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ABSTRACT

This study explores the 24-h rhythmic cycle of protein O-GlcNAcylation within the brain and highlights its crucial role in
regulating the circadian cycle and neuronal function based on zebrafish as an animal model. In our experiments, disruption of
the circadian rhythm, achieved through inversion of the light-dark cycle or daytime melatonin treatment, not only impaired
the rhythmic changes of O-GIcNAcylation along with altering expression patterns of O-GIcNAc transferase (OGT) and
O-GlcNAcase (OGA) in zebrafish brain but also significantly impeded learning and memory function. In particular, circadian
disruption affected rhythmic expression of protein O-GlcNAcylation and OGT in the nuclear fraction. Notably, the circadian
cycle induces rhythmic alterations in O-GlcNAcylation of H2B histone protein that correspond to changes in H3 trimethylation.
Disruption of the cycle interfered with these periodic histone code alterations. Pharmacological inhibition of OGT with OSMI-1
disrupted the wake-sleep patterns of zebrafish without affecting expression of circadian rhythm-regulating genes. OSMI-1
inhibited the expression of c-fos, bdnf, and calml, key genes associated with brain function and synaptic plasticity, and
decreased the binding of O-GlcNAcylated H2B and OGT to promoter regions of these genes. The collective findings support the
potential involvement of circadian cycling of the O-GIcNAc histone code in regulating synaptic plasticity and brain function.
Overall, data from this study provide evidence that protein O-GlcNAcylation serves as a pivotal posttranslational mechanism
integrating circadian signals and neuronal function to regulate rhythmic physiology.

1 | Introduction serves as a primary signal for entraining endogenous circadian

clocks with the light-dark cycle, regulating the central clock of the

Circadian clocks are innate to organisms across all domains of life,
governing endogenous oscillations with a duration of approximately
24h that synchronize with environmental cues, such as light,
temperature, and food [1]. These internal timers perceive daily
environmental rhythms and regulate the timing of physiological
and metabolic processes to optimize energy homeostasis [2]. Light

organism. In mammals, light information is relayed from the retina
to the suprachiasmatic nuclei (SCN) in hypothalamus, which serves
as the master clock. However, zebrafish possess a unique ability to
directly detect light through photoreceptors in the pineal gland,
which produces melatonin in response to the onset of darkness and
thereby plays a central role in regulating circadian rhythms [3, 4].
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The oscillation of circadian-regulated genes is regulated by a
molecular clock feedback loop, which operates throughout the
light-dark cycle in both mammals and zebrafish [3, 5]. The BMAL1/
CLOCK heterodimer has been shown to drive expression of period
(Perl, Per2, and Per3) and cryptochrome (Cryl and Cry2) genes. The
resulting PER and CRY proteins inhibit their own transcription by
impeding BMAL1/CLOCK activity. Rhythmic expression of the
nuclear receptor NR1D1 (REV-ERB) is additionally controlled by
BMAL1/CLOCK, and conversely, NR1D1 inhibits BMALI expres-
sion. Another well-known circadian regulation cue is the feeding-
fasting cycle, which primarily controls peripheral clocks in organs,
such as the liver, muscles, lungs, and heart [6]. Synchronization of
the external environmental cues with the internal circadian rhythm
is essential for maintaining organismal homeostasis and discor-
dance between these two clocks that triggers circadian rhythm
disruption. In humans, factors such as artificial light exposure at
night, insufficient sunlight exposure during the day, shift work,
brain damage (e.g., stroke and dementia), aging, and jet lag
contribute to circadian disruption, which is associated with a range
of metabolic, tumoral, and neurological disorders [7-10]. To
ascertain the physiological importance and underlying mechanisms
of circadian rhythm and identify therapeutic targets for circadian
disorders, numerous studies have employed circadian disruption
models induced by disrupting the light-dark cycle, restricting food
consumption time, and manipulating melatonin or circadian
rhythm-regulating genes [11-13]. Light-dark shifting, in particular,
a relatively noninvasive method for modeling circadian disruption,
has been widely used [14-16].

The circadian clock has emerged as a fundamental mechanism
that governs metabolism [17], orchestrating the daily rhythmic
expression of genes involved in glucose and lipid metabolism
[17, 18]. While significant strides have been made in under-
standing the coordination between the circadian clock and
metabolism in modulating circadian physiology, the central
regulatory mechanisms remain largely unknown. The hexosa-
mine biosynthetic pathway (HBP) of glucose metabolism has
been identified as a potential coordinated mediator of circadian
regulation. HBP serves as a generalized sensor for metabolic
status, integrating metabolites generated from the breakdown of
glucose, amino acids, lipids, and nucleic acids [19]. The end-
product, uridine diphosphate-N-acetylglucosamine (UDP-
GIcNAc), produced by HBP serves as a substrate for
O-GIcNAcylation at serine and threonine residues of target
proteins. O-GlcNAcylation is dynamically regulated by
O-GlcNAc transferase (OGT) and O-GlcNAcase (OGA) that
are responsible for the addition and removal of O-GlcNAc,
respectively. Multiple studies have shown that circadian clocks
drive daily fluctuations in protein O-GlcNAcylation [20-22].
Furthermore, gene expression profiles indicate circadian
rhythms in Gfat-1, Ogt, and Oga transcripts in metabolic tissues
[23]. Notably, circadian changes in O-GlcNAcylation of clock
proteins, such as BMAL1l, CLOCK, and PER, have been
reported [20-22]. However, it is not clear whether cellular
proteins derived from various metabolic genes beyond the
circadian oscillator also exhibit daily O-GlcNAcylation rhythms.
Furthermore, the regulatory mechanisms and potential func-
tional roles of daily O-GlcNAc cycling in the circadian cycle are
yet to be elucidated. The consequences of disruption of O-
GIcNAc cycling in the brain on the circadian cycle and brain
function also remain to be established.

Histone proteins undergo various posttranslational modifica-
tions, including acetylation, methylation, phosphorylation,
ubiquitination, and O-GlcNAcylation [24], which alter the
structure of histone-DNA complexes and affect gene expression
levels [25]. Histone 3 lysine 4 tri-methylation (H3K4me3) and
histone 3 lysine 9 acetylation (H3K9ac) are among the most
common modifications associated with active chromatin
markers while histone 3 lysine 9 methylation (H3K9me) is
considered a repressive marker [26]. Additionally, OGT-
induced O-GlcNAcylation of the H2B tail at Ser112 has been
reported, with levels fluctuating in response to extracellular
glucose through the HBP, in turn, promoting monoubiquitina-
tion of H2B at K120 and transcriptional activation [27, 28]. OGT
not only directly catalyzes O-GlcNAcylation but is also involved
in other histone modifications by indirectly catalyzing other
modifier enzymes [29]. The enzyme forms complexes with ten-
eleven translocation (TET) proteins that induce histone
demethylation, generating H3K4me3 [30]. However, the roles,
implications, and underlying regulatory mechanisms of H2B
O-GlcNAcylation remain largely unexplored. In particular,
comprehensive investigation of the potential role of histone
O-GlcNAcylation in regulation of the circadian cycle or
maintaining normal brain function should be a focus of further
research.

Zebrafish have emerged as an excellent and useful model
system for sleep and behavioral research [31]. Zebrafish are
diurnal species that sleep at night or in hours of darkness like
humans, in contrast to nocturnal species, such as mice, that
sleep during the day [32]. Zebrafish possess clock-driven genes
that regulate the sleep and arousal cycle following the light-
dark phase. In this study, we employed two circadian disruption
models of adult zebrafish: (1) circadian disruption induced by
light-dark cycle inversion and (2) circadian disruption
induced by melatonin treatment at the onset of the light phase.
Data acquired from these models confirmed the impairment of
daily circadian rhythm and concomitant disruption of
O-GlcNAcylation and OGT expression that contributed to
abnormal brain function. In the current study, we investigated
the complex interplay among circadian rhythms, metabolism,
epigenetics, and brain function, with particular focus on the
impacts of circadian disruption on O-GlcNAc cycling and
normal brain function in adult zebrafish.

2 | Materials and Methods
2.1 | Chemicals and Reagents

Chemicals and reagents were procured from Sigma Aldrich (St.
Louis, MO) or Tocris (Bristol, UK), unless otherwise specified.

2.2 | Cell Culture

The mouse neuroblastoma cell line, N2A cells [33], was
cultured in Dulbecco's Modified Eagle's Media (DMEM,
Hyclone, Chicago, IL) supplemented with 5% fetal bovine
serum (FBS, GE Healthcare, Chicago, IL) and 1x penicillin/
streptomycin (HyClone). Cells were maintained at 37°C with
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5% CO,. To confirm the effect of melatonin, cells were treated
with melatonin or 1% EtOH at indicated concentrations and
times. For circadian rhythm synchronization, cells were treated
for 90 min with 200 nM dexamethasone in DMEM with 0.25%
FBS. Subsequently, the media was replaced with fresh DMEM
containing 0.25% FBS with OSMI-1 (50 uM) or 0.1% DMSO
[34, 35].

2.3 | Zebrafish Handling

All zebrafish-based procedures used in this study complied with
ethical guidelines and protocols approved by the Institutional
Animal Care and Use Committee of Inha University (Approval
No: INHA 220719-832, Incheon, Korea). Adult zebrafish (Danio
rerio, AB strain) aged 3-6 months were procured from
Fishzzang (Jinchun, Korea) and maintained under standard
conditions at a temperature of 26 +1°C in housing water
filtered and supplemented using a multistage filtration system
comprising sediment, pre-carbon, membrane, and post-carbon
filters. Fish tanks were equipped with apparatus that allowed
continuous aeration, and pH levels were consistently main-
tained between 6.5 and 7.5. Lights were automatically turned on
for 12h from 8 a.m. to 8 p.m. The circadian disruption group
was exposed to a reverse light cycle, with illumination from
8 p.m. until 8 a.m. the next day. This reversal was initiated over
a 3-day period following a minimum of 2 weeks of exposure to
the standard control light cycle to establish a stable baseline. To
minimize potential circadian rhythm influences due to feeding,
zebrafish were provided with flake food (TetraBits, Luzerne,
Singapore) daily during transitions between the light/dark
phases. All experiments and measurements were conducted in a
blinded and randomized manner and included both male and
female zebrafish (~50:50 male:female ratio).

2.4 | Drug Injection

In terms of drug administration, specific groups of zebrafish
received an intraperitoneal injection of either melatonin
(50 ug/g) or 0.1% EtOH using a Hamilton syringe (Hamilton,
NV, USA) at 8a.m. or 8p.m. for three consecutive days.
Another set of groups received OSMI-1 (0.01ng/g) or 0.1%
DMSO that was injected into the skull of zebrafish using the
same syringe at 8 p.m. for three consecutive days. Subsequently,
zebrafish were returned to their home tanks, and any injection
errors were identified and excluded based on observed changes
in swimming patterns.

2.5 | Fear Context Learning and Memory Test

To assess learning and memory (L/M) ability, contextual fear
conditioning (FC) tests were conducted following previously
described methods [36]. At least 1h before the test, zebrafish
were acclimated in the testing room under normal housing
conditions, and tests were conducted between 9 a.m. and 7 p.m.
The FC tank was constructed from black acrylic with
dimensions of 18.5cm in length, 7cm in width, and 10cm in
depth (Supporting Information S1: Figure 1). It consisted of two

compartments: a dark room and a light room. These rooms
were separated by a partition with a 3 cm diameter hole. At the
beginning of the test, each zebrafish was placed in a dark room
of the testing chamber to stabilize for 3 min. During the fish
stabilization time, the hole in the partition was blocked by a
sliding door. Following stabilization, the sliding door was
opened to allow the fish to move into the light room. Upon
crossing into the light room, the time taken to cross was
recorded, followed by inducing fear in the fish by tapping the
front of the zebrafish with a stone. The crossing time was
measured for up to 5min in each trial. The fish were then
transferred back to the dark room, and this process was
repeated two more times. For the memory test, the crossing
time was measured similarly to the FC training but without
inducing fear. The memory test was conducted 2h after the
training session.

2.6 | Actogram Measurement

To assess sleep and activity patterns in adult zebrafish,
actogram measurements were conducted using an infrared
sensor system (Omron, Kyoto, Japan). The test tank was
constructed with clear acrylic with dimensions of 23cm in
length, 5 cm in width, and 15 cm in depth, and contained 1 L of
water. The infrared sensor was positioned 5 cm below the water
surface on one side of the test tanks. As the fish passed through
the infrared beam, the light reflection was disturbed by the fish
and detected by the sensor. Their movements were recorded by
a connected computer. Custom software (Scitechkorea Inc.,
Seoul, Korea) was used to analyze recorded signals and
presented as double-plot actograms calculated based on the
number of sensor counts per hour. Zebrafish were individually
tested in the tank, and their activities were monitored for 72 h.

2.7 | Immunofluorescence Staining

The whole brains of the zebrafish were harvested on ice and
immediately fixed in 4% formaldehyde (Samchun, Seoul, Korea)
for 2h at 4°C. Subsequently, the tissues were cryoprotected in
30% sucrose-PBS solution for 16 h at 4°C and then embedded in
O.C.T compound (Sakura Finetek, Koto, Japan) on dry ice. The
brains were coronally sectioned into 6 wm thick slices using a
cryostat (CM3050; Leica, Wetzlar, Germany) and mounted onto
coated slides (Matsunami Glass Ind., Ltd., Osaka, Japan). To
enhance antigen detection, the heat-induced epitope retrieval
method was employed using 10 mM citrate buffer (pH 6.0). The
tissues were then blocked with 10% normal goat serum (Jackson
ImmunoReseach, West Grove, PA) for 1h and incubated with
primary antibodies specific for O-GlcNAc (RL-2), OGT, c-FOS
(Santa Cruz, TX, USA), OGA (Proteintech, IL, USA), H2B O-
GIcNAc (S112), H3(tri methyl K4) (Abcam, Cambridge, UK),
ubiquityl-histone H2B (Lys120) (CST, MA, USA), and BDNF
(Cusabio, TX, USA). The primary antibody signals were
detected using IgG cross-adsorbed Alexa Fluor 488 or 568
secondary antibodies (Invitrogen, CA, USA) and counterstained
with DAPI. Images were captured using a confocal LSM 510
META microscope (Carl Zeiss, Jena, Germany) with x40
magnification and analyzed using ZEN 2009 Light Edition
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software. For confocal images, three tissue sections per animal
per slide were prepared. Quantification of the images was
performed using the ImageJ program.

2.8 | Quantitative Real-Time PCR (qRT-PCR)

Total RNA was extracted using TRIzol (Invitrogen, CA, USA)
following the manufacturer's protocols. Complementary DNA
(cDNA) was synthesized using GoScript Reverse Transcriptase
(Promega, WI, USA) with 1ug of RNA, the concentration of
which was measured using NanoDrop (ND-2000, ThermoFisher
Scientific, MA, USA). For qRT-PCR, the cDNA was mixed with
Real-Time PCR master mix (BioFact, Daejeon, Korea) and
primers and amplified using CFX ConnectTM (BIO-RAD, CA,
USA). The cDNAs were amplified with SYBR Green Real-time
PCR. The results obtained for each target gene were normalized
to B-actin levels using the AAC; method.

2.9 | Chromatin Immunoprecipitation (ChIP)

To analyze protein-DNA binding, ChIP assays were performed.
Cells were fixed in formaldehyde solution (1% formaldehyde,
10 mM NaCl, 5 mM HEPES, pH 7.5, 0.1 mM EDTA, pH 8.0) for
10 min on a rotor at room temperature. After washing with PBS
to remove fixation solution, cells were incubated with 125 mM
glycine for 5min on a room temperature rotor. To fragment
DNA, samples were sonicated in lysis buffer (0.5% SDS, 5 mM
EDTA, 50 mM Tris, pH 8.0, with inhibitors). After the addition
of ChIP buffer (0.5% Triton X-100, 2 mM EDTA, 150 mM Nacl,
50mM Tris, pH 8.0, with inhibitors), the cell lysate was
separated by centrifugation. Lysate samples were then incu-
bated overnight at 4°C with primary antibodies specific for H2B
O-GlcNAc (S112), H3(tri methyl K4) (Abcam), ubiquityl-histone
H2B (Lys120) (CST), and OGT (Santa Curz), followed by
incubation with protein A agarose (Merck, NJ, USA). After
washing the agarose-chromatin complex with ChIP buffer,
samples were incubated in elution buffer (1% SDS, 1 mM EDTA,
0.1M NaHCO;, 50mM Tris, pH 8.0) for 15min on a room
temperature rotor to separate chromatin from agarose. Follow-
ing harvest of the supernatant, chromatin was incubated with
RNase A (New England Biolabs, MA, USA) and proteinase K
(VWR, PA, USA). DNA was precipitated using a mixture of
phenol:chloroform:isoamyl alcohol (25:24:1), followed by etha-
nol precipitation. DNA samples were subsequently analyzed via
qRT-PCR with specific primers. The results obtained from ChIP
samples for each target were normalized to that of the total
sample using the AAC; method.

2.10 | Primers

The following primers were used for analyzing zebrafish
cDNA in this study.: f-actin forward, 5-GTGCCCATCTACG
AGGGTTA-3, S-actin reverse, 5-TCTCAGCTGTGGTGGTGAA
G-3', bdnf forward, 5'-GACACTTTCGAGCAGGTCAT-3', bdnf
reverse, 5'-GCATACAGGTCAACGTCCTT-3’, bmall forward, 5’'-
GCTCCACGAGAGAGACTCAT-3', bmall reverse, 5'- TATTCA
GTGGGTTTGACACG-3', calml forward, 5'-TACATGCATGCA

GCTTGAGT-3’, calml reverse, 5'-ATTGAAGCAAACTGCAAA
GG-3', c-fos forward, 5'-CTGAGTGTCTCAAGTGCCTC-3', c-fos
reverse, 5'-TGGAGGTCTTTGCTCCAGTA-3', clock forward, 5’-
ACGATGGGAACATCTCTTGT-3, clock reverse, 5'-CTGCTGTC
TCTGGATGTTTG-3', cryla forward, 5'-GCAAGCCGCCTTAAT
ATAGA-3', cryla reverse, 5'-GATGATGCTGCTGTGTAAGC-3’,
crylb  forward, 5-CTGCATTATTGACAGCTTGG-3', crylb
reverse, 5-CTCTGAAGGAGAAACCTCCA-3’, nrldl forward,
5'-CTGAAAAACATCAGCAGCAC-3’, nrldl reverse, 5'-TAAGG
ATGCATGTTCATTGG-3', per2 forward, 5'- TGTTTCAGGATGT
GGATGAG-3', per2 reverse, 5'- AGGAGTCTGTGGATCTGCTC-
3'. The following primers were used for analyzing cDNA (mouse)
in N2A cell study.: B-actin forward, 5'- TCATTGACCTCAACTA
CATGGT-3/, B-actin reverse, 5'- CTAAGCAGTTGGTGGTGCAG-
3’, bdnf forward, 5'-CTGACACTTTTGAGCACGTC-3', bdnf
reverse, 5-AACCCATGGGATTACACTTG-3', calml forward,
5'-GCGACGGACAAGTCAACTAT-3’, calml reverse, 5-TGCAG
ACTTTGTGTGTGGAC-3', c-fos forward, 5-AACGTGGAGCTG
AAGGCAGA-3', c-fos reverse, 5-AGCTCAGGGAGTCGG
AGGAG-3'. The following primers were designed for each
promoter site and used to analyze the ChIP results (mouse) in
this study.: bdnf forward, 5'-AGTGACAGGCGTTGAGAAAG-3/,
bdnf reverse, 5-AAGACAAAGCAACTGGCATC-3', calml for-
ward, 5'-CGTATATATATCGCGGCACAC-3', calml reverse, 5'-
CGCTTCTGC, c-fos forward, 5'-CTTGTAGGGTGGTTTTGCAC-
3’, c-fos reverse, 5'-AAGCAGCAAGTGAAGGATTG-3'.

2.11 | Protein Preparation and Western blot

Total protein was extracted from whole zebrafish brain using
ice-cold RIPA buffer (50 mM Tris-pH 7.4, 150 mM NacCl, 0.25%
deoxycholic acid, 1% NP-40, 1 mM EDTA-pH 8.0), supplemen-
ted with protease, phosphatase, and O-GIcNAcase inhibitors
(1mM PMSF, 1mM DTT, 1mg/mL aprotinin, 1mg/mL
leupeptin, 1 mM sodium orthovanadate, 1 mM sodium fluoride,
1 mM streptozotocin). To isolate cytosol and nucleus fractions
from zebrafish brain, freshly harvested brains (7 brains/group)
were homogenized in cytosol extraction buffer (10 mM HEPES,
1.5mM MgCl2, 200mM sucrose, 0.5% NP-40, 10mM KCI)
containing protease inhibitors. After 1h of incubation on ice,
the supernatant was separated from the pellet by centrifugation
(5000 rpm, 5min, 4°C). The supernatant was collected as the
cytosol sample, and the nucleus protein was extracted from the
pellet using nucleus extraction buffer (1mM EDTA) with
sonication. The protein concentration of the extracted samples
was determined using a protein assay dye reagent (BIO-RAD).
To denature the proteins, X5 SDS-PAGE sample buffer (Tech &
Innovation, Chuncheon, Korea) was added to the samples,
which were then boiled at 95°C for 10 min. The protein samples
were loaded onto SDS-PAGE gels and separated by electro-
phoresis using a kit from BIO-RAD. The separated proteins
were transferred to a 0.45 pm nitrocellulose membrane
(Amersham, Buckinghamshire, UK). After blocking with 5%
skim milk (BD Biosciences, NJ, USA) or BSA (RDT, Gyeonggi-
do, Korea) for 1h at room temperature, the membranes were
incubated overnight at 4°C with primary antibodies specific
for O-GlcNAc (RL-2), OGT, c-FOS, H2B (Santa Cruz), OGA,
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a-tubulin (Proteintech), H2B O-GlcNAc (S112), H3(tri methiyl
K4) (Abcam), and BDNF (Cusabio) in blocking solution. After
washing, horseradish peroxidase (HRP)-conjugated secondary
IgG antibodies were incubated for 1 h at room temperature. The
HRP signals were detected using the Enhanced Chemilum-
inescence (ECL) detection system (Amersham) and visualized
using a chemi-doc machine (Universal Hood II; BIO-RAD).

2.12 | Statistical Analysis

All graphs were generated and statistically analyzed using
Prism software (version 8; GraphPad, CA, USA). Results are
presented as means + standard error of the mean (SEM). To
determine significant differences between two groups, the
Mann-Whitney test was employed. For comparisons among
more than two groups, the Kruskal-Wallis test with the original
false discovery rate (FDR) correction method of Benjamini and
Hochberg was applied. A two-way ANOVA was conducted for
behavioral data analysis, with Tukey's multiple comparisons
test to assess differences between groups. For within-group
comparisons, the Friedman test with ANOVA was performed.
Statistical significance was defined as p < 0.05.

3 | Results

3.1 | Light-Dark Phase Inversion Disrupts
Circadian Rhythm and Impairs Memory Function
in Adult Zebrafish

To establish a circadian disruption model, adult zebrafish were
subjected to an altered light-dark cycle compared to the control
group under a normal light-dark cycle (LD). Specifically, the
group subjected to disruption experienced inversion of the light-
dark phase, where the dark period was initiated from 8 a.m. to
8p.m. and light period from 8p.m. to 8am. (DL) for 3
consecutive days in a dark box (Figure 1A). Behavioral pattern
analysis confirmed alterations in the circadian rhythm. The
actogram test revealed changes in sleep-wake patterns, whereby
control fish exhibited predominantly diurnal activity while DL
fish showed decreased daytime and increased nighttime activity
on the first day of circadian disruption (Figure 1B). However,
activity patterns in DL fish returned to control levels from day 2
of the light-dark inversion induction (Figure 1B). Although DL
fish exhibited nearly similar activity patterns as the control
group on Day 3, analysis of circadian rhythm gene expression
levels in zebrafish brain disclosed significant differences. In the
control group, rhythmic expression patterns of nridl, bmall,
cryla, and clock genes were observed (Figure 1C). Notably, DL
zebrafish exhibited opposite rhythmic expression patterns of the
above genes as the control group. Furthermore, the expression
pattern of crylb in DL was opposite that of the control group,
although rhythmic variations of this gene within each group
were not significant (Figure 1C). No marked expression changes
were observed for per2 in either the control or DL group.
Subsequently, the fear conditioning (FC) test was conducted to
assess the impact of circadian rhythm disruption on learning
and memory (L/M) ability (Supporting Information S1:
Figure 1). The control group demonstrated prolonged crossing

times during learning trials, which persisted into the memory
session (Figure 1D). L/M performance declined slightly in the
group subjected to DL for 1 day but was significantly impaired
in zebrafish exposed to DL for 3 days, highlighting the
detrimental effect of prolonged circadian rhythm disruption
on cognitive ability.

3.2 | Circadian Disruption Dysregulates
Rhythmic Circadian Expression of O-GlcNAc
Cycling

Previous research highlights the importance of the O-GlcNAc/
HBP cycle in L/M ability in hippocampus of the brain. Here, we
investigated the circadian rhythmic patterns of O-GlcNAc
cycling in zebrafish brain. To this end, O-GlcNAc levels were
evaluated via immunofluorescence staining within the hippo-
campal region at 4 h intervals beginning at 8 a.m. We observed a
gradual elevation in O-GIcNAc levels, peaking at 8p.m.
followed by a decline, with this peak being delayed and
attenuated after 3 days of light-dark exposure. In the dark-light
group, basal levels of O-GlcNAc were maintained during the
dark phase (8 a.m. to 8 p.m.) but increased and peaked at 4 a.m.
during the light phase (Figure 2A). To further clarify the
relationship between O-GlcNAc changes and circadian rhythm,
the levels of OGT and OGA were assessed. Strong correlations
were observed between the daily expression patterns of OGT
and O-GlcNAcylation oscillation (Figure 2B). OGA exhibited
distinct oscillation patterns, increasing after OGT and O-
GIcNAc peak times and decreasing before light re-exposure
(Figure 2C). However, DL induction resulted in diminished
OGA expression throughout the day. Western blot quantifica-
tion of the levels of O-GlcNAcylation, OGT, and OGA in whole-
brain homogenates revealed no apparent differences across
various time points (Supporting Information S1: Figure 2).
Subsequent analysis of cytosolic and nuclear proteins disclosed
a rhythmic pattern of O-GIcNAc and OGT expression in nuclear
fractions, with peak levels observed at 0 a.m. Both OGT and O-
GIcNAc levels in the nuclear fractions were decreased in the DL
group of zebrafish (Figure 2D). Additionally, cytosolic OGA
levels increased from 8 p.m. to 4 a.m., which was diminished in
the DL group (Figure 2D). However, attempts to detect OGA in
the nuclear fraction were unsuccessful. These findings highlight
the intricate interplay between O-GlcNAc cycling and circadian
rhythm regulation in zebrafish brain.

3.3 | Treatment With Melatonin During the
Light Phase Alters the Rhythmic Patterns of
O-GlIcNAc Cycling

We further analyzed the impact of melatonin, a well-known
hormone involved in the regulation of circadian rhythms, on
O-GIcNAc cycling. Initially, effects were evaluated at the
cellular level. Treatment of N2A cells with various concentra-
tions of melatonin (0, 1, 5, 10, 50, 100 uM) for 24 h resulted in a
significant decrease in O-GlcNAc and OGT levels, which were
particularly notable at a concentration of 100 uM, whereas OGA
levels remained unchanged (Figure 3A). Subsequently, expo-
sure to 100 uM melatonin at different time points (0, 0.5, 2, 6,

50f 13

85U8017 SUOWWOD SAERID 3dedl|dde 8Ly Aq peusenob ae Sa(pie YO ‘8sN JO Sa|nJ 0} ARiq1T8UIIUO AB]IM UO (SUONIPLOD-PL-SULBYW0D A8 | 1M ARe.q|1|Bul [UO//Sdny) SUORIPUOD pue SWie | 8L 8eS *[720Z/TT/0T] uo Ariqiauluo A8 ‘Ariqi AisieAlun suewom eym3 Aq ToOET Id[TTTT 0T/I0p/w00 Ao 1M Aselq | ui|uo//Sciy Wwo.j pepeo|umod ‘S ‘720z ‘X6.0009T



Day 1 Day 2 Day 3
-12h
LD
a
-
oL il Ll
Il n e W e
8:00 20:00
Sacrificed
every 4h
e 10 || il
C —~ |o DL]** — |0 o™ ...Il-.ln
2154 T4
e i LD
%’1.0— §2 1001~ 100
™~ T4 —~ /?
S0.5 £ S 80 S 80
> 60 > 60
0.0 0 = *§
8 12 16 20 0 4 8 8 12 16 20 0 4 8 2 40 2 40 bb
* LD i3] a aa aa G bb
2513 pLl* o ,\8—0 DL]** < 20 i <20
S6- 0 0
o D N D N D N
a4 Day1 Day2 Day3 Day1 Day2 Day3
52| D
0 3004 LD 300 DL (1d) 300~ DL (3d)
8 12 16 20 0 4 8 8 12 16 20 0 4 8 3 = 3 7
2549 LD . « £200~ aa 2@ 2200 « £ 200
. gDL]** 20 D, 02 a ol a 3@ g@
520 o DL 2= 100 2= 100+ aa 2= 100+
S T o w g g2 g2 éé g2 * *
3 = 4= 4= *k
W 1.59 2 /3\ Oa o Oa o 0g g ===
= - I ] ] ]
x < 104 o< ,\\ o o <] 3
1.0 N ITe & 5 G G S
S] ~ a /g -100 -1 -1
S0.54 205 I~ 6/‘ st ond 3rd 1st ond 3rd 1st ond 3rd |\
0.0 kl’
8121620 48 5 500 48 Fe Fe Fe
FIGURE 1 | Light-dark cycle inversion-induced circadian disruption in adult zebrafish. To establish a circadian disruption adult zebrafish model,

the light-dark phase was reversed. The lighting conditions were automatically controlled within the light-dark box. Under LD conditions, zebrafish
were exposed to 12 h of light daily from 8 a.m. to 8 p.m., while under DL conditions, light exposure was reversed from 8 p.m. until 8 a.m. the following
day. (A) Schematic representation of the experimental plan. Yellow and black indicate the light exposure and dark period, respectively.
(B) Representative summary actograms depicting zebrafