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The cell type diversity and complexity of the nervous system is generated by a network of
signaling events, transcription factors, and epigenetic regulators. Signaling and
transcriptional control have been easily amenable to forward genetic screens in model
organisms like zebrafish. In contrast, epigenetic mechanisms have been somewhat
elusive in genetic screens, likely caused by broad action in multiple developmental
pathways that masks specific phenotypes, but also by genetic redundancies of
epigenetic factors. Here, we performed a screen using small molecule inhibitors of
epigenetic mechanisms to reveal contributions to specific aspects of neurogenesis in
zebrafish. We chose development of dopaminergic and noradrenergic neurons from
neural progenitors as target of epigenetic regulation. We performed the screen in two
phases: First, we tested a small molecule inhibitor library that targets a broad range of
epigenetic protein classes and mechanisms, using expression of the dopaminergic and
noradrenergic marker tyrosine hydroxylase as readout. We identified 10 compounds,
including HDAC, Bromodomain and HAT inhibitors, which interfered with dopaminergic
and noradrenergic development in larval zebrafish. In the second screening phase, we
aimed to identify neurogenesis stages affected by these 10 inhibitors. We analyzed treated
embryos for effects on neural stem cells, growth progression of the retina, and apoptosis
in neural tissues. In addition, we analyzed effects on islet7 expressing neuronal
populations to determine potential selectivity of compounds for transmitter phenotypes.
In summary, our targeted screen of epigenetic inhibitors identified specific compounds,
which reveal chromatin regulator classes that contribute to dopaminergic and
noradrenergic neurogenesis in vivo.
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INTRODUCTION

Dopaminergic (DA) neurons develop under control of complex
genetic programs, and need to be maintained lifelong to sustain
proper brain function (Blaess and Ang, 2015). There is strong
interest in mechanisms of stable DA differentiation to develop
cell replacement or regenerative therapies for neurodegenerative
loss of dopaminergic neurons (Arenas et al., 2015; Barker et al.,
2017). The establishment and maintenance of DA, or in general,
cellular differentiation programs depends on chromatin
dynamics and regulation of gene expression to specify and
constrain developmental trajectories (Hsiech and Zhao, 2016;
Perino and Veenstra, 2016). The epigenetic state of a cell, as
defined by chromatin epigenetic modifications and chromatin
structure, initiates and maintains cell-type specific
transcriptional programs. Chromatin regulators comprise
several families of chromatin-binding proteins and of enzymes
that add or remove covalent modifications to histones
(Arrowsmith et al, 2012). The dynamic and reversible nature
of chromatin states is important for proper gene regulation in
development (Yu et al., 1995; Gregg et al., 2003; Cunliffe, 2004;
Lim et al, 2009). However, a detailed characterization of
chromatin regulator function in neural development remains
elusive, as early phenotypes in epigenetic mutants, as well as
redundant gene functions, may obstruct analysis of late
organogenesis functions of epigenetic factors.

Recently, small molecule compounds targeting chromatin
regulators have been developed, mainly motivated by increased
understanding of chromatin misregulation during cancer
progression. These small molecule compounds act by blocking
the activity of distinct chromatin regulator protein families and
thereby alter the chromatin state of a cell (Arrowsmith et al.,
2012). Thus, small molecule inhibitors provide a means to
identify epigenetic mechanisms in development, even when the
epigenetic factors themselves may be encoded redundantly, or
broadly required during earlier phases of development (Kubicek
et al, 2012). Chemical genetics exploits such active compounds
to identify molecular mechanisms contributing to developmental
decisions (Yeh and Crews, 2003). Zebrafish provides a highly
amenable system for chemical genetic screens to assay processes
that small molecule compounds might influence in vivo
(Peterson et al., 2000; North et al., 2007; Kokel et al., 2010).
Successful chemical genetic screens performed on zebrafish
embryos also uncovered novel contributions of chromatin
factors during vertebrate development (Cao et al., 2009; Early
et al., 2018).

Transcriptional mechanisms of cell fate acquisition in the
developing nervous system are tightly linked to chromatin
regulation (Yao et al, 2016). Polycomb (PcG) and Trithorax
group (TrxG) proteins control neuronal cell fate transitions and
proliferation in embryonic and adult neural stem cells (NSC)
(Fasano et al., 2007; Hirabayashi et al., 2009; Lim et al., 2009).
Furthermore, histone deacetylases (HDACs) sustain core
neurogenic transcriptional profiles during neurogenesis in vivo
(Cunliffe, 2004). However, chromatin regulator functions in
initiation and maintenance of specific neuronal lineage

programs are not fully understood. To gain a better
understanding is important, because mutations in chromatin
regulators have been linked to a variety of neurodevelopmental
and neurodegenerative disorders as well as psychiatric diseases in
humans (Jakovcevski and Akbarian, 2012).

Parkinson's disease, a prevalent neurodegenerative disorder,
predominantly affects dopaminergic (DA) neurons. DA neurons
form a major neuromodulatory system in the brain controlling
the regulation of homeostasis, mood, cognition and motor
control. They develop in stereotypic positions in the forebrain
and ventral midbrain in mammals (Bjorklund and Dunnett,
2007). Because DA neurons in the substantia nigra (SN) of the
ventral midbrain are severely affected in Parkinson’s disease,
transcriptional and epigenetic mechanisms contributing to
differentiation and survival of these neurons have been
intensely studied (Harrison and Dexter, 2013; van Heesbeen
et al,, 2013). Chromatin regulators act during different stages of
midbrain DA neuron development to specify transcriptional
landscapes of DA progenitors and neurons. For example, in
DA progenitors, HDACs specifically repress transcriptional
networks permitting midbrain DA neuron development
(Jacobs et al., 2009). This is accomplished by the transcription
factor Pitx3 interacting with Nurrl to guide development of
midbrain DA neurons by releasing SMRT-HDAC repressive
complexes from the promoters of Nurrl target genes. Further,
the PcG protein Ezh2 is required for the differentiation of
midbrain DA progenitors into mature DA neurons, and later
maintains post-mitotic DA neuron identity in adult mice (Wever
et al., 2018).

We and others have used the zebrafish model to better
understand fundamental aspects of DA systems development.
In zebrafish, DA cell clusters have been identified exclusively
within the forebrain (Holzschuh et al., 2001; Kaslin and Panula,
2001; Rink and Wullimann, 2002). DA neurons in the zebrafish
forebrain reside in the olfactory bulb, subpallium, retina,
preoptic area, pretectum, ventral diencephalon, and
hypothalamus, but are absent from the midbrain. DA and
noradrenergic (NA) neurons contain neuromodulators which
both derive from tyrosine, and together belong to the class of
catecholaminergic (CA) neurons. Brain NA neurons reside
exclusively within the locus coeruleus (LC) and medulla
oblongata (MO) of the hindbrain. Despite the large
evolutionary distance between zebrafish and mammals,
important anatomical, molecular and functional homologies
between zebrafish and mammalian forebrain DA groups exist
(Ryu et al., 2007; Lohr et al., 2009; Filippi et al., 2012). Control of
DA neurogenesis by signaling and transcription factor networks
has been extensively studied in both rodent and zebrafish models
(Ang, 2006; Yamamoto and Vernier, 2011; Hegarty et al., 2013).
In zebrafish, signaling pathways and transcription factors have
been shown to contribute to DA differentiation from neural stem
cells (NSCs) (Holzschuh et al., 2003; Filippi et al., 2007; Mahler
et al., 2010; Filippi et al., 2012). However, epigenetic control of
zebrafish DA development is unknown.

To identify chromatin regulatory mechanisms that function
during DA neurogenesis, we performed a chemical genetics
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screen in zebrafish embryos using small molecule inhibitors of
chromatin regulators. We compared in situ in treated embryos
effects on distinct neuron types, specifically, tyrosine hydroxylase
(th) expressing DA and NA neurons, as well as islet] (isll)
expressing neurons. We selected 32 small molecule inhibitors
that target a broad range of chromatin regulator classes and
mechanisms. We identified small molecule inhibitors targeting
histone deacetylases (HDACs), acetyl reader Bromodomain
proteins and histone acetyltransferases (HATs) to affect DA
neuron differentiation. Subsequent analyses characterized
neurogenesis stages during which the small molecule exposure
might interfere. We found that distinct chromatin regulators
differentially affect neural stem and progenitor cell maintenance
and neurogenesis in specific DA neuron groups. Our chemical
genetics screen provides novel leads to chromatin regulatory
mechanisms that contribute to DA neurogenesis in vivo.

