

SAB4600387) was added O/N at a ratio of 1:1,000. Secondary anti-

body was washed and samples are mounted laterally for 28 hpf.

Imaging was done on confocal microscope (Zeiss LSM780). The

projection images were semi-automatically traced with NIH ImageJ

using the NeuronJ plug-in. The total length of processes in each

individual embryo was subsequently measured and analysed.

Craniofacial cartilage staining
To visualize the craniopharyngeal cartilage, Alcian blue staining

was applied. Larvae were fixed in 4% paraformaldehyde (PFA) in

PBST (one pellet in 200 ml dH2O and 0.1% Tween). Fish were fixed

at 6 dpf for 5 h at RT. Then, the samples were dehydrated in

methanol solution with increasing concentration; 25, 50 and 75% in

PBST (10–15 min each) and stored at −20°C until use. Before the

staining was started, the samples were rehydrated in the reverse
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order of methanol concentrations for 15 min each. After three quick

washes in PBST, the samples were incubated in 0.1% Alcian blue

solution with 70% ethanol (EtOH) and 0.37% HCl for 2 h, under

agitation. Then, they were washed in EtOH and HCl solution; three

quick washes and then twice 15 min. The larvae were digested in

10% trypsin in 30% saturated borax water which was pre-warmed a

42°C. At the end, the samples were washed overnight at 4°C in

0.1% KOH in H2O. The following day, they were washed in 0.25%

KOH for 1 h and stored in 80% glycerol and 0.25% KOH solution at

4°C until being imaged. Imaging was done on the Leica stereomicro-

scope (Leica S6E).

Behavioural analysis
Larvae (5 dpf) were separated into single wells of a 96-well plate

containing 200 µl of E3 media and habituated in the Daniovision®

recording chamber (Noldus) for 1 h before start of experiment.

Larval locomotor activity was monitored over light-dark cycles

using the Daniovision® apparatus. Analysis was performed using

the EthoVision XT12 software (Noldus) to quantify the total swim-

ming distance in given hours and the locomotor activity per second.

GABAergic neurons: confocal imaging and data analysis
To image and quantify GABAergic neurons (dlx5a/6a:GFP+ neurons),

zebrafish larvae (1, 2, 3 and 5 dpf) of Tg(dlx5a/6a:GFP;chd7+/+) and

Tg(dlx5a/6a:GFP;chd7−/−) were fixed in 4% PFA for 2 h. Zebrafish

larvae (1, 2 and 3 dpf) were ventrally mounted for brain imaging, and

in case of 5 dpf larvae, the brains were first dissected and then dorsally

or ventrally mounted for imaging. Z-stack images were taken using a

Zeiss LSM780 confocal microscope (Carl Zeiss, Germany). GABAergic

neurons (dlx5a/6a:GFP+ neurons) were counted in the brain regions

of wild-type and mutant larvae manually and blindly using the Cell

Counter plug-in for Fiji/Image J (NIH) Imaging software.

Bromodeoxyuridine (BrdU) labelling
Zebrafish larvae at 4 dpf were incubated in a 10 mM solution of

BrdU (BD Biosciences; Cat# 550891) in fish water at a temperature

of 28.5°C for 24 h. All of the larvae were then fixed at 5 dpf in 4%

PFA O/N at 4°C and used to perform cryo-sections of the brain.

Zebrafish brain cryo-sections and double-immunohistochemistry
Fixed larvae (5 dpf) were given serial sucrose treatment with 15

and 30% sucrose in 1X PBS, till the larvae sank to the bottom.

The fish brains were then cryo-sectioned (transverse section) in

10-micron-thick sections and dried at room temperature for

20 min, and frozen to store.

For the immunostaining, the 5 dpf zebrafish embryo brain

sections were first post-fixed in acetone at −20°C for 20 min. The

sections were then washed with PBS for 15 min and processed for

epitope retrieval with Tris–HCl (pH 8.2, 50 mM) at 85°C for 6-min

treatment (for HuC/D, NeuroD1) and additionally with HCl (4 N) at

37°C for 10 min followed by Sodium borate (0.1 M) washes for

20 min (for BrdU). Sections were then washed in 0.5% PBS-Triton

for 30 min, blocked in 10% NGS for 1 h at room temperature and

then incubated in primary antibodies: HuC/D at 1:50 (Invitrogen;

A21271); NeuroD1 at 1:500 (Abcam; ab60704), BrdU at 1:250

(Abcam; ab152095) and anti-GFP at 1:250 (Invitrogen; GF28R)

diluted in 5% NGS, 1% BSA in 0.1% PBS-Triton, O/N at 4°C. The
following day sections were washed in 0.3% PBS-Triton and

incubated with species-specific secondary antibodies coupled to

Alexa Fluor 488 or 555 (Invitrogen) diluted in 0.1% PBS-Triton for

2–3 h at room temperature, followed by washes with 0.3% PBS-

Triton and mounted in DAPI glue (Invitrogen; Cat# P36941).

For the quantitative analyses, cells stained for BrdU, NeuroD1,

GFP (for Dlx5/6) or HuC in the zebrafish midbrain area were taken

under 40× magnification with an oil immersion lens using a Zeiss

confocal microscope (LSM780; Carl Zeiss, Germany). The images

were then processed with ZEN software (Carl Zeiss). Stained cells in

consecutive sections from three brains per genotype (N = 3) were

counted using ImageJ (NIH) and used to calculate the total number

of double-positive stained cells relative to BrdU-positive cells in

each larval brain section. Of note, the total number of sections (n)

used varied between experiments. Neuroanatomical designations

are taken from the Atlas of Early Zebrafish Brain Development

(Mueller & Wullimann, 2015).

Haematoxylin and Eosin staining
For Haematoxylin and Eosin staining, brain sections were post-fixed

in 10% formol (Chaptec) for 5 min and rinsed with tap water. The

sections were stained with Haematoxylin (StatLab) for 4 min,

washed with alcohol-acid, and were rinsed with tap water. The

sections were then soaked in saturated Lithium Carbonate solution

for 10 s and then rinsed it with tap water. Finally, staining was

performed with Eosin Y (StatLab) for 2 min, and mounted under

coverslip with permount mounting media. Neuroanatomical desig-

nations are taken from the Atlas of Early Zebrafish Brain Develop-

ment (Mueller & Wullimann, 2015).

Drug treatment
Drugs were purchased from Sigma-Aldrich, and stock solutions were

prepared: Pentylenetetrazol (PTZ)—Muscimol-30 mM, Baclofen-

15 mM, U0126-10 mg/ml and Brefeldin A(BFA)—10 mg/ml.

Embryos were treated from 8 hpf for GABA agonists Muscimol and

Baclofen, and at 2 dpf for 20 min with 3 mM PTZ (Sigma-Aldrich).

For treatment with BFA, an established low dose concentration

3.56 μM (1 μg/ml; Sigma-Aldrich) without inducing cell stress and

death in zebrafish was used and added at 24 hpf (Le Corre et al,

2014). For treatment with U0126, a non-toxic low dose of 4 μM
(1.7 μg/ml; Sigma-Aldrich) concentration was used and added at

8 hpf (Hawkins et al, 2008; Guo et al, 2015). The water was replaced

every day with fresh water containing final concentration of the

drug, until the activity measurement and/or brain imaging. For the

chemical genetic screens, zebrafish embryos from 8 hpf were treated

with fisetin, ephedrine and meloxicam (1–50 μM; all purchased from

Sigma-Aldrich) in E3 medium. The medium was replaced every day

with fresh solution containing final concentration of the drug, until

the locomotor activity measurement and/or imaging.

Western blotting
Larvae were collected at 5 dpf and placed in the dark for at least

1 hr, following which lysates were rapidly prepared by homogeniza-

tion in high salt lysis buffer containing 150 mM NaCl, 50 mM Tris–-
HCl pH 7.5, 1% Triton, 0.1% SDS, 1% sodium deoxycolate and

protease inhibitors cocktail (1:10, Sigma-Aldrich). The lysates were

centrifuged at 18,300 g for 10 min at 4°C. The supernatant was

collected, and protein concentration was estimated using Bradford

assay (Bio-Rad). Western blotting was performed using 20 μg lysate
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per sample which were resolved on a 7.5% SDS-polyacrylamide gel

(Bio-Rad). After electrophoresis, proteins on the gel were electro-

transferred onto PVDF mini-membranes (Bio-Rad). The membranes

were blocked with 5% non-fat milk solution in 1X phosphate-

buffered saline or with 5% bovine serum albumin (Sigma) in 1X

Tris-buffered saline for immunoblotting with anti-ERK (1: 2,000,

Cell Signaling Technologies; Cat# 9102) and anti-pERK (1: 2,000,

Cell Signaling Technologies; Cat# 9101), respectively. Detection was

performed using goat anti-mouse and goat anti-rabbit antibodies,

respectively, conjugated with horseradish peroxidase. Bands were

visualized with ECL and imaged using ChemiDoc (Bio-Rad).

