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Abstract

Background: Lysine-Specific Demethylase 1A (Kdmla) is the first discovered histone lysine-specific demethylase, and mutations in
kdm1a have been detected in neurodevelopmental disorders. However, the effect of kdma on neurobehaviors and the underlying mecha-
nisms remain largely unknown. Methods: In this study, kdm la deficient zebrafish were constructed using (clustered regularly interspaced
short palindromic repeat) Clustered Regularly Interspaced Short Palindromic Repeats/CRISPRassociated protein 9 (CRISPR/Cas9) and
the neurodevelopment was systematically assessed by a series of behavioral tests. Results: We found that kdmla knockout zebrafish
exhibited developmental toxicity and abnormal neurobehaviors, including locomotor abnormalities, and learning and memory deficits.
Kdma deficiency suppressed central nervous system (CNS) neurogenesis in Tg (HuC:egfp) zebrafish, reduced motor neuron axon length
in Tg (hb9:egfp) zebrafish and downregulated the expression of neurodevelopment related genes at 96 hours post fertilization (hpf). In
addition, the expression of genes related to autophagy and apoptosis increased significantly in kdma knockout zebrafish. Conclusions:
These results indicated that kdmla deficiency induced locomotor abnormalities and learning and memory deficits in zebrafish larvae
accompanied by activation of autophagy and apoptosis. These findings indicate a key role of kdmla in neurodevelopment, providing
novel insights into the mechanisms underlying the neurodevelopmental disorders.
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1. Introduction tures, skeletal anomalies and cognitive impairment [12,13].
Additionally, several studies have shown that kdm/a is in-
volved in neurological disorders. Christopher et al. [14]
reported that deletion the kdmla gene in adult mice leads
to paralysis, along with widespread neuronal cell death in
the hippocampus and cortex, and associated learning and
memory deficits. However, studies on the potential molec-
ular mechanisms of the neuronal damage mediated by loss
of kdmia are still limited.

Lysine-Specific Demethylase 1A (Kdmla) (also
known as LSD1, or BHC110) is the first discovered histone
lysine-specific demethylase, which is an amine oxidase
histone demethylase. kdmia maps to 1p36.12, which
encodes a nuclear protein containing a Swi3p, Rsc8p, and
Moira (SWIRM) domain, a flavin adenine dinucleotide
(FAD)-binding motif, and an amine oxidase domain.
Kdmla is a component of several histone deacetylase
complexes. It mono-methylates and di-methylates histone A study has indicated that kdm1a is an essential reg-
H3K4 or H3K9 via a FAD-dependent amine oxidation  ylator of autophagy [15]. Autophagy is accompanied by
reaction [1-3]. Previous studies have shown that kdmla  jpcreases in microtubule-associated protein 1 light chain
plays an important role in a variety of physiological pro- 3 Jipidated LC3-I1 and cytosolic LC3-I (LC3I/LC3I) and
cesses, such as the cell cycle, chromosome segregation, cell  gecreases in sequestosome 1 (p62) [16]. Some studies
differentiation, cell proliferation, stem cell self-renewal, have found kdmla depletion triggers autophagy in neu-
spermatogenesis, the epithelial-mesenchymal transition  roplastoma cells through the Sestrin 2-Mechanistic Tar-
and tumorigenesis [4-0]. Kdmla is also required for  get of Rapamycin Complex1(SESN2-MTORC!) pathway
neurogenesis, and plays a role in neuron progenitor cell [17]. Autophagy is involved in neuronal damage [18].
proliferation [7-9] and terminal differentiation [10,11]. Prostate cancer cells are suppressed by inducing apoptosis

Mutations in kdmla have been recently identified in ~ and autophagy can be induced with the specific kdm!a in-
a new neurodevelopmental disorder, which phenotypically ~ hibitor N-[(1S,2R)-2-Phenylcyclopropyl]-1H-pyrrolo[2,3-
resembles Kabuki syndrome but with distinctive facial fea- b]pyridin-4-amine (NCL-1) [19]. Therefore, we hypothe-
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sized that loss of kdmla may induce abnormal autophagy
and apoptosis, which results in neurodevelopmental disor-
ders.

Zebrafish (Danio rerio) are an ideal model for devel-
opmental and neurological studies due to their rapid ex-
ternal development, efficient reproduction, optical trans-
parency and genetic similarities to humans [20]. Larval ze-
brafish begin to swim freely at 5 days post-fertilization (dpf)
and the emergent patterns of development and movement
are well-described [21]. Two transgenic (Tg) zebrafish
models (HuC:egfp and hb9:egfp) provide visualization and
analysis for neurogenesis and axonogenesis in vivo. Previ-
ous studies mostly focused on the effect of kdmla on the
developmental and behavioral characteristics in adult ani-
mal models [14,22], while the effect during early life stages
has been less studied. Hence, zebrafish were used to help
elucidate the potential neurotoxicity induced by kdmla de-
ficiency and the potential mechanisms.