MATERIAL AND METHODS
Zebrafish Husbandry and Strains

Zebrafish care and breeding were performed under standard
conditions (Westerfield, 2000) (http://zfin.org). Zebrafish
embryos were incubated at 28.5°C in E3 medium (5 mM NaCl,
0.17 mM KCI, 0.33 mM CaCl,, 0.33 mM MgSO,) containing 0.2
mM phenylthiourea to avoid melanin pigmentation. Embryos
were staged according to Kimmel et al, 1995. All work on
zebrafish embryos and adults were in accordance with German
laws for animal care under permission from the
Regierungsprésidium Freiburg.

We used the zebrafish AB/TL wildtype strain in all
experiments. For the analysis of Isletl positive cranial motor
neurons, we used the transgenic Tg(islet1:GEP)™ reporter line
(Higashijima et al, 2000). For experiments, heterozygous Tg
(islet1:GFP)™" fish were outcrossed to AB/TL fish.

Epigenetic Small Molecule Compounds

Supplementary Figure 1 lists all small molecule compounds
used in the screens. Selected epigenetic small molecule
compounds were obtained from the Collaborative Research
Centre 992 Medical Epigenetics (CRC992 MEDEP;
Laboratory of Manfred Jung) at University of Freiburg, and
from the Structural Genomics Consortium (SGC).
Additionally, the following chemical compounds were
obtained commercially: Bromosporine (Sigma #SML0992),
Ex-527 (Selleckchem #S1541), MM-102 (Selleckchem
#S7265), Mocetinostat (Selleckchem #S1122), OICR9429
(Tocris # 5267), PFI-3 (Selleckchem #S7315), UNC0631
(Selleckchem, S7610). All small molecule compounds were
dissolved in DMSO (99.5%, PanReac AppliChem #A3672) at
10 mM concentration. For experiments, the 10 mM stock was
diluted with E3 medium to obtain the desired working stock
concentration of 60 pM containing 1% DMSO, which was
used to prepare the dilution series. The y-secretase inhibitor
DAPT (increased DA neurogenesis; (Mahler et al., 2010);
Sigma, #D5942) and the prodrug neurotoxin MPTP

(neurotoxic to DA neurons; (Sallinen et al, 2009); Sigma
#MO0896) were used as positive controls for drug delivery
into embryos and dopaminergic neurons.

Treatment of Embryos With

Small Molecules

Small molecule compounds were screened at a concentration
range of 30, 10, 3, and 1 uM in E3 medium containing 1%
DMSO. These compounds were tested alongside 1% DMSO as
vehicle control and 100 uM DAPT and 1 mM MPTP as positive
controls for pharmacological effects on DA neurogenesis and
neuron survival respectively. Zebrafish embryos at desired
developmental stages from age-matched separate spawnings
were pooled and arrayed into 24-well plates with 12 embryos
per well. Five hundred microliters of E3 medium containing 0.2
mM phenylthiourea (PTU) and 1% DMSO was added to each
well. Working solutions of small molecule compounds were
prepared in a separate 24-well plate. A serial dilution was
prepared at 60, 20, 6, and 2 pM in E3 medium/1x PTU/1%
DMSO. Five hundred microliters of each working solution was
added to the respective well containing 500 pl E3 medium and
the embryos. The final volume of 1,000 pl in each well
corresponded to compound concentrations of 30, 10, 3, and
1 uM. Screening assay controls for drug delivery were used at
active concentrations resulting in impaired DA or NA
neurogenesis or survival as described before (Sallinen et al.,
2009; Mahler et al., 2010). Working solutions of DAPT and
MPTP were prepared at 200 uM and 2 mM respectively.
Addition of 500 ul of each working solution to the embryos in
500 ul E3 medium/1x PTU/1% DMSO yielded a final
concentration of 100 uM DAPT and 1 mM MPTP. Embryos
were incubated at 28.5°C until 72 h post fertilization (hpf) and the
small molecule solution was then washed out by five E3 medium
washes. Embryos were incubated for an additional 24 h in E3
medium/1x PTU at 28.5°C. Embryo morphology was assessed and
documented at 96 hpf using a stereomicroscope. For subsequent
immunohistochemistry, embryos from each treatment were
transferred into separate 2.0 ml reaction tubes. Zebrafish embryos
at 96 hpf were fixed in 4% PFA in PBST (1xPBS, 0.1% Tween-20),
dehydrated in increasing concentrations of methanol/PBST and
stored in absolute methanol at -20°C.

Whole-Mount In-Situ Hybridization

Alkaline phosphatase based standard colorigenic whole mount in
situ hybridization (WISH) was performed based on established
protocols (Holzschuh et al., 2003). The following digoxigenin-
labeled antisense riboprobes were generated: sox2 (Chapouton
et al., 2006) and th (Holzschuh et al., 2003). Antisense probes
were in vitro transcribed respectively with T7 or T3 RNA
polymerase along with DIG labeling mix (Roche). Fixed
embryos were rehydrated in decreasing concentrations of
methanol/PBST and transferred to PBST. Embryos at 96 hpf
were treated with proteinase K (10 pg/ml in PBST) for 1 h at
room temperature (RT). Proteinase K permeabilization was
stopped by postfixing the embryos in 4% PFA/PBST for 20
min at RT. After three PBST washes, embryos were pre-
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hybridized in Hyb-Mix (50% formamide, 5x SSC, 50 pg/ml
heparin, 0.1% Tween-20, 5 mg/ml torula RNA) for 2 h at 65°C.
Hyb mix was replaced by 300 pl Hyb mix containing 50 ng
digoxygenin labeled antisense probe. Hybridization was
performed overnight at 65°C. High-stringency washes in 50%
formamide/5x SSCT (0.30 M NaCl, 0.030 M trisodium citrate,
pH 7.0), 2x SSCT buffer and 0.2x SSCT bufter were performed at
65°C. Embryos were washed twice in PBST and then transferred
to WISH blocking solution (2% NGS, 2 mg/ml BSA in PBST) for
2 hat RT. The embryos were then incubated in anti-Digoxygenin
alkaline phosphatase conjugated Fab fragment (Roche) at a
1:5,000 dilution in PBST overnight at 4°C. Excess antibody was
washed out by five washes in PBST at RT. Prior to staining,
embryos were transferred for 15 min to 100 mM Tris-HCI (pH
9.5) followed by incubation in 1x staining buffer (100 mM NaCl,
50 mM MgCl,, 100 mM Tris HCl pH 9.5, 1 mM levamisole, 0.1%
Tween-20) for 15 min at RT. BCIP/NBT was used as a
chromogenic substrate for alkaline phosphatase (160 ng/ml
BCIP and NBT in staining buffer). Staining was performed in
24-well plates for 1 % h at RT in the dark. Staining reaction was
stopped by three washes with WISH stop solution (PBST/EDTA,
pH 5.5). Stained embryos were cleared and stored in
100% glycerol.

Immunohistochemistry

Peroxidase based colorigenic immunohistochemistry was
used to detect Isletl:GFP transgene expression in Tg(isletI:
GFP) embryos and to detect pH3 immunoreactive cells in WT
embryos. Following fixation but prior to permeabilization,
embryos were incubated in 1% H,0O,/PBST solution to
inactivate endogenous peroxidase activity. Embryos at 96
hpf were treated with proteinase K (10 pug/ml in PBST) for
1 h at RT and the reaction was stopped by postfixing the
embryos in 4% PFA/PBST for 20 min. After several washes in
PBSTD (1x PBS, 0.1% Tween-20, 1% DMSO) embryos were
incubated in blocking reagent (2 mg/ml BSA, 5% NGS, 1%
Boehringer Blocking Reagent in PBSTD) for 2 h at RT.
Primary chicken anti-GFP antibody (Invitrogen) or rabbit
anti-pH3 antibody (Stern et al., 2005) (Sigma/Millipore; 06-
570) were used at a 5 pg/ml dilution in blocking reagent.
Embryos were incubated in the presence of primary antibody
overnight at 4°C. Ten washes were performed for 15 min each
in PBSTD. Secondary biotinylated goat anti chicken or
biotinylated goat anti rabbit sera (Vector Laboratories,
Burlingame USA) were used at a 1:1,000 dilution in
blocking reagent and embryos were incubated in secondary
antibody overnight at 4°C. Antigen detection was performed
using the Vectastain Elite ABC Kit (Vector Laboratories,
Burlingame USA) according to the manufacturer's
recommendation. Diaminobenzidine (DAB) was used as a
chromogenic substrate for the peroxidase. Embryos were
pre-equilibrated for 15 minutes in DAB solution (0.2 mg/ml
DAB in PBSTD). Staining was performed in DAB solution
containing 0.3% H,O, for 5 min in the dark. Stained embryos
were washed several times in PBST and transferred to 100%
glycerol for clearing and storing.

TUNEL Staining

Detection of apoptotic cell death by TUNEL staining was
performed using the Chemicon ApopTag In Situ Apoptosis
Detection Kit (Millipore Bioscience Research). The protocol
was modified from (Abdelilah et al., 1996). Embryos at 96 hpf
were permeabilized in proteinase K (10 pg/ml in PBST) for 90
min at RT and postfixed in 4% PFA for 20 min at RT.
Subsequently, embryos were incubated in Equilibration Buffer
(provided in ApopTag In Situ Apoptosis Kit) for 1h at RT. The
TdT enzyme was diluted in Reaction Buffer (provided in the kit)
(30%, v/v). Embryos were incubated in this TdT enzyme/
reaction buffer solution overnight at 37°C. The DNA end-
labeling reaction was stopped by transferring the embryos to
working strength Stop buffer (provided in the kit) for 10 min at
RT. After several PBST washes, embryos were incubated in
blocking solution (2% NGS, 2 mg/ml BSA in PBST) for 2 h at
RT. Subsequently, embryos were incubated in anti-Digoxygenin
alkaline phosphatase conjugated Fab fragment (Roche) at a
1:3,000 dilution in PBST overnight at 4°C to detect
digoxygenin labeled DNA fragments. BCIP/NBT (160 ng/ml in
PBST) was used as a chromogenic substrate for alkaline
phosphatase. Staining reaction was stopped by several washes
in Stop solution (PBST/EDTA, pH 5.5) and embryos were
transferred to 100% glycerol for clearing and storing.

Microscopy and Image Analysis

Transmitted light images were recorded using an Axioskop
compound microscope (Carl Zeiss) with DIC optics and an
AxioCam MRc digital camera (Carl Zeiss). For quantification
of cells at single cell resolution, images of stained embryos were
acquired using an Axio Examiner D.1 (Carl Zeiss) with DIC
optics and an LD LCI Plan Apochromat 20x (NA = 1.0)
objective. Z-stacks were recorded in 2 pum steps using the ZEN
2010 software (Carl Zeiss). We used the ZEN 2010 Blue software
to count cell numbers in z-stacks. The image stack was converted
to greyscale to enhance contrast. We used the ZEN 2010 Blue
Event Marker tool to manually label each cell in the x, y, and z
plane. We validated that each cell was counted only once by re-
tracking each cell through the z-stack. For images representing
distributions of neurons in z-stacks, minimum intensity
projections were generated in Image] or ZEN 2010 Blue.

Statistics

In the primary screen, all compounds except OF-1 and AGK-1
were tested at 1, 3, 10, 30 uM with 7 to 16 embryos in each
treatment (no independent replicates; Supplementary Table 1
report data for compounds with phenotype, Supplementary
Table 3 reports compounds without phenotype). All
compounds including OF-1 and AGK-1, but excluding PFI-2
and UNCI215, were also tested at 100 pM with at least 10
embryos in each treatment (two independent replicates;
Supplementary Table 2). For all 10 compounds that generated
changes in th expression, one additional experiment was
performed, such that data were obtained at least in duplicate
(Supplementary Table 1). In the secondary screen, all th WISH
assays with cell counts were performed at least in triplicates (three
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to six independent experiments; Supplementary Table 4). The isl1
assays with cell counts were performed in triplicate
(Supplementary Table 5). The quantitative evaluation of sox2
expression was performed in triplicate (Supplementary Table 6).
The apoptosis assays with cell counts were performed in triplicates
(Supplementary Table 7), except for Vorinostat, Mocetinostat,
and JQ1, which were only performed in duplicate. Retina
diameters of inhibitor and DMSO treated embryos were
determined in three to six replicates (Supplementary Table 8).
Retina diameters of 72 and 120 hpf control embryos were
determined in a single experiment on eight embryos each.

Statistical analyses were performed using GraphPad Prism 6
software (GraphPad Software). Embryos from the WISH
experiments were scored according to staining intensity and
distribution. Comparison of phenotypes of DMSO treated
control embryos and small molecule compound treated
embryos was analyzed by two-way Fisher's Exact Test. Cell
numbers and retina diameter measurements from independent
experimental replicates were analyzed using two-way-ANOVA
with ad hoc Bonferroni correction for multiple comparisons. For
retina diameter comparison to 72 and 120 hpf larvae, statistical
analysis used Mann-Whitney test. Graphs show mean cell
numbers with standard deviation. For cell counts or numbers
of embryos affected by a given phenotype, the averages for
control embryos were set to 100 (phenotypes) or 1.0 (cell
numbers), and all measurements of treated embryos were
normalized with respect to the control value. Supplementary
Tables 4-8 provide the detailed statistical analysis for
each experiment.

RESULTS

A Chemical Genetics Screen Broadly
Targeting Epigenetic Mechanisms

To identify chromatin regulatory mechanisms that function
during embryonic DA neurogenesis in vivo, we performed a
chemical genetics screen in zebrafish embryos (Figure 1A). The
screen was organized in two phases: in the primary screen, we
tested 32 compounds to establish lethal concentrations and
identify compounds with effects on DA neurogenesis based on
changes in th expression. In the secondary screen, we compared
effects on DA neurons with other neuronal population and tried
to distinguish effects on NSCs, neuronal differentiation
and survival.

We reasoned that applying active compounds during specific
stages of DA neuron development might affect chromatin
regulation in NSCs, DA progenitor populations, or mature
neurons. Based on previous reported cell permeability and in
vivo activity, we selected 32 small molecule compounds that
target different groups of chromatin regulators (Supplementary
Figure 1). This set includes 6 histone deacetylase (HDAC)
inhibitors, two sirtuin inhibitors, 4 histone acetyltransferase
(HAT) inhibitors, 8 bromodomain inhibitors, 7 histone lysine
methyltransferase (HKMT) inhibitors (including 2 MLLI1-
WDR5 interaction inhibitors), 4 histone lysine demethylase

(HKDM) inhibitors, and 1 histone methyl reader protein
inhibitor (Supplementary Figure 1). The active working
concentrations and lethal concentrations for these compounds
were mostly unknown for zebrafish. We tested each compound
at 1, 3, 10, and 30 pM concentrations to determine if any
compound showed lethal effects in the postulated range of
active concentration (see black interrupted lines in Figure 2;
lethality data for all compounds are reported in Supplementary
Tables 1-3). Previous small molecule screens in zebrafish
embryos reported high hit rates and low off-target toxicity
within this dose range (Peterson and Fishman, 2011). We then
evaluated the dose-response curves for each of these compounds
with regard to DA or NA neurogenesis. Small molecule
inhibitors that caused no overall morphological alterations
were subsequently also tested at 100 pM concentration, which
however, in many cases turned out to be lethal (Supplementary
Table 2).

Zebrafish DA and NA neurons develop in temporally
distinct phases of neurogenesis (Mahler et al,, 2010). We
exposed zebrafish embryos to small molecule compounds
during a broad interval of DA and NA neuron development,
while aiming not to interfere with early pattern formation in
embryogenesis. Therefore, in our primary screen, we added
the compounds at 24 hpf and incubated embryos until 72 hpf.
After removal of the compounds, embryos developed for
another 24 h in standard E3 medium until fixation at 96 hpf
for further analyses. All incubation media also contained PTU
to suppress pigmentation (Elsalini and Rohr, 2003) and
facilitate imaging of the brains. Treated embryos were
assayed for DA and NA neurogenesis defects at 96 hpf by
WISH using th expression as a marker for DA and NA
neurons (Holzschuh et al., 2003). The th expressing DA
clusters in the telencephalon (Tc), the pretectum (PrT), and
the diencephalon (DC1-DC6) were assayed individually. We
determined olfactory bulb and subpallial DA groups, which
undergo neurogenesis in similar time windows (Mahler et al.,
2010), together as telencephalic DA groups. The locus
coeruleus (LC) NA cluster was analyzed separately, while
NA clusters within the medulla oblongata (MO) and area
prostrema (AP) were analyzed together and labeled MO/AP.
The DA and NA phenotypes were classified into three
categories based on the level and pattern of the th transcript
detection: (1) no differences detected compared to the DMSO
treated controls, (2) increase or (3) decrease in cell numbers
and/or stain intensity. While we refined the analysis by cell
counts in the secondary screen, in the primary screen we did
not distinguish increase in cell number or th WISH stain
intensity. Dose-effect curves were calculated and display the
percentage of treated embryos showing altered th staining
intensity for each compound concentration (Figure 2).
Figure 3 shows only compounds that affected DA or NA
development in treated embryos. For examples of compounds
with no effects on th expression see Supplementary Figure 2.
We considered those small molecule compounds that caused a
change in th mRNA expression intensity (compared to DMSO
controls) in more than one third of tested embryos as a
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compound potentially affecting DA and NA neurogenesis, and
selected them for further characterization in the secondary
screen (Figures 1A, B).

Compounds ldentified in the

Primary Screen

Among 32 compounds tested, the primary screening identified
10 compounds to affect th expression in the larval brain (Figures
2, 3, 4; Supplementary Table 1). Namoline caused changes only
at one concentration, and UNC1215 had effects that did not
appear to be dose dependent. Therefore, we did not further
analyze these compounds. Treatments with the other 20

6esign library of )

A

compounds resulted in normal th expression within the brain
of more than two thirds of treated embryos (Supplementary
Figure 2; Supplementary Table 3). We found that some
compounds interfering with histone acetylation and acetylation
reader proteins containing Bromodomains decrease th
expression in treated embryos. The HDAC class 1 inhibitors
Entinostat and Mocetinostat reduced th expression within
telencephalic, pretectal and diencephalic DC1 DA groups in
zebrafish larvae (Figures 2A, B, 3B, C, and 4). We also
observed a less pronounced decrease within the DC4/5 and 6
DA groups and MO/AP NA groups (Figures 2A, B). The
observed alterations in th expression in Tc, Pr'T and DC were
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FIGURE 1 | Design of Small Molecule Screen in two phases. (A) Schematic depiction of primary screening and secondary screening procedure. We selected 32
small molecule inhibitors that target chromatin regulators. Zebrafish larvae were exposed to the small molecule inhibitors during distinct phases of DA and NA neuron
development ranging from 24 to 72 hpf. We screened all compounds at different concentration to find the optimal dosage for each small molecule inhibitor. During
the primary screen we evaluated the effects of all selected small molecule inhibitors on DA and NA neurons by whole mount in situ hybridization (WISH) analysis of
tyrosine hydroxylase expression. Small molecules that caused a dose-dependent change in DA and NA marker expression were considered a screening hit. For
these compounds, we performed a secondary screen to evaluate DA and NA neurogenesis steps affected. (B) Schematic drawings of the distribution of DA and NA
neurons (top, taken from Mahler et al., 2010), as well as of IsI1 expressing cranial motor neurons in the larval zebrafish brain at 96 hpf. DA neurons (blue, color
intensity encodes dorsal to ventral position of DA groups as indicated) analyzed during the screening procedure reside in the olfactory bulb, subpallium
(telencephalon, Tc), retina, pretectum (PrT) and ventral diencephalon (DC1-6) (Holzschuh et al., 2001; Rink and Wullimann, 2002). NA neurons (red) reside within the
locus coeruleus (LC) and medulla oblongata (MO) area of the hindbrain. The analyzed Isl1 expressing cranial motor neurons reside within the telencephalon (Tc), the
midbrain (MN 1I/IV) and the hindbrain (MN Va, Vp and MN VII) (Higashijima et al., 2000). AC, amacrine cells; DA, dopaminergic; DC, diencephalic; LC, locus
coeruleus; MN, motor neuron cluster; MO, medulla oblongata; NA, noradrenergic; Tc, telencephalon.

dose-dependent, with higher concentrations affecting higher
percentages of treated embryos (Figures 2A, B). The
concentration-dependent effects became prominent at
concentrations of 10 uM and higher. More than 80% of treated
embryos showed altered th expression in Tc, PrT and DC groups
in treatments with 10 or 30 uM of both compounds (Figures
2A, B). The pan-HDAC inhibitor Vorinostat (SAHA) affected th
expression in Tc and PrT DA groups (Figures 2C, 3D, and 4).
The effects on th expression in Tc and PrT were dose-dependent
with more than 60% of treated embryos showing reduced th
expression at 30 uM.

We observed a reduction in th expression upon treatment
with the pan-Bromodomain inhibitor Bromosporine and the
Bet-Bromodomain inhibitors I-Bet151 and JQ1 (Figures 2D-F,
3E-G, and 4). Treatments with Bromosporine, in a dose-
dependent manner, caused reduced th expression within the
Tc and the PrT DA groups and the MO/AP NA groups (80% at
30 uM; Figures 2D and 3E). Furthermore, we detected a minor

reduction in th staining intensity in DC4/5/6 groups in 20% of
treated embryos at 30 uM (Figure 2D). Treatments with JQ1
reduced th expression in Tc, PrT, and DC4/5/6 DC groups and
the MO/AP NA groups at 10 uM (80% of treated embryos;
Figures 2E, 3F, and 4). [-Bet151 also caused a reduction in th
expression within the Tc, PrT and DC4/5/6 DA groups (Figures
2F and 3G).

Embryos treated with either pan-HAT inhibitor PU139 or
PU141 showed slightly increased th stain intensity in DA
groups DC4/5/6 at 30 uM (Figures 2G, H, 3H, J, and 4).
Treatments with each compound at 30uM also caused
morphological abnormalities as evident in a smaller head
size (Figures 3H, I).

We assayed two compounds that specifically disrupt the
interaction between histone methyltransferase MLL1 and its
binding partner WDR5. For MM102 we found reduced th
expression in Tc, but surprisingly at 10 and 30 puM th
expression appeared increased in DC4/5/6 DA groups
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FIGURE 2 | Dose response curves for selected small molecule inhibitors. (A=J) Dose response curves for HDAC inhibitors (A) Entinostat, (B) Mocetinostat, (C)
Vorinostat, for Bromodomain inhibitors (D) Bromosporine, (E) JQ1, (F) | Bet151, for HAT inhibitors (G) PU139, (H) PU141, and for MLL1-WDRS5 interaction inhibitors
(I) MM102 and (J) OICR9429. Each line represents a specific DA or NA neuron cluster for which a change in th expression was observed. The black dashed line
(“lethal”) indicates the percentage of embryos that died at a given compound concentration. Each data point represents the percentage of embryos showing an
effect on the specific neuron cluster at the depicted concentration. Abbreviations for dopaminergic clusters: Tc, telencephalon; PrT, pretectum; DC, diencephalic

(Figures 2I, 7, 3], K, and 4). For PrT and DC1 DA groups, the
effect was variable; with few embryos having increased or
decreased th expression (see also Supplementary Table 2). We
observed similar effects with the MLL1-WDRS5 interaction

inhibitor OICR9429 (Figures 2J, 3K, and 4). At compound
concentrations between 3 and 30 uM we found 30% of treated
embryos to show increased th staining intensities in DC4/5/6
(Figures 2J and 3K).
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FIGURE 3 | Primary Screen results for representative small molecule inhibitors. (A-K) Expression of the DA and NA neuronal marker th detected by whole mount in
situ hybridization in embryos fixed after drug or control treatment at 96 hpf. Treatments are indicated above each panel. During the primary screen th expression was
analyzed in DA clusters in telencephalon, pretectum, and diencephalic groups 1-6. Dorsal views of heads of larvae, images generated from Z-Projections of image
stacks. Neuronal groups with reduced WISH stain are indicated as follows: Black arrowheads for telencephalic DA clusters (B-G, J, K), black arrows for pretectal
DC clusters (B, C, E-G), black asterisks for DC DA clusters (B, C, E). White asterisks indicate increased stain intensities in DC DA clusters (H-K). Scale bar in

(A) is 100 um for all panels. AC, amacrine cells; Tc, telencephalon; PrT, pretectum; DC, diencephalic groups; Lc, locus coeruleus; MO/AP, medulla

10 uM Mocetinostat 30 uM Vorinostat

Distinct DA and NA groups develop in distinct temporal
waves of neurogenesis during development (Mahler et al., 2010).
To investigate whether specific DA and NA neuron progenitor
pools may be sensitive to epigenetic inhibitors in shorter time
windows of neurogenesis, we applied HDAC, HAT,
bromodomain and MLL1 interaction inhibitors for 24 or 36 h
time windows (12 to 48 hpf, 24 to 48 hpf, or 48 to 72 hpf). These
treatments resulted in similar decreases in th expression in Tc
and PrT DA neurons for each time window (Supplementary
Figure 3). However, early born DC2 DA neurons were
differently affected in specific time windows by Entinostat and
Mocetinostat: the effect of early treatment starting at 12 hpf on
DC2 DA neurons was stronger when compared to treatments
starting at 24 hpf or later, suggesting that these HDAC inhibitors
might act on DC2 DA progenitor cells. We conclude that

different phases of neurogenesis are differentially affected by
these HDAC inhibitors.

Secondary Screen Assessing Additional
Neuron Types, Neural Stem Cells,

and Cell Death

In a secondary screen, we (1) quantified the effects of the
compounds on DA and NA cell numbers, and tested whether (2)
compound effects are selective for DA or NA populations or also
affect other neuronal types, (3) effects on DA or NA neurons may be
from loss of neural stem cells, (4) compounds may cause apoptosis,
and (5) compounds may interfere with normal developmental
progression and morphogenesis (Figure 1B). We screened in
detail the 10 inhibitors active in our primary screen: We chose a
30 uM concentration, except for Mocetinostat (10 pM) and JQ1
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Target Class Small Molecule |Tc | PrT | DC1
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pan-HDAC SW55
Entinostat
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HDAC6/10 JS08
Sirtuin1 EX-527
Sirtuin 2 AGK-1
PU139 (*)
pan-HAT PU141
C646
pan-HAT/LSD1 | Curcumin
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Bromodomain Bromosporine
BRD4, BRD2, |-Bet151
BRD3 JQ1
CREBBP/EP300 | SGC-CBP30
BRD7, BRD9 LP99
BRPF1, BRPF2, | OF-1
BRPF3 NI-57
SMARCA2,
SMARCA4 PFI-3
Dot1l SGC-0946
SETD7 PFI-2
EZH2 GSK343
MM-102 -
MLL1-WDR5 OICR9429
G9a UNCO0631
SMYD2 LLY-507
Tranylcypromine
LSD1
Namoline )
CBB1007
JmJ Deferasirox
L3MBTL3 UNC1215 [ |
normal th expression
decreased th expression
increased th expression
FIGURE 4 | Summary of Primary Screening Results. Table depicting effects on th expression observed in zebrafish embryos after treatments with inhibitors shown
at left. Only when treatment with at least one compound concentration caused one third or more of the assayed embryos to be affected, th expression was classified
as decreased or increased, respectively. Treatments at 1 to 30 uM were considered, while 100 uM was excluded due to high lethality with most compounds. Color
code at bottom: decreased or increased th expression represents both potentially changed expression levels or changed number of expressing cells, which could
not be distinguished during qualitative analysis of images. (*) For Namoline, the increase of DC4/5/6 was only observed at 10 uM. (**) For PU139, only 7 out of 23
embryos showed a slight increase in stain intensity.

(3 uM), based on our primary screen results. Compounds were
applied from 24 until 72 hpf, and embryos analyzed at 96 hpf.

(1) To independently validate and quantify compound eftects
on DA or NA neuron number, we repeated the WISH analysis
for th on treated embryos at 96 hpf. We recorded high-resolution
z-stacks of the brains from control and treated embryos, and
counted th expressing cells in specific DA and NA cell clusters.
We also compared subcellular localization of the th WISH signal
in pretectal DA and locus coeruleus NA neurons, which were

imaged at highest resolution, and found th transcript to be
localized predominantly in the cytoplasmic compartment for
DMSO controls and compound treated embryos. (2) Given that
chromatin regulation mechanisms may not be selective for DA
or NA neurons, we analyzed whether the compounds also
affect other types of early developing neurons. To visualize
islet] expressing neurons, which include primary and
secondary cranial and spinal motor neurons, but also other
neuron populations in the forebrain, we used transgenic
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Tg(isll:GFP)rWO/ " zebrafish (Higashijima et al., 2000) and stained
96 hpf embryos by anti-GFP immunohistochemistry. The DA or
NA neuronal groups and the Isl1:GFP expressing neuronal
groups are anatomically distinct, except for the prethalamic
DC1 DA cluster, which requires islI for differentiation of DA
neurons (Filippi et al., 2012). In our analysis of Isl1:GFP
transgene expressing cranial motor neurons we did not include
the Isll positive DC1 DA neurons. islet] positive neurons were
documented in image stacks and selected neuron groups were
counted. (3) NSC states, including self-maintenance and
segregation of progenitors, rely on chromatin regulation and
may be affected by epigenetic inhibitors. Therefore, we analyzed
sox2 expression, a stem cell marker expressed in all NCSs in the
ventricular zone, by WISH of treated embryos fixed at 96 hpf,
documented them, and visually evaluated effects of inhibitor
exposure semi-quantitatively based on sox2 staining intensity. (4)
We further asked whether a reduction in cell numbers may be
due to increased apoptosis in inhibitor treated embryos.
Previously, several small molecule inhibitors targeting HDACs
and Bromodomain proteins have been reported to trigger
apoptotic cell death in different cancer cell lines (Mertz et al.,
2011). Therefore, we performed TUNEL assays on treated
zebrafish embryos fixed at 96 hpf and quantified TUNEL
positive cells in defined brain regions (nasal placode NP,
telencephalon Tc, retina, and hindbrain HB; diencephalon and
midbrain DC/MB were counted together because the boundary
could not be distinguished in dorsal views) by cell counting. (5)
Another possible reason for the reduction in cell numbers could
be that the compounds slow down development of the larvae,
resulting in a developmental delay as compared to the DMSO
treated control larvae. To account for any such effects, we analyzed
the zebrafish retina by morphometry. We used fixed 96 hpf larvae
from the th WISH analysis. We measured the diameter of the right
and left retinae at their maximum rostro-caudal extension
in inhibitor treated larvae and compared them with the
age-matched DMSO treated control larvae. To determine the
potential extent of delay, we also measured retinae in DMSO
treated control larvae at 72, 96, and 120 hpf.

We performed all five assays in at least three independent
experimental replicates. For better comparison, cell counts were
normalized to the cell counts obtained from DMSO treated
control embryos. To assess whether differences between
control and inhibitor treated embryos may be significant, we
performed two-way ANOVA.

MLL1-WDRS5 Interaction Inhibitors MM102
and OICR9429

In the primary screen, the MLLI-WDR5 interaction inhibitors
MM102 and OICR9429 emerged as potential hits. However, the
qualitative primary analysis was not confirmed in the secondary
screen: we observed that both OICR9429 and MM102 did not
produce any significant changes in the number of th expressing
cells in any of the DA or NA clusters (Supplementary
Figures 4A and 5A-C). We also found no effects of MM102
on the number of is/1:GFP transgene expressing cells and sox2
expressing cells in the ventricular zone (Supplementary Figures

4], O and 5F, I). OICR9429 induces a small increase in the isli:
GFP transgene expressing cells in the midbrain clusters MNIII/
IV and hindbrain cluster MNVII but no specific effects were
observed on the sox2 expressing cells (Supplementary Figures
5D-I). We did not observe any significant effects on apoptosis in
OICR9429 or MM102 treated embryos (Supplementary Figures
4T and 5]J-L). The morphometric analysis of retinae did not
reveal delayed development in OICR9429 or MMI102 treated
larvae (Supplementary Figure 6A). With respect to th
expression, MM102 and OICR9429 appear to have been false
positive hits in the primary screen. However, at least for
OICR9429, the islI:GFP phenotype reveals some compound
activity. A potential explanation for the differences in
qualitative versus quantitative th expression analysis may be
that the cell clusters may have appeared slightly more dispersed,
while the cell numbers in each cluster were actually not affected.

HDAC Class 1 Inhibitors Entinostat

and Mocetinostat

In Entinostat and Mocetinostat treated embryos, th WISH cell
counts confirmed the phenotypes observed in the primary
screen, while Vorinostat treated embryos with respect to DA
and NA cell numbers did not differ significantly from controls.
For Entinostat and Mocetinostat we counted significantly less th
expressing cells within Tc, PrT, retina and the diencephalic
cluster DC1 (p < 0.001; Figures 5A-C; Supplementary
Figure 4B). In addition, we also found a decrease in hindbrain
NA medulla oblongata/area postrema neurons (MO/AP; p < 0.001;
Figures 5A-C). We could not detect any changes in cell numbers in
DA neuron group DC2 and NA neurons in the locus coeruleus
(LC). Both neuron populations become postmitotic before the onset
of the small molecule compound exposure (Mahler et al., 2010),
suggesting that Entinostat and Mocetinostat do not affect the
maintenance of differentiated DA and NA neurons. These HDAC
inhibitors also influence cell numbers of islI positive neurons
(Figures 5D-F; Supplementary Figure 4G). Entinostat
treatments resulted in an increase in cell number only within the
midbrain motor neuron clusters MNIII/IV (Figures 5D-F; p <
0.001). However, Mocetinostat treatments caused a reduction in
isl1 positive neurons in Tc (p < 0.001), and hindbrain motor
neuron cluster MNVp (p < 0.001) (Figure 5F and
Supplementary Figure 4G). Vorinostat affects isll positive
neurons in MNVa and MNVp (Figure 5F). Sox2 expression
in NSCs within the ventricular zone (VZ) and the retina
proliferation zone was unaffected in Entinostat and
Vorinostat treated embryos (Figures 5G-I). However,
Mocetinostat strongly reduced sox2 expression exclusively in
the ventricular zone and the retina proliferative zone (Figure
5I; Supplementary Figures 4K, L). We did not observe a
reduction of sox2 transcript within the pharyngeal arches,
indicating that sox2 expression in NSCs may be selectively
affected. Treatments with Entinostat and Mocetinostat caused
an overall increase in apoptosis in the zebrafish brain based on
TUNEL assays. We counted significantly more apoptotic cells in
the telencephalon, di-/mesencephalic area and hindbrain in
Entinostat treated zebrafish larvae (Figures 5J-L; p < 0.001),
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FIGURE 5 | Quantification of Secondary Screen—HDAC inhibitors. (A-C) Analysis of th expression (WISH) for DA and NA neuron development. (D-F)
Immunohistochemistry for Isl1-GFP positive cranial motor neurons. (G-H) WISH analysis of sox2 expression in neural stem cells. (J-L) TUNEL assay to detect
apoptotic cells. Embryos were treated with the HDAC inhibitors Entinostat, Mocetinostat or Vorinostatat from 24 to 72 hpf and fixed at 96 hpf. (A, B, D, E, G, H,

J, K) Dorsal views of heads of larvae, images generated from Z-Projections of image stacks, anterior at left. Scale bars represent 100 um. Bar charts illustrate the
mean cell count numbers of each neuronal subtype for (C) th expressing cells, (F) is/1:GFP transgene expressing cells, (L) apoptotic cells. Error bars depict standard
deviations of the means. Asterisks indicate significant differences compared with the 1% DMSO control (p < 0.001). (I) For analysis of sox2 expression, embryos
were classified into absent, decreased, normal or increased sox2 expression phenotypes (see color code) and embryo numbers were normalized to 100%. AC,
amacrine cells; DA, dopaminergic; NA, noradrenergic; Tc, telencephalon; PrT, pretectum; DC, diencephalic groups; Lc, locus coeruleus; MO/AP, medulla oblongata/
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and in the telencephalon and hindbrain of Mocetinostat treated
larvae (p < 0.001, see also Supplementary Figure 4Q).
Vorinostat did not affect apoptosis (Figure 5L). The
morphometric analysis of the retina diameter showed no
significant changes in the retinae in Vorinostat and Mocetinostat
treated larvae compared to the 96 hpf DMSO treated control larvae,

indicating no developmental delay. In case of Entinostat treated
larvae, the mean diameter of the retinae showed an increase of
10.65% (p < 0.001), which is higher than the change in mean
diameter during normal developmental progression from 96 to 120
hpf (Supplementary Figure 6), arguing for hyper-proliferation or
morphological expansion of the retina.
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pan-Bromodomain and Bet-Bromodomain

Inhibitors

The pan-Bromodomain inhibitor Bromosporine as well as the
Bet-Bromodomain inhibitors JQ1 and I-Bet151 caused a severe
reduction in th expression within DA clusters in TC and PrT in
the primary screen. Embryos treated with Bromosporine or

I-Betl51at 30 uM or JQ1 at 3
expressing cells within TC and

uM had reduced numbers of th
PrT (p < 0.001; Figures 6A-C;

Supplementary Figure 4C). Furthermore, we detected less th
expressing neurons in the retina after treatments with
Bromosporine and JQ1 (p < 0.001; Figures 6A-C). Cell

numbers of th expressing NA

neurons in the MO/AP cluster
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FIGURE 6 | Quantification of Secondary Screen—Bromodomain inhibitors. (A=C) Analysis of th expression (WISH) for DA and NA neuron development. (D-F)
Immunohistochemistry for IsI1-GFP positive cranial motor neurons. (G-I) WISH analysis of sox2 expression in neural stem cells. (J-L) TUNEL assay to detect apoptotic
cells. Embryos were treated with the Bromodomain inhibitors Bromosporine, JQ1 or I-Bet151 from 24 to 72 hpf and fixed at 96 hpf. (A, B, D, E, G, H, J, K) Dorsal views
of heads of larvae, images generated from Z-Projections of image stacks, anterior at left. Scale bars represent 100 um. Bar charts illustrate the mean cell count numbers of
each neuronal subtype for (C) th expressing cells, (F) is/1:GFP transgene expressing cells, (L) apoptotic cells. Error bars depict standard deviation of the mean. Asterisks
indicate significant differences compared with the 1% DMSO control (p < 0.001). (I) For analysis of sox2 expression, embryos were classified into absent, decreased,
normal or increased sox2 expression phenotypes (see color code), embryo numbers were normalized to 100%. AC, amacrine cells; DA, dopaminergic; NA, noradrenergic;
Tc, telencephalon; PrT, pretectum; DC, diencephalic groups; Lc, locus coeruleus; MO/AP, medulla oblongata/area postrema; MN, motor neuron cluster; VZ, ventricular
zone; RPZ, retinal proliferation zone; PA, pharyngeal arches; NP, nasal placodes; DC/MB, diencephalon and midbrain region; HB, hindbrain.
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in the hindbrain were reduced after treatments with
Bromosporine and JQI but were unaffected by I-Betl51
treatments. These effects were not restricted to DA or NA
neurons, since in bromosporine treated embryos islI neurons
were also reduced in the Tc and the hindbrain cluster MNV (p <
0.001; Figures 6D-F). We observed a similar reduction in islI
neurons in Tc and MNV in embryos treated with JQ1 and I-
Betl51 (p < 0.001 each; Supplementary Figure 4H).
Bromosporine caused a strong decrease in sox2 expression in
NSCs in the ventricular zone and retinal proliferation zone (p <
0.001; Figures 6G-I), while pharyngeal sox2 expression was
unaffected. JQ1 also causes a strong decrease in sox2
expression in NSC in the VZ and RPZ (Figure 6I). Loss of
sox2 expression in NSCs suggests that reduced numbers of th and
islI:GFP expressing neurons may be caused by a depletion of
sox2 expressing NSCs. I-Bet151 also resulted in reduction of sox2
expression in VZ (Figure 6I; Supplementary Figure 4M).
Treatments with Bromosporine and JQ1 also cause an overall
increase in apoptosis. We counted significantly more apoptotic
cells in telencephalon and retina of zebrafish embryos treated
with bromosporine (Figures 6J-L; p < 0.001). JQ1 caused a
significant increase in apoptosis in each of the anatomical regions
analyzed except the nasal placode. Surprisingly, we did not
observe any specific effect on apoptosis in the I-bet151 treated
larvae. The morphometric analysis of the retinal diameters in
Bromosporine, I-Betl51 and JQl treated larvae showed no
significant changes with respect to the 96 hpf DMSO treated
control larvae (Supplementary Figure 6). In summary, the
severe effects of Bromosporine, JQ1 and I-Betl51 on DA or
NA as well as is/I neuron development may be caused by loss of
NSCs, increased apoptosis, but may also directly affect
neuronal differentiation.

pan-HAT Inhibitors PU139 and PU141

The primary screen revealed HAT inhibitors PU139 and PU141
to affect th expression within DA neuron groups in DC4/5/6. In
contrast, cell counts revealed that PU139 or PU141 reduced the
numbers of th expressing cells in the DA neuron clusters PrT,
DCI1 and in the retina (p < 0.005; Figures 7A-C) but not in DC4/
5/6. We found isl1 expressing MNVa and MNVII motor neurons
numbers to be increased in PU141 treated embryos (p < 0.005;
Figures 7D-F). Furthermore, islI:GFP transgene expression
revealed in PU141 treated embryos a failure in proper
neuronal migration of motor neuron cluster MNVII, which
arise in rhombomere 4 and normally subsequently migrate
into rhombomere 6. Combined with the small head size of the
treated embryos this observation might indicate developmental
delay caused by the inhibitor. Interestingly, sox2 expression levels
appear elevated within ventricular and retinal proliferation zones
after exposure to PU141 (Figures 7G-I), however the strength of
the effect varied between treated embryos. PU141 caused a
significant increase in apoptotic cells in the tel- and di/
mesencephalon (Figures 7J-L; p < 0.001). In contrast,
treatment with PU139 caused increased apoptosis in the
hindbrain but no significant increase in other brain regions
(Figures 7J-L; Supplementary Figure 4S; p < 0.001). The

morphometric analysis of the retinal also revealed a decrease in
in PU139 and PUI141 treated larvae by 6.27 and 8.38%
respectively (p < 0.001) as compared to the 96 hpf control
larvae. This decrease is comparable to the change during
normal developmental progression from 72 to 96 hpf
(Supplementary Figure 6), suggesting that PU139 and PU141
cause severe developmental delay.

DISCUSSION

Epigenetic mechanisms have been difficult to link to specific
developmental processes using genetic approaches, especially
when studying organogenesis or neuronal differentiation, rather
late events in development. This difficulty may be caused by
epigenetic factors acting throughout development, with early loss-
of-function phenotypes obscuring later development, or by partially
redundant gene functions of families of epigenetic regulators
controlling specific epigenetic mechanisms. Chemical genetic
screens have been developed to address exactly these problems
(Yeh and Crews, 2003), applying small molecule compounds that
may affect whole classes of active proteins, and can be applied
selectively during defined developmental phases. In this study, we
describe a chemical genetics screening strategy to uncover
chromatin regulatory mechanisms during neural development in
vivo using zebrafish embryos. We focus our screen on DA neurons,
which are well characterized in zebrafish. While midbrain DA
neurons are extensively studied in mammalian systems, much less
is known about development of other forebrain DA groups.
However, since most forebrain DA groups are well conserved
from fish to mammals, we hope that our approach may also
stimulate analysis of epigenetic control of DA groups in
mammalian systems.

We screened a selected set of small molecule inhibitors of
canonical chromatin regulators for effects on DA neuron marker
expression in situ in treated embryos. As a model system, zebrafish
embryos are well suitable for this kind of screening strategy. Several
small molecule screens in zebrafish embryos have been performed
to uncover novel regulators of stem cell homeostasis, embryonic
development, inflammation or behavioral states (Peterson et al.,
2000; North et al, 2007; Kokel et al, 2010; Rihel et al, 2010;
Robertson et al., 2014; Richter et al., 2017). In these screens,
embryos or larvae are incubated in solutions of the active
compounds, which are assumed to be taken up passively through
skin and gills, often facilitated by including non-lethal
concentrations of organic solvents like DMSO. Previous small
molecule screens in zebrafish were performed by testing large
numbers of compounds at preset concentrations. However, we
chose to focus on small molecule inhibitors with specific activities
and restricted predefined targets. We tested each small molecule to
identify potentially effective and lethal concentrations and
performed multiple rounds of screening to define an optimal
concentration for each compound based on phenotypes and
lethality. Therefore, the number of tested small molecules is
limited and hit rates from our screen may not be comparable to
previous large screens using zebrafish embryos. A chemical genetics
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FIGURE 7 | Quantification of Secondary Screen, HAT inhibitors. (A-C) Analysis of th expression (WISH) for DA and NA neuron development. (D-F) Immunohistochemistry
for 1sI1-GFP positive cranial motor neurons. (G-I) WISH analysis of sox2 expression in neural stem cells. (J-L) TUNEL assay to detect apoptotic cells. Embryos were
treated with the HAT inhibitors PU139 or PU141 from 24 to 72 hpf and fixed at 96 hpf. (A, B, D, E, G, H, J, K) Dorsal views of heads of larvae, images generated from
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(C) th expressing cells, (F) is/1:GFP transgene expressing cells, (L) apoptotic cells. Error bars depict standard deviations of the means. Asterisks indicate significant
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sox2 expression phenotypes (see color code) and embryo numbers were normalized to 100%. AC, amacrine cells; DA, dopaminergic; NA, noradrenergic;

Tc, telencephalon; PrT, pretectum; DC, diencephalic groups; Lc, locus coeruleus; MO/AP, medulla oblongata/area postrema; MN, motor neuron cluster; VZ, ventricular
zone; RPZ, retinal proliferation zone; PA, pharyngeal arches; NP, nasal placodes; DC/MB, diencephalon and midbrain region; HB, hindbrain.

3]

Number of th expressing cells
(normalized)

M 1%DMSO W PU139
[TPU141

- N
o o

-
o

[nd
)

o

Tc PrT Ac DC1 DC3 DC2 Ds%l-/ LC MO

m1%DMSO  m PU139

2} *
T 16,0 *
g PU141 ’_‘ |_*Iv—|
Qa
w o
O N10
- ®©
ZE
5 2
g 04
Q
€
Z o0
Tc  MNIIV  MNVa MNVp  MNVII
| M absent M decrease W normal M increase
c VZ RPZ PA
-%100%
2 80%
2 60%
3 40%
2
o 20%
c
& 0%
o 1 2 1 2 1 2

1: DMSO 2: PU141

H 1%DMSO B PU139
[ PU141

(normalized)
Noow s
o o o

Number of apoptotic cells r
5

NP Tc DC/MB HB retina

approach also offers advantages to study chromatin regulator
functions during development in vivo. Chromatin regulators are
crucial for early embryonic development, and vertebrate genetic
knock-out models of these proteins are often embryonic lethal (Yu

et al,, 1995; Schumacher et al., 1998; O'Carroll et al., 2001; Bledau
et al., 2014; Andricovich et al., 2016; San et al.,, 2016). Furthermore,
chromatin regulators often function in the context of multi-protein
complexes with distinct functional subunits and cellular targets
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(Chen and Dent, 2014). Genetic knock-out of a single subunit might
result in the disassembly of these multi-protein complexes (Dou
et al,, 2006). In contrast to genetic studies, small molecule inhibitors
allow to study time- and dose-dependent effects of altered epigenetic
states, while multi-protein complex assembly may remain
unaffected. Many chromatin regulators also comprise several
families of related proteins, implying functional redundancy
between different members (Arrowsmith et al., 2012). Redundant
functions of different protein family members might mask some
phenotypes in genetic studies, but multiple genetic knock-outs in
vertebrate models are often not feasible. Small molecule inhibitors
often target shared structural and functional protein motifs and thus
modulate the activity of several related chromatin regulators. Our in
vivo chemical genetics approach also has limitations. Several
efficacious small molecules may be missed as screening hits
because of inefficient uptake by the embryo or because the
compound is degraded in metabolic processes. Small molecule
inhibitors targeting chromatin regulators have been developed
predominantly for the treatment of cancer in humans, because
many genetic alterations in human cancers lead to aberrant activity
of these proteins (Marks and Breslow, 2007; Chi et al, 2010).
Therefore, most small molecule inhibitors efficiently target the
human orthologues of chromatin regulators and the efficacy of
these compounds has been tested only in mammalian cells. Efficacy
and activity studies of most of these compounds in the zebrafish
model are currently missing.

In this study, we identified and further characterized seven
small molecule inhibitors that affect DA neuron development in
zebrafish embryos. These compounds are the HDAC class 1
inhibitors Entinostat and Mocetinostat, the pan-Bromodomain
inhibitor Bromosporine, the Bet-Bromodomain inhibitors JQ1
and I-Bet151, and the pan-HAT inhibitors PU139 and PU141.
Only compounds modulating histone acetylation emerged as
screening hits. However, the restricted number of identified
screening hits might be due to differences in bioavailability and
efficacy compared to mammalian system.

In this study, we did not experimentally validate, whether the
identified HDAC and Bromodomain inhibitors alter histone
acetylation or recognition in zebrafish larvae. However, for
most of these compounds, the specificity and activity on
histone acetylation or acetylated histone recognition,
respectively, have recently been reported for larval and adult
zebrafish tissues (Pfefferli et al., 2014; Vleeshouwer-Neumann
et al.,, 2015; Pinho et al., 2016; Chan et al., 2019; Sato et al., 2019).
An increase in the levels of histone acetylation has been reported
in zebrafish tissues after treatment with the HDAC inhibitors
Entinostat, Mocetinostat and Vorinostat. Treatments of larval
zebrafish from 72 until 120 hpf with Entinostat causes
hyperacetylation of H3K9 as evident from Western Blot
analysis of whole larval extracts as well as from acetylated
H3K9 immunostain (1 pM Entinostat/MS-275; Pinho et al,
2016). Mocetinostat caused a similar hyperacetylation of
histones H3 and H4 in lysates from adult zebrafish fin
regenerates, as evident from Western Blot analysis (5 pM
Mocetinostat/MGCDO0103; Pfefferli et al., 2014). Vorinostat has
been applied to zebrafish models of embryonal

rhabdomyosarcoma (ERMS) and the HDAC inhibitor is able
to increase the acetylation of histones H3 and H4 in zebrafish
ERMS tumors (50 uM Vorinostat/SAHA; Vleeshouwer-
Neumann et al., 2015). These findings indicate that the three
HDAC inhibitors are bioavailable and have specific activity in
zebrafish tissues. Given that we observe phenotypes in the same
concentration ranges, we conclude that the phenotypes are
indeed caused by changes in histone modifications. The Bet-
Bromodomain inhibitors block Bet-family proteins binding to
acetylated histones, and thus might inhibit active transcription
(Jang et al., 2005; Loven et al., 2013). Recently, JQ1 has been
reported to block active transcription and RNAP2 recruitment
during zygotic genome activation in zebrafish embryos [43.8 uM
at blastula stage (Chan et al., 2019); 10 pM at Blastula stage (Sato
etal,, 2019)]. Furthermore, live cell imaging in zebrafish embryos
revealed that JQI efficiently abolished the binding of a
bromodomain containing reporter construct to Fab-based live
endogenous labeled H3K27ac sites (Sato et al., 2019). Together,
these data suggest that the bromodomain inhibitor JQ1 is active
in larval zebrafish tissues and specifically blocks recognition of
acetylated histones. Considering the high sequence conservation
of histones as well as of active sites in epigenetic factors (for
example, see Pinho et al., 2016), we assume that for many
epigenetic compounds active concentration range and
specificity may be conserved.

We found, that HDAC, bromodomain, and HAT inhibitors
had similar effects on DA neuron development. Chemical
inhibition of chromatin regulators having opposing
functions on chromatin, such as HDACs and HATSs resulted
in similar phenotypes, which may be explained by shared
epigenetic mechanisms affecting both positive and negative
control of DA neurogenesis. Some studies put forward that
certain cell-type specific transcription factors recruit both
activating and repressing factors to chromatin (Rodriguez
et al., 2005). Our findings are also in concordance with
recent studies that demonstrated HDAC and Bet-
Bromodomain inhibitors to regulate common
transcriptional networks in Myc-induced murine lymphoma
cells (Bhadury et al,, 2014). Embryos treated with the HAT
inhibitors PU139 and PU141 appeared developmentally
delayed as observed from retinal diameter and isl1:GFP
neuron positioning. The observed embryo to embryo
variation may be explained by a variable delay in the onset
of DA neurogenesis in the treated embryos. A treated embryo
with delayed DA marker expression would eventually be
classified as a screening hit with decreased expression.
General developmental delay could be caused by a broad
range of mechanisms, including those affecting stem cell
maintenance or proliferation. Recently, a study found that
the HAT inhibitor PU141 has non-specific targets and effects
in cell assays, when applied at a concentration of 10 and 100
uM (Dahlin et al., 2017). However, it was demonstrated that in
vivo PU141 causes hypoacetylation in neuroblastoma
xenograft mouse models (Gajer et al., 2015).

Our screen revealed HDACs to be involved in DA
neurogenesis within specific clusters of the embryonic zebrafish
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brain. However, HDACs are likely not specific regulators of DA
neurogenesis, since we also found th expressing NA neurons and
isl1:GFP transgene expressing motor neurons affected in treated
embryos. HDAC inhibitors and HDAC 1 have been previously
found to be involved in neurogenesis in zebrafish. The HDAC
inhibitor valproic acid negatively regulates expression of the
proneural genes asclla and ascllb, and leads to impaired
serotonergic neurogenesis in embryonic zebrafish brains (Jacob
et al, 2014). Genetic analysis of zebrafish mutants revealed that
HDACI1 promotes histone acetylation in the embryonic brain to
sustain core neurogenic transcriptional networks and to modulate
Notch signaling activity during motor neuron generation and
retinal neurogenesis (Cunliffe, 2004; Stadler et al., 2005; Harrison
et al, 2011). This evidence suggests that HDACs are involved in
the global regulation of neurogenesis in zebrafish.

Furthermore, inhibition of Bromodomain containing
proteins interfered with DA neurogenesis as well as with sox2
expressing stem cells in the ventricular zone. Based on the
subtype specificity of the small molecule inhibitors JQ1 and I-
Bet151, we presume Bet Bromodomain proteins to mediate these
effects. This family contains the similar proteins Brd2, Brd3, and
Brd4. They regulate transcriptional elongation in cells mediated
by their interaction with PTEFB (Jang et al., 2005).The role of Bet
Bromodomain proteins in development and in particular in
neurogenesis remains elusive. In mice, homozygous Brd4
knock-out animals are embryonic lethal (Houzelstein et al.,
2002). A recent study found that JQ1 treatments of adult mice
impairs synaptic function and memory formation by blocking
the transcriptional networks underlying synaptic plasticity (Korb
et al, 2015). We provide evidence that Bet Bromodomain
proteins might also regulate embryonic neurogenesis.

The screening data point towards a potential influence of the
small molecule treatments on proliferative or early post-mitotic
DA precursor cells. Previous birth date analysis revealed distinct
temporal requirements for cell-cycle exit and the neurogenic
switch in distinct DA precursor populations (Mahler et al.,
2010). Small molecule inhibitor treatments predominantly
affected development of DA cell in TC and PrT groups that
show a continuous progenitor release from long-term cycling
stem and precursor populations during the time interval of the
chemical exposure. Compound treatments did not affect early
neural plate derived neurons that differentiate during primary
neurogenesis, such as DC2 DA neurons or NA neurons of the LC,
which both become postmitotic prior to our chemical exposure
time window. However, it was observed that HDAC inhibitors did
affect the early born DC2 DA neurons when applied in an early
time window beginning at 12 to 48 hpf, thus suggesting that
HDAC inhibitors may be acting on the proliferation or
maintenance of DA precursors. Furthermore, the Bromodomain
inhibitor Bromosporine might act by a depletion of sox2
expressing NSCs as demonstrated by a strong decrease of sox2
expression within the ventricular zone. HDAC and Bromodomain
inhibitors might act on neuronal precursors by either interfering
with proliferation and self-renewal or they may affect cell-cycle
exit and differentiation. To address this question, we stained for
phospho-Histone 3 (pH3) and found that pH3 is only slightly

reduced overall, while even enhanced in the RPZ (Supplementary
Figure 7), suggesting that stem cell maintenance but not
proliferation may be predominantly affected. Genetic studies in
mice suggest that HDACs promote proliferation, since HDAC 1
mutant mice show an overall decrease in cell proliferation (Lagger
et al., 2002). Zebrafish HDAC 1 mutants exhibit a similar block in
proliferative precursors within the hindbrain (Cunliffe, 2004).
Evidence from several cancer cell lines suggest that HDAC and
Bromodomain inhibition effectively shuts down proliferation and
cancer growth by targeting oncogenic gene expression profiles
(Condorelli et al., 2008; Lee et al.,, 2015). In the zebrafish retina,
HDAC 1 is required for cell-cycle exit and differentiation of
mature neurons (Stadler et al, 2005). Our findings are also in
line with several genetic knock-out studies that found chromatin
regulators to act on the level of NSC or progenitor cell self-
renewal, proliferation or differentiation capacity (Fasano et al,
2007; Lim et al., 2009; Feng et al., 2017).

Whether epigenetic mechanisms in embryonic DA
neurogenesis also impact on progression in Parkinson's disease
remains to be determined. Recently, there has been strong
interest in epigenetic mechanisms in mammalian midbrain DA
development, stem cell derived new dopaminergic neurons, as
well as in potentially neuroprotective pathways that may slow
down disease progression (van Heesbeen et al., 2013; Renani
et al., 2019; van Heesbeen and Smidt, 2019). In animal models of
Parkinson's disease, HAT inhibitors in co-treatment with L-
DOPA have been suggested to have therapeutic potential (Ryu
et al., 2018). However, in elderly patients, the HDAC inhibitor
valproic acid has been revealed to promote parkinsonism
(Mahmoud and Tampi, 2011). The genome-wide effects of
epigenetic compounds may thus complicate identification of
epigenetic drugs which delay disease progression with minor
side effects only.

In summary, our chemical genetics screen identified
chromatin modifying processes involving HDACs, HATSs
and Bromodomain containing proteins to participate in DA
neurogenesis in vivo. The screen provides a first resource for
the characterization of novel regulators of DA neurogenesis.
Further work combining genetics and biochemical approaches
are required focusing on the role of these chromatin regulators
in the context of transcription factor networks to identify
combined epigenetic and transcriptional control of DA
neuron development.
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