TUNEL assay
Whole-mount TUNEL staining to determine apoptosis was

performed on 2 and 5 dpf larvae as previously described (Jamadagni

& Patten, 2019). Briefly, larvae were fixed in 4% PFA and then seri-

ally dehydrated and rehydrated with 25, 50 and 75% MeOH in PBST

(0.1% Tween) and rinsed with PBST several times. The embryos

were then digested with Proteinase K (10 μg/ml) for 20 min,

followed by rinses with PBST and re-fixed with 4% PFA for 20 min.

This was followed by two quick washes and three long washes of

20 min. in PBST (1% Triton X), then were rinsed again with PBS

and incubated in TUNEL reaction mix (as directed by the manufac-

turers; Roche/Sigma-Aldrich) for 1 h at 37°C. The larvae were then

mounted and imaged under a Zeiss LSM 780 confocal microscope.

Whole-mount fluorescence immunohistochemistry
Whole-mount fluorescence immunohistochemistry for proliferation

(pH3 marker) was performed as previously described (Verduzco &

Amatruda, 2011). Briefly, 2 and 5 dpf zebrafish larvae were fixed in

4% PFA overnight at 4°C. After fixation, the embryos were rinsed

two times for 10 min each with PBST (0.1% Tween). They were

then incubated with acetone (100%) at −20°C for 7 min. Following

this, the larvae were rinsed with PBST (0.3% Triton X) and PBS-DT

(1% BSA, 1% DMSO, 1% Triton X) and further blocked in 5% NGS

in PBS-DT for 1 h. Primary antibody pAb Rabbit Anti-phospho-

Histone H3 (Ser10) (1:250; Millipore, Cat# 06–570) was added to the

blocking solution and incubated overnight at 4°C. The next day,

larvae were rinsed with PBS-DT and secondary antibody (Alexa

Fluor 488, 1:1,000; Invitrogen) was then added and incubated over-

night at 4°C. Larvae were rinsed and imaged with a Zeiss LSM 780

confocal microscope.

For pERK staining, zebrafish larvae (5 dpf) were placed in the

dark for 1.5–2 h prior to rapid fixation in 4% PFA O/N. The larvae

were then rinsed multiple times with PBST (0.1% Tween) followed

by incubation in acetone (100%) at −20°C for 15 min. The larvae

were then rinsed with PBST (0.3% Triton X) and PBS-DT (1% BSA,

1% DMSO, 1% Triton X) and further blocked in 5% NGS in PBS-DT

for 1 h. Primary antibody anti-phospho-ERK (1:500, Cell Signaling

Technologies; Cat# 9101) was added to the blocking solution and

incubated overnight at 4°C. The following day, larvae were rinsed

with PBS-DT and incubated with secondary antibody (Alexa fluor

488, 1:1,000; Invitrogen) overnight at 4°C. Larvae were rinsed and

imaged with a Zeiss LSM 780 confocal microscope.

Transcriptomic, differential expression and pathway analyses
Three independent batches of 5 dpf chd7+/+ and chd7−/− larvae were

dissected to extract the whole brain, by each of two experimenters,

corresponding to experimental triplicates. Total RNA was extracted

from these flash-frozen brains using PicoPure RNA extraction kit

(Thermo Fisher Scientific) following the manufacturer’s standard

protocol. For each sample, RNA extraction was made from five

whole brains. The absence of contamination was assessed by Nano-

drop using 260/280 and 260/230 ratios. Quality of total RNA was

assessed with the BioAnalyzer Nano (Agilent), and all samples had

a RIN above 8.3. Library preparation was performed using the

TruSeq RNA (Illumina). Eight PCR cycles were required to amplify

cDNA libraries. Libraries were quantified by Nanodrop and BioAna-

lyzer. All libraries were diluted to 10 nM and normalized with the

Miseq SR50 v2. Libraries were pooled to equimolar concentration

and multiplexed by six samples per lane. Sequencing was performed

with the Illumina Hiseq2000 using the SBS Reagent Kit v3 (100

cycles, paired-end) with 1.6 nM of the pooled library. Cluster

density was targeted at around 800k clusters/mm2. Between 75 and

140 million reads were generated for each sample. Library prepara-

tion and sequencing was done at the genomics platform of the Insti-

tute for Research in Immunology and Cancer (University of

Montreal). More than 93% of high-quality reads were mappable

onto the zv9 version of the zebrafish genome (ensemble release 77)

using TopHat version 2.0.10. Differential gene expression analysis

was assessed by DeSeq2 package using R software. Genes showing

an absolute fold change >1.2 and an adjusted P value (false discov-

ery rate) < 0.05 were considered to be significantly differentially

expressed. Gene enrichment and pathway analysis were performed

using PANTHER and DAVID bioinformatics resources (Huang da

et al, 2009; Mi et al, 2019). The RNA-seq has been deposited to the

GEO database (GSE139623).

RT–qPCR
RT–qPCR was performed as previously described in Breuer et al,

(2019). In short, RNA was isolated from ~ 30 embryos using TriRea-

gent® (Sigma) according to manufacturer’s protocol. 1 µg of RNA

was used for cDNA synthesis by SuperScript®Vilo™ kit (Invitrogen).

RT–qPCR was run with SYBR Green Master Mix (Bioline) using the

LightCycler® 96 (Roche). ef1a was used as the reference gene for

normalization and following primers were used for paqr3b: FW: 5’ –
CGCTGGCTTGCTCTGGATTA – 3’; RV:5’ – CCTGCCTCCAAAAACTG

TTGC – 3’.

Lymphoblastoid cell lines

Cell culture
Lymphoblastoid cell lines (LCLs) from a CHD7 mutation-positive

(c.5050+1G>T) CHARGE syndrome patient and its unaffected

parents were maintained in RPMI medium as described previously

(Belanger et al 2018). Families provided informed consent on stud-

ies approved by the respective institutional review board of the

Baylor College of Medicine (experimental cohort for this study).

RT–qPCR (LCLs)
Relative transcript levels of PAQR3 mRNA in LCLs were analysed by

RT–qPCR. The RT–qPCR analyses were performed as described

above. The following primers were used for PAQR3: (Forward) 50-
CCAATTACCTCACGCAGCAA- 30 and (Reverse) 50-GGAGCACCAA
TTCCTCCATT- 30. Fold change was calculated according to the

2�ΔΔCt method, using HPRT1 and RPS1 as housekeeping genes for
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normalization. All data were expressed as mean fold change � SD

across replicates, relative to control parents set to 1.

ChIP assays
ChIP-qPCR assays in 2 × 108 LCLs were performed as previously

described (Belanger et al, 2018), using 2 µg of rabbit anti-CHD7 anti-

body (Cell Signaling; Cat# 6505) and 2 µg of rabbit anti-HA antibody

(Abcam; Cat# ab9110) as negative control. Target sequence

(196 bp) at the PAQR3 proximal promoter was determined based on

a previously described ChIP-seq peak of CHD7 in H1-hESC (Sethi

et al, 2020) that was downloaded from the ENCODE portal (Sloan

et al, 2016) (https://www.encodeproject.org/); the relevant track

(#ENCFF628RLE) was visualized on the UCSC genome browser

using the GRCh37/hg19 human assembly (https://genome.ucsc.ed

u/). Primer sequences were: (Forward) 50- GCT ACA GGC GAA TAC

AAG TGG - 30 and (Reverse) 50- CTG ACT TCA GCT TAG AAA TCC

TC - 30). ChIP-qPCR efficiency was calculated in % of CHD7 IP rela-

tive to input and expressed in fold enrichment relative to HA nega-

tive control.

Caenorhabditis elegans

Caenorhabditis elegans strains and maintenance
Caenorhabditis elegans was handled applying standard conditions

(Stiernagle, 2006). Worms were kept on NGM agar with an Escheri-

chia coli OP50 lawn at 15°C for maintenance and 20°C for assays.

The mutant strain chd-7(gk290) (VC606) was provided by the

Caenorhabditis Genetics Center at the University of Minnesota and

backcrossed four times to N2 wildtype (WT).

Caenorhabditis elegans locomotion assay
A worm tracking machine (Wmicrotracker, Phylum Tech) was used to

track the swimming locomotion of C. elegans. Assays were performed

in 96-well-microtiter plates with approximately 30 worms and 100 µl
M9 buffer per well. Escherichia coli OP50 were added to the wells to

prevent worms from starving. Each microtitre well was crossed by

two infrared light rays from top to bottom and a detector determined

interruptions of these light rays by worms moving in the well. From

the signal, a movement score was calculated, which is defined as

animal movement in a fixed time period. Movement was tracked for

10 h. The assay was performed in triplicates and movement scores of

chd-7(gk290) over time were compared with WT in three independent

experiments using two-tailed t-test to determine significance.

Drug libraries
Natural and FDA-approved compounds were provided by Sigma-

Aldrich (Sigma-Aldrich’s Library of Pharmacologically Active

Compounds (Lopac) 1280 library, containing compounds as of July

2015, Oakville/Canada), Prestwick Chemicals (Prestwick Chemical

Library; containing compounds as of March 2015, Illkirch/France),

MicroSource (880 compounds, Gaylordsville, CT/USA), Enzo Life

Science, Inc. (BML-2865 Natural Products Library, containing

compounds as of April 2015, Farmingdale, NY/USA). All compounds

were dissolved in DMSO and tested at a concentration of 20 µM.

Drugs screen in C. elegans
Chd-7(gk290) nematodes were exposed to the drugs from the libraries

in microtitre wells at a concentration of 20 µM in M9 buffer with OP50

and movement was tracked for at least 4 h. The average movement

score of C. elegans treated with a specific drug was compared with the

DMSO control and the average movement score of the whole plate. If

values for a drug were higher than the respective controls, a second

screen to validate the increased movement due to the specific drug

was performed. Compounds that increased locomotion of chd-7

(gk290) significantly according to a two-tailed t-test in the second

screen were counted as positive. A complete list of all drugs tested can

be found in reference (Schmeisser & Parker, 2017).

Assessment of neuronal integrity of GABAergic and cholinergic
motor neurons in C. elegans
An unc-47p::mCherry and unc-17p::GFP reporter for GABAergic and

cholinergic motor neurons was crossed into chd-7(gk290) to analyse

motor neurodevelopment at the L4 stage in vivo. Worms were put on

microscopy slides with 2% agarose pads, paralysed with 5 mM levami-

sole and covered with a coverslip. Neuronal examinations were

performed with a Zeiss Axio Imager M2 microscope (unc-47p::mCherry)

and a Leica DM6000 microscope (unc-17p::GFP). About 100 worms were

analysed in four independent experiments and compared with WT.

For a more detailed neuronal status in chd-7(gk290), neuronal

morphology was categorized into the following groups: gaps in the

axonal branches per animal, number of axon commissures per

animal, number of GABAergic and cholinergic cell bodies, and

frequency of breaks > 50 µm in the nerve cords, which goes along

with massive loss of neuronal tissue. About 30 chd-7(gk290) worms

with dysmorphic neuronal morphology were scored and compared

with the neuronal morphology of WT worms.

Testing of beneficial compounds identified in the drug screen

was performed as follows: NGM agar plates containing 20 µM of the

respective substance were freshly prepared prior to each assay and

seeded with OP50. Young adult C. elegans were allowed to lay eggs

for about 4 h, and assays for neuronal morphology were performed

in the progeny at the L4 stage as described above. Mean � standard

deviation of three independent experiments were calculated and

two-tailed t-tests determined significance. Gaps in axonal branches,

number of axon commissures, cell bodies and breaks > 50 µm in

the nerve chords were determined in three independent experi-

ments. Average and standard deviation of all tested animals were

calculated and two-tailed t-tests were performed.

Caenorhabditis elegans lifespan assay
Lifespan assays were performed as previously described (Schmeis-

ser et al, 2013). Briefly, worms were synchronized at the egg stage

(day 0) and about 50 nematodes were transferred to each of three

fresh lifespan plates per condition at the L4 stage. Worms were

transferred on plates containing 10 µM FUDR (solved in water;

applied on top of the grown bacteria lawn) after 24–48 h to prevent

contamination with progeny generations. Nematodes that did not

react to repeated gentle stimulation were scored as dead. Non-natu-

ral deaths (bagging, protrusive vulvae) and lost animals were

censored. JMP 11.0.0 (SAS Institute Inc.) was used for statistical

analyses, and the log-rang test determined P value and significance.

Statistical analysis

All zebrafish experiments were performed on at least three repli-

cates (N) and each consisted of a sample size (n) of 8–30 fish. All C.
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elegans experiments have been performed for a minimum of three

biological replicates. The number of samples was determined empir-

ically. Data are presented as Mean � SEM. Significance was deter-

mined using either Student’s t-test, one-way ANOVA or two-way

ANOVA using GraphPad PRISM software. All graphs were plotted

using the GraphPad PRISM software.

Data availability

The RNA-seq has been deposited to the GEO database (GSE139623).

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE139623).

Expanded View for this article is available online.
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