In this study, we established the inaugural kdmla
knockout zebrafish model, achieved through Clustered
Regularly Interspaced Short Palindromic Repeats/CRISPR-
associated protein 9 (CRISPR/Cas9) genome editing. The
kdm1a-deficient zebrafish larvae exhibited multiple behav-
ioral abnormalities, such as locomotor abnormalities and
learning and memory deficits during the early stages of de-
velopment. Kdmia deficiency also affected central nervous
system (CNS) neurogenesis and reduced motor neuron axon
length. Moreover, depleting kdmla activated autophagy
and apoptosis through abnormal gene transcription. These
results strengthen our understanding of the role of kdmla
during early neurodevelopment, providing a potential new
target for neurodevelopmental disorders in the future.

2. Materials and Methods
2.1 Chemicals and Reagents

Rabbit anti-NeuN (1:1000, ab104225, Abcam, Cam-
bridge, MA, USA), mouse anti-Microtubule-Associated
Protein 2 (MAP2) (ab11267, Abcam, 1:1000), donkey poly-
clonal secondary antibody to rabbit IgG (1:1000, Alexa
Fluor488, ab150061, Abcam), donkey polyclonal sec-
ondary antibody to mouse IgG (1:1000, Alexa Fluor594,
ab150108, Abcam). Acridine orange (AO) stain (A9231)
and tricaine methanesulfonate (MS-222) (E10521, 98% pu-
rity) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Hematoxylin and eosin (HE) (C0105M) and Nissl
staining (CO117) were performed using commercial kits
from the Beyotime Institute of Biotechnology (Shanghai,
China). Trizol reagent (9109), reverse transcription reagent
kits (RR037A), and SYBR-green RT-PCR kits (RR420A)
were obtained from TaKaRa (TaKaRa, Dalian, Liaoning,
China).

2.2 Animal Husbandry

The Tg zebrafish (HuC:egfp andhb9:egfp) and wild-
type zebrafish (TU strain) were purchased from the model

animal research center of Nanjing University, China. All
experiments were performed following the Guidelines for
Laboratory Animals. The zebrafish were maintained in
a recirculating culture system at 28.5 °C with a 10/14 h
dark/light cycle according to standard conditions. The wa-
ter circulating in the system was filtered by reverse os-
mosis (pH 7.5). The zebrafish were fed twice daily with
brine shrimp. The zebrafish larvae used in the behavioral
tests were 5—10 days old. The fish were randomly assigned
to groups using a computer-generated randomization se-
quence. The experimenter was unblinded to group alloca-
tion during data collection and analysis to minimize bias.
Blinding of the experimenter was not feasible; however,
steps were taken to mitigate bias, such as objective outcome
measures and independent assessors. After the experiment
is completed, zebrafish larvae were euthanized at the des-
ignated time points by an overdose of tricaine methanesul-
fonate (MS-222, 300 mg/L) buffered with sodium bicarbon-
ate (pH 7.0), followed by prolonged immersion (=10 min af-
ter cessation of opercular movement) to ensure death prior
to disposal. This method complies with AVMA guidelines
for euthanasia of zebrafish and was approved by the Animal
Care Committee of Nanjing Medical University.

2.3 Generation of Kdmla Deficient Zebrafish by
CRISPR/Cas9

The detailed procedure for zebrafish CRISPR/Cas9
editing was described previously [23]. The kdmla target
in this study was 5'-CAAAACCAAGCAGGACAACTT-
3’. A solution containing 400 pg of Cas9 mRNA and 250
pg of gRNA was prepared for microinjection. Mutation
sites were verified by comparing on the unaffected wild-
type sequences (chimerism). To generate heterozygous
kdmla™/~ mutants, chimeric founders were outcrossed to
wild-type TU strain zebrafish for three consecutive genera-
tions. Then, kdmIa™/~ males and kdmIa*/~ females were
crossed to obtain kdmla—/~ littermates.

2.4 Assessment of Embryonic Development

Embryos were collected at 2 hours post-fertilization
(hpf) and normally fertilized and developed embryos were
selected for the subsequent experiment (n = 50 in each
group). Hatching and survival rates were manually counted
every 24 hpf. The malformation rate was quantified at 96
hpf, while heart rate was assessed at 48 hpf. After anes-
thetizing the fish in MS-222 (168 mg/L), the abnormally
developing embryos during different periods were observed
and captured by stereoscopic microscopy (SMZ18, Nikon,
Tokyo, Japan). The fluorescence intensity of green fluo-
rescent protein (GFP) in HuC:egfp zebrafish larvae (n =
10) and the axonal length of motor neurons in #b9:egfp ze-
brafish larvae (n = 10 in each group) were quantified us-
ing Imagel software (version 1.53k; National Institutes of
Health, Bethesda, MD, USA)
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2.5 Behavioral Assessment

Zebrafish larvae were subjected to four behavioral
tests, including a spontaneous locomotor activity test, the
open field test, the mirror image attack test, and the Y-maze
test. Previous studies reported that 12—15 larvae per group
is suitable for assessing behavior [24]. To facilitate adap-
tation, zebrafish were allowed a 2-minute period for tank
acclimation prior to experimentation. All tests were mon-
itored and evaluated with the Zebralab ViewPoint system
(version 3.90; manufactured by ViewPoint Life Sciences,
Lyon, France) from 10 AM. to 5 PM. All experiments were
performed at least three times independently.

2.5.1 Locomotion Test

A larval locomotion test was performed using a previ-
ously published method [25]. Zebrafish larvae (5 days post-
fertilization [dpf], n= 12 in each group) were randomly se-
lected from each group and added to a 24-well plate with
a single animal in each well. Videos were recorded for 10
min by a camera on top of the tank. The swimming speed
of the larvae was analyzed using ZebralLab software (ver-
sion 5.10; manufactured by ViewPoint Life Sciences, Lyon,
France), and the active times were quantified by the loco-
motor activity assay.

2.5.2 Open Field Test

The open field test was conducted as described previ-
ously [26]. The experimental arena was partitioned auto-
matically into 16 identical sectors, with the innermost four
sectors designated as the central area. Zebrafish larvae (n
=12 in each group) were allowed to swim freely inside the
tank for 15 min. The swimming distance and time spent in
the central zone were calculated.

2.5.3 Mirror Attack Test

The mirror test was performed following the protocol
of a previous study [27]. The transparent 5 x 3 x 2 cm
acrylic tank was used with a 3 X 3 cm mirror on one side of
the tank. The region in which the zebrafish (n = 12 in each
group) could touch the mirror was designated as the “mirror
area” (2.5 cm in width). The distance moved and the time
spent in the “mirror area” were calculated.

2.5.4 Y-maze Test

The Y-maze task was conducted with 7—8 dpf fish to
assess learning and memory ability as described in previ-
ous studies [28]. The Y-maze was composed of three arms
at 120° to each other (6 x 2 x 2 cm). The outer surface of
each arm was covered with a layer of black adhesive film
to block external stimuli. Each arm had a white square, tri-
angle, or circular incision (one shape per arm). During the
first trial (training, 5 min), the zebrafish (n = 12 in each
group) were allowed to explore only two arms (start and
open arm), with the third arm (novel arm) closed. For the
second trial (1 hour later), zebrafish were placed back in the
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same starting arm, with free access to all three arms for 5
min. The training and test sections were recorded and the
distance moved and time spent in the “novel arm” were as-
sessed.

To minimize potential experimenter bias during be-
havioral data collection and analysis, key experiments
were conducted with the assistance of independent asses-
sors who were not involved in the experimental treatment
groups’ daily management and were blinded to the geno-
type/treatment conditions. For all larval behavioral tests,
video recordings were scored automatically using auto-
mated tracking software where possible. For parameters re-
quiring manual scoring, the videos were randomized and as-
sessed by two independent researchers who were blinded to
sample identity. Their scored results were then compared,
and any discrepancies were re-evaluated jointly to reach a
consensus. This approach ensured that the quantification of
behavioral phenotypes was objective and unbiased.

2.6 Assessment of Apoptosis

To visualize apoptotic cells within 96 hpf larvae, acri-
dine orange staining (AQO) staining was carried out. Briefly,
live larvae (n = 10 in each group) were cultured with AO
solution (5 pg/mL) for 30 min in the dark at room temper-
ature, and then washed three times. Stained larvae were
photographed by a stereoscopic microscope following the
manufacturer’s instructions (model Stemi 508; Carl Zeiss,
Tokyo, Japan) after anesthesia (0.01% MS-222).

2.7 Histopathological Evaluation of Brain Tissue

Zebrafish larvae (n = 10 in each group) were fixed in
4% paraformaldehyde solution (P0099, Beyotime) for 24 h
and then transferred to a graded ethanol series. After dehy-
dration in ethanol, the tissues were embedded in paraffin-
wax. Then the brain tissue blocks were sectioned at 5 pm
thickness, and stained with HE for microscopic examina-
tion.

2.8 Nissl Staining

Paraffin sections were obtained by the method de-
scribed above. The brain sections (n = 10 in each group)
were dewaxed in a microwave with an antigen repair solu-
tion for 30 min. The slices were fixed in 4% paraformalde-
hyde at room temperature for 20 min and rinsed in water for
2 min. The treated samples were stained with Nissl staining
solution for 5 min. The Nissl-positive cells were visualized
under a light microscope (Product No.: C1791, Millipore-
Sigma, Burlington, MA, USA).

2.9 Immunofluorescence

Paraffin sections were obtained by the method de-
scribed above. The brain sections (n = 10 in each group)
were dewaxed for 30 min in a microwave with an antigen re-
pair solution, permeabilized for 5 min with 0.3% Triton X-
100 (P0096, Beyotime) in PBS, and blocked for 30 min with
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C kdm1a

wt allele

wt protein

CTTCAGCTGTGGTTGGACAACCCCAAAGTCCAGCTCACCTTTGAGGCCACAGTGCAGCA
GCTAGAAGCTCCATACAACAgtaagtgtgtacaagtcatttcatgttttacagttcact 1.54
aaatgtttagatctatttctatctgttttgctgtctttgtgcatatttattaatttgte
tgtggtttctctctgcagGTGATGCCGTCCTGGTCCACCGGATACACAGCTATTTAGAG
AGACACGGGTTTATCAACTTTGGCATCTACAAGAGAGTAAAGCCTCTACCAA

LOLWLDNPKVQLTFEATVQQLEAPYNSDAVLVHRIHSYLERHGFINFG

RVKPLP

kdm1a*- allele

kdm1a*- protein | 1.0 NPKVQLTFEATVQQLEAPY!

CTTCAGCTGTGGTTGGACAACCCCAAAGTCCAGCTCACCTTTGAGGCCACAGTGCAGCA
GCTAGAAGCTCCATACAACAgtaagtgtgtacaagtcatttcatgttttacagttcact
aaatgtttagatctatttctatctgttttgctgtctttgtgcatatttattaatttgte
tgtggtttctctctgcagGTGATGCCGTCCTGGTCCACCGGATACACAGCTATTTAGAG
AGACACGGGTTTATCAA-TTTGGCATCTACAAGAGAGTAAAGCCTCTACCAA
VLVHRIHSYLERHGF INLASTRE*

0.5+

Relative mRNA Level

0.0 T

1 11 21 31 a1 s1 51 71 81 81 101 51 161 171 181
wt GCAAMAGTTGAT AMACCCGTGTCTCTCTAMATAGCTGTGTATCCGGTGGA
0009 3202112  CTTTTCTGACAATGGAATATAATTGAATGTGGAAMAAGCCTTGTACTTCTGCCACCLT: CATTAGTATCTCTGCAT TGTAGAATTGAGTTCAATTACTTGGTAGAGGC TTTACTC TCTTGTAGATGCYAAA-TTCATAAACCCGTGTCTCTCTAAMATAGCTGTGTATCCGGTGA
Consensus ttggtagaggotttactotetigtagatgecaas TTgatasaccogtgtotototaaatagotgtgtatecggtega
191 201 211 221 231 241 251 261 271 281 291 301 311 321 331 341 351 361 371
Wt CCAGGACGGCATCACCTGCAGAGAGAAACCACAGACAAAT TAAT AAATATGCACAAGAC AGCARAAC AGAT AGAAAT AGATCTAAAC ATTTAGTGAACTGT AAAACATGAAATGACTTGTACACAC TTACTGTTGTATGGAGC TTCTAGCTGCTGCACTGTGGCCTCAAAGGTE GACTTTGGGG
0009 3202112 CCAGGACGGCATCACCTGE: CACAGACAARTTAATARATATGCACARAGAC AGCAAARCAGAT AGAAATAGATCTAAACATTTAGTGAACTGTAAAACATGAAATGACTTGTACACACTTACTGTT GAGCTTCTAGETGCTGCACTGTGGCCTCAMAGGTGAGCTGGACTITGGGG
c taataaatat aacatt taszacatgasate tactgt gotzotgoactgt ttzzee
381 391 401 411 421 431 441 as1 461 an 481 491 so1 s11 s21 531 s41 551 s61
Wt TTGTCCAACCACAGE
0009 3202112  TTGTCCAACCACAGCTGAAGCTGATTATTCAAAAMAAGAGGATCTTAMACATGTACCGAAAACATTTCTTTCTACACTAGCATTATAATCTTGGCTCAGAMT ATATTAAAGAAATCTTACACAAAGCTTTTTTACCATGATGATCTAGCAATCGT AMACATTTATTAATAAT AATACTGAAAAMAGTT
Consensus  ttgtccaaccacagetgaag
sT1 s81 s91 801 811 821 831 Ba1 651 861 871 881 891 701 T11 721 731 T41 751

bl S
0009 3202112 GTCCTGTTTTTGGTTTTTGGA

Fig. 1. Generation of kdmla deficient zebrafish. (A) The genomic and protein architecture of zebrafish kdmla. The nucleotides in

black are gene sequences. The translated amino acid sequences are marked with red words, and the amino acid which change resulting

from frame shift mutations are highlighted by yellow. (B) Sequence alignment of the WT and kdmla~/~ zebrafish line, including the

—1 bp deletion in homozygotes. (C) Relative mRNA level of kdmIa in the kdmla deficient zebrafish larvae (n = 20 in each group). Data

were presented as mean + SD of at least three independent experiments.

standard deviation; kdm la, Lysine-Specific Demethylase 1A.

3% bovine serum albumin (ST023, Beyotime). The brain
tissues were incubated with anti-MAP2 and anti-NeuN an-
tibodies (1:200) overnight at 4 °C and stained with 4’,6-
Diamidino-2-Phenylindole (DAPI) solution (C1006, Bey-
otime). Images were captured with a Nikon Eclipse Ti2 in-
verted fluorescence microscope (Serial N12345, Nikon In-
struments Inc., Melville, NY, USA).

2.10 Gene Expression Profiling

Total RNA was isolated from larvae sample (about 20
tails/group) with Trizol reagent. First-strand cDNA was
synthesized with Avian Myeloblastosis Virus (AMV) re-
verse transcriptase, followed by SYBR Green-based qPCR
analysis. Primer sequences for genes related to neurodevel-
opment, autophagy and apoptosis are provided in Supple-
mentary Table 1. Gene expression levels were normalized
to 3-actin and determined using the 2~ 22C method.

2.11 Statistical Analysis

Data are presented as mean = standard deviation (SD)
of at least three independent biological replicates. Sta-
tistical analyses were conducted using SPSS 25.0 (SPSS,
Inc., Chicago, IL, USA) and GraphPad Prism 9.5.1 (Graph-
Pad Software, San Diego, CA, USA). Differences among
groups were evaluated by one-way analysis of variance
(ANOVA) with Duncan’s post-hoc test. Differences were
considered statistically significant at *p < 0.05, **p < 0.01,
and ***p < 0.001.

ok

*p < 0.001, compared to wt group. WT, wild type; SD,

3. Results
3.1 Generation of Kdmla=/~ Zebrafish

A 21-nucleotide guide RNA (gRNA) targeting exons
5-6 of the zebrafish kdmla gene was designed to enable
sequence-specific editing. To obtain kdmla knockout (KO)
zebrafish, the Cas9 mRNA and gRNA were injected into
embryos. DNA sequencing of target-specific PCR prod-
ucts confirmed that the kdm a targeted allele carried a dele-
tion of one base, resulting in a frame shift mutation and
premature translational termination (Fig. 1A and Supple-
mentary Fig. 1). Homozygous kdmla (kdmla=/~) mu-
tants were obtained from a heterozygous cross between
kdmlat/~ males and kdmlat/~ females. Subsequently,
homozygous kdmla (kdmla~/~) mutants were identified
by DNA sequencing (Fig. 1B). Kdmla~/~ zebrafish exhib-
ited a substantial decrease in kdmla mRNA expression by
4 dpf (Fig. 1C). These results indicated that kdmla KO ze-
brafish were successfully generated.

3.2 Developmental Toxicity of Kdmla~/!~ Zebrafish
Larvae

To investigate the role of kdmla in developmental
abnormalities, we firstly analyzed the hatching rate, sur-
vival rate, heart rate and malformation rate. The hatching
and survival rates of kdmla—/~ zebrafish decreased sig-
nificantly after 48 hpf (Fig. 2A,B). While the malforma-
tion rate increased in kdmla—/~ zebrafish (Fig. 2C). No
significant changes in the heart rate were observed in the

&% IMR Press


https://www.imrpress.com

>
w

—=—._CB
oo : =
ek Kkk *kk

150+ 110 - wt
o wt .
< —_— - v
R = kdmia™ 2 1004 .-..__kd'ma
£ 1004 J— 2 *-
o ,'ii* *kk @ 904 L kK
o i B = ;
£ I > 80 :
ﬁ 50 - 'E
T 3
£ - 7] 70
0 ¥ T T 1 60 T
0 24 48 72 96 0 24

Exposure time(h)

@
O

*kk

=

[
=
I
o
o
I

-
[
1

o
|

Malformation rate (%)
]
Heart rate (20 s)
& 3

m—

=

(%
o

Exposure time (h)

4

48 72 96

> 500 ym

wt kdm1a™ wt

.
kdm1a™

Fig. 2. Developmental toxicity in kdmIa deficiency zebrafish larvae. (A) Hatching rate. (B) Survival rate. (C) Malformation rate at
96 hpf. (D) Heart rate. (E) Typically morphological alterations. The scale bar = 500 pm. PE, pericardial edema; YSE, yolk sac edema;
CB, curved body; LP, low pigment. Data were presented as mean & SD of at least three independent experiments (n = 50 in each group).
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kdmla—/— group at 72 hpf (Fig. 2D). The typical morpho-
logical alterations mainly included pericardial edema (PE),
yolk sac edema (YSE), curved body (CB) and low pigment
(LP) (Fig. 2E).

3.3 Kdmla='~ Zebrafish Displayed Impaired Locomotor
Behavior

We used behavioral assays to analyze kdmla defi-
ciency in zebrafish and detected some abnormal behav-
iors. Spontaneous locomotor activity of individual larvae
(5 dpf) was measured in a 24-well plate for 10 min. Ac-
tive time decreased significantly in kdmla—/~ zebrafish
(Supplementary Fig. 2A,B), indicating that the kdm/a de-
ficiency impaired locomotion.

In the open field test, the typical locomotion tracking
pattern illustrated differences in the exploration of the cen-
tral and peripheral zones (Fig. 3A). Kdmla—/~ zebrafish
exhibited less time and shorter distances in the periphery
of the field (Fig. 3B,C), suggesting that kdmla deficient
zebrafish had a weakened ability to adapt to new environ-
ments.

3.4 Kdmla—'~ Zebrafish Displayed Learning and
Memory Deficits

The mirror attack test was used to study social be-
havior and response to novelty in zebrafish. The locomo-
tion tracking patterns illustrated the differences between
the mirror zone and the non-mirror zone during swimming
traces (Fig. 3D). The time and distance traveled in the
mirror area decreased significantly in kdmla—/~ zebrafish
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(Fig. 3E,F). In other words, the kdma-deficient zebrafish
displayed less perception and interactive behavior, suggest-
ing reduced cognitive ability.

To better understand the cognitive abilities of
kdmla—/— zebrafish, the Y-maze test was employed to an-
alyze the time and distance in the novel arm. The locomo-
tion tracking pattern illustrated the differences in swimming
traces in Y-maze arms (Fig. 3G). As a result, significant
decreases in the time and distance spent in the novel arm
were observed in kdmla—/~ zebrafish (Fig. 3H,]), suggest-
ing that cognitive ability, particularly learning and memory,
was impaired in kdmla—/~ zebrafish.

3.5 Kdmla Deficiency Suppressed Neurodevelopment in
Zebrafish Larvae

To determine whether neurobehavioral dysfunction of
kdmla—/— zebrafish is closely associated with neurogenic
impairment, we analyzed the brain structure and function of
zebrafish. The HE and Nissl stained brain tissue revealed
that the density of brain cells and Nissl bodies decreased in
kdmla—/— zebrafish (Fig. 4A,B). To investigate the effects
of kdmla on nervous system development, HuC:egfp and
hb9:egfp zebrafish lines were used to determine the neuro-
toxic effects of kdmla deficiency. As shown in Fig. 4C,
kdmla deficiency significantly decreased GFP intensity in
the brain at 96 hpf. Similarly, the motor neuron axon
length was significantly reduced in Tg (hb9:egfp) zebrafish
(Fig. 4D). Moreover, immunofluorescent staining indicated
significantly lower levels of NeuN and MAP2 (neuron
markers) in kdmla~/~ zebrafish (Fig. 4E). The genes in-
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Fig. 3. Neurobehavioral alteration in kdm1a deficiency zebrafish larvae. (A) The motion trail recording, (B) total distance, (C) time
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***p < 0.001, compared to wt group.

volved in early neurogenesis (neurod!, neurogl and elavi3)
and neural maturation (tubal, gfap, gap43, and syn2a) were
downregulated in kdmla—/~ zebrafish (Fig. 4F). These re-
sults illustrate that loss of kdmla could induce significant
neuronal impairment, which may be associated with abnor-
mal behavior.

3.6 Kdmla Deficiency Induced Cell Autophagy and
Apoptosis in Zebrafish Larvae

To elucidate the mechanisms of neuronal damage in
kdmla—/~ zebrafish, the expression of genes related to au-
tophagy and apoptotic signaling was determined. As shown
in Fig. 5A-G, the expression levels of caspase 3, cas-
pase 8, caspase 9, Ic3, and beclinl increased, but the lev-
els of p62 and bel2/bax decreased in kdmla=/— zebrafish.
Kdmla deficiency induced marked signs of neuronal apop-
tosis (Fig. 5H), indicating that loss of kdmla triggered ab-
normal autophagy and apoptosis.

4. Discussion

Neurodevelopmental disorders (NDDs), including
syndromes characterized by abnormal CNS development,
affect learning, cognition, emotion, and memory. Environ-
mental and genetic factors contribute to neuronal impair-
ment, resulting in NDDs [29]. Increasing evidence suggests
that genetic factors play a major role in NDDs [30]. For
example, a recent study reported that causal variants were
identified in 36% of NDD individuals, and 23% of NDD in-
dividuals had uncertain significant variants [31]. KDM1A
(also designated as LSD1), discovered in 2004, was the
first histone demethylase to be identified. This enzyme
utilizes FAD as a cofactor to catalyze the demethylation
of histone marks, including H3K4me1/2 and H3K9mel/2
[32]. KDMIA is frequently overexpressed in a wide array
of human cancers, such as acute myeloid leukemia (AML),
prostate cancer, lung cancer, bladder cancer, lymphoid neo-
plasms, and breast cancer [33-36]. Its oncogenic func-
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Fig. 4. Kdmla deficiency inhibited neurodevelopment in zebrafish larvae. (A) HE and (B) Nissl staining of zebrafish brain in

zebrafish larvae (n = 10 in each group). Scale bar: 100 um (left) and 50 um (right). (C) Representative fluorescence of neurogenesis in

the CNS for whole zebrafish (left) and a magnified view of the corresponding cerebral regions (right) (n = 10 in each group). Scale bars:

100 pm. (D) Representative fluorescence of motor neuron for whole zebrafish (left) and a magnified view of the corresponding spinal

regions (right) (n = 10 in each group). Scale bars: 100 um. (E) Representative immune-stained images of MAP2 and NeuN in the brain

(n =10 in each group). Scale bar: 200 um. (F) Relative mRNA level of early neurogenesis and neural maturation related genes (n =20

in each group). Data were presented as mean + SD of at least three independent experiments. **p < 0.01, ***p < 0.001, compared to

wt group. HE, Hematoxylin and eosin; CNS, Central Nervous System.

tions are mediated through diverse mechanisms: for in-
stance, it regulates hematopoietic differentiation and pro-
motes AML progression via H3K4 demethylation, while in
breast cancer, it operates within the SIN3A/HDAC com-
plex to support cell survival and tumorigenesis. Conse-
quently, both genetic knockout and pharmacological inhi-
bition of LSD1 have been demonstrated to effectively sup-
press tumor growth [37—39]. More recently, emerging ev-
idence has revealed that KDM1A is not only implicated in
tumorigenesis but also associated with NDDs. Pilotto et al.
[40] found that three human patients with mutations in the
kdm1a gene exhibited neurodevelopmental delay and men-
tal retardation. Another study reported that deleting kdmla
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in adult mutant mice induces severe paralysis, significantly
reducing spatial learning and reference memory capacity,
while hippocampal and cortical neurons appeared cell death
[14]. Similarly, kdma knock-in (KI) mice exhibited short-
term and long-term contextual fear memory as well as spa-
tial memory deficits [22]. However, few studies have inves-
tigated the effects and mechanisms of kdm/a on neuronal
development during the early life stages. Our study, which
identifies a critical requirement for kdma in zebrafish neu-
rogenesis, directly addresses this gap in knowledge and un-
derscores the multifaceted nature of this epigenetic regula-
tor.
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Fig. 5. Kdm1la deficiency induced neuronal autophagy and apoptosis in zebrafish larvae. Relative transcription activity of (A—C)
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lymphoma 2/Bcl-2-associated X protein.

In this study, we generated the first kdmla—/~ ze-
brafish using the CRISPR/Cas9 system and documented
its morphological, behavioral and neurological character-
istics. Potential off-target effects of the CRISPR/Cas9 sys-
tem were mitigated by the use of a high-specificity sgRNA,

designed to minimize sequence homology elsewhere in the
genome, and by the genetic outcrossing of founders, which
dilutes any random, off-target mutations. The consistent
phenotypes observed across multiple independent mutant
lines further support that they are the result of kdmla loss-
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of-function specifically in the kdmla—/~ zebrafish. Previ-
ous studies focused on functional changes in kdma in adult
mice, and kdm1a deficiency-induced developmental abnor-
malities have been less studied in embryos. In our study,
kdm1a deficiency caused lower hatching and survival rates,
and a higher malformation rate during early development.
Kdmla deficiency resulted in partial embryonic lethality
and multiple morphological abnormalities during early de-
velopment of zebrafish larvae. Interestingly, these observa-
tions, such as skeletal and cardiac malformations coincided
with the clinical features reported in human kdm [ a mutated
patients [12,13].

A series of behavioral tests have been applied in ze-
brafish, including assessments of locomotor activity, fear
and anxious behavior, social interaction, novelty seeking,
aggression and learning and memory [41]. In this study,
we used some of these behavioral assays to analyze kdmla
deficiency in zebrafish and found some abnormal behav-
iors. The kdm Ia-deficient zebrafish developed spontaneous
locomotor deficit, suggesting that kdmla deficiency de-
creases the ability to move, which coincides with the severe
paralysis of kdmla-deficient adult mice. In the open field
test, kdmla—/~ zebrafish displayed significantly more ex-
ploratory behavior toward the center of the field, suggesting
that kdm1a deficiency decreased the ability to perceive dan-
ger in a new environment, which somehow represents low
intelligence [24]. The mirror attack test is typically used
to study social behavior and the response to novelty in ze-
brafish. Interestingly, kdmla—/~ zebrafish interacted very
little with familiar zebrafish (itself in the mirror). Zebrafish
are interested in familiar fish, so they usually interact with
the familiar opponent in the mirror. One of the possible rea-
sons behind the abnormal behavior of kdmla~/~ zebrafish
might be dysfunction in cognitive ability, particularly learn-
ing and memory deficits. More specifically, the zebrafish
expressing exploratory activity in the open field test and in-
teracting very little in the mirror test are thought to be re-
lated to cognitive deficits [42]. Therefore, we hypothesized
that loss of kdm I a impairs the learning and memory ability
in zebrafish and thus impacts cognition.

The Y-maze test was used to assess learning and mem-
ory, and the response to novelty in zebrafish was similar to
that of rodents. The time and the distance traveled in the
novel arm are the behavioral parameters in this test [43].
Zebrafish usually prefer the unexplored arm (novel arm).
In this study, the kdmla—/— zebrafish traveled a greater
distance in the open arm and less in the novel arm, indi-
cating memory deficits. These observations further suggest
that loss of kdmla induces learning and memory impair-
ment. Taken together, kdmla KO zebrafish exhibited mo-
tor deficits and intellectual disabilities, which were consis-
tent with Christopher et al.’s findings [14] that kdmla defi-
ciency causes paralysis and learning and memory deficits in
adult mice. Few studies have investigated the role of kdmla
during early neurodevelopment. These behavioral pheno-
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types provide deeper insight into kdm1a-KO, indicating the
important role of kdmla in neurodevelopmental behaviors
in zebrafish larvae.

Neurobehavioral deficits are closely associated with
neurogenic disruption. Interestingly, the HE and Nissl-
stained sections revealed that kdmla—/~ zebrafish had sig-
nificantly fewer neuronal cells than the control group, sug-
gesting that loss of kdmla causes neurogenic impairment,
which may lead to morphological and behavioral abnor-
malities. The results of this study follow previous findings
demonstrating that neural cell death assessed by Nissl stain-
ing has a detrimental effect on animal behavior [44].

The neurobehavioral changes in zebrafish larvae are
closely related to their neurogenetic or axonogenetic disor-
ders [20]. To further validate this assumption, the effects of
kdm1a on CNS and motor neuron development were evalu-
ated using HuC:egfp and hb9:egfp transgenic zebrafish. In
HuC:egfp transgenic zebrafish, GFP was integrated into the
promoter sequence of the elavi3 gene, which encodes the
neuron-specific RNA-binding protein HuC. HuC is one of
the earliest neuronal markers in zebrafish and is expressed
in the CNS [45]. In the hb9:egfp zebrafish, GFP is specifi-
cally localized to motor neurons under the regulatory con-
trol of the #b9 gene, a key regulator essential for motor neu-
ron development [46]. Consistent with the neurobehavioral
changes, kdmla deficiency significantly reduced GFP in-
tensity in the brain of HuC:egfp transgenic zebrafish at 72
hpf and inhibited motor neuron axon growth in 4b9:egfp
zebrafish.

Neuronal nuclei (NeuN) and microtubule-associated
protein 2 (MAP2) are two neuron-specific proteins. Due
to conservation among species and their stable expression
during specific developmental stages, NeuN and MAP2 are
reliable, conserved markers of mature neurons [47]. MAP2
and NeuN expression levels have been thought to indicate
neuronal death or loss [48]. In this study, the brightness
of the fluorescent NeuN and MAP2 staining decreased, in-
dicating neuronal damage. In addition, we measured the
mRNA expression of neurodevelopmental genes (elavi3,
neurogl, neurodl, tubal, gap43, gfap and syn2a) to verify
the neurotoxic effect of kdmla. Elavi3, neurogl and neu-
rod1 serve as biomarkers for early neurogenesis in zebrafish
[49], whereas gap43, gfap and syn2a are linked to neural
maturation, axonal growth and neurotransmitter secretion,
particularly synaptic functions [20]. In our study, loss of
kdmla downregulated these genes, which further demon-
strated that loss of kdm la exerted direct effects on neuroge-
netic and motor neuron axonogenetic injury, thereby chang-
ing the neurobehaviors of zebrafish larvae.

The mechanisms of kdmla-induced damage on mo-
tor neuron axonogenesis and neurogenesis are largely unex-
plored. Recent studies have demonstrated that Autophagy
has been recently reported to participate in the develop-
ment process of NDDs [50,51]. Autophagy is a conserved
self-destructive process used to remove damaged organelles
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and proteins via lysosomal degradation. Autophagy plays
a crucial role in the organogenesis in zebrafish, including
neurogenesis. Multiple lines of evidence point to kdmla
as an essential regulator of autophagy [52]. Some studies
have shown that kdm /a affects autophagy by epigenetically
modifying the expression of some proteins [53]. More-
over, kdmla may also directly affect proteins involved in
autophagy, such as P62 [54]. In this study, we observed the
changes in autophagy-related molecules (P62, Beclinl and
LC3) and found that a deficiency of kdmla increased the
expression of beclinl, lc3 and decreased the expression of
p062. Our data demonstrated that a lack of kdmla induced
excessive autophagy in zebrafish larvae.

More importantly, excessive autophagy is a poten-
tial pathway to induce neuronal apoptosis [55]. For exam-
ple, myclobutanil exposure causes excessive autophagy and
neuronal apoptosis, leading to developmental neurotoxic-
ity in zebrafish [56]. Therefore, autophagy is an inducer of
apoptosis by activating the mitochondrial apoptosis path-
way in zebrafish [57]. In the present study, we further in-
vestigated the changes in mitochondrial apoptosis-related
molecules (bcl-2, bax, caspase3, caspase9 and caspase8)
and found that kdmla deficiency increased the expression
of caspase3, caspase9 and caspase 8, and decreased the ex-
pression of bcl2/bax, resulting in the accumulation of apop-
totic cells in the brain of zebrafish larvae. Collectively, our
data demonstrated that a lack of kdm I a induced hyperactive
autophagy and neuronal apoptosis, coinciding with aberrant
behaviors and neurodevelopment in zebrafish larvae. This
suggests that the dysregulation of these cellular processes
may be a significant contributor to the observed neurotoxi-
city.

Nevertheless, this study has limitations as we cannot
directly confirm the loss of KDM1A protein at the biochem-
ical level due to the lack of a validated antibody against ze-
brafish KDM1A, future efforts will focus on obtaining or
generating a specific antibody to definitively confirm pro-
tein ablation. Due to the absence of kdmia overexpression
in both wild-type and kdmla-deficient zebrafish models,
conducting gain-of-function and rescue experiments in fu-
ture work will be essential to further clarify the precise func-
tional contributions of kdm 1 a, its influence on neural devel-
opment, and the molecular mechanisms involved. While
our findings link kdmla loss to autophagy/apoptosis acti-
vation and neuronal defects, the exact mechanism requires
further investigation. Future studies should use autophagy
and apoptosis inhibitors in zebrafish to determine whether
suppressing these pathways rescues the neurodevelopmen-
tal phenotypes.

5. Conclusions

In summary, the present study demonstrates that
kdmla deficiency leads to excessive autophagy and neu-
ronal apoptosis, which are likely responsible for the impair-
ments in neurogenesis, motor axon outgrowth, and learn-
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ing and memory in zebrafish larvae. These findings es-
tablish a critical link between kdmia dysfunction and be-
havioral abnormalities relevant to NDDs, advancing our
mechanistic understanding of neurodevelopmental and ax-
onal pathogenesis mediated by kdmla dysregulation. Our
study provides new insight into developing potential ther-
apeutic strategies for autophagy and apoptosis to limit the
pathogenesis of NDDs.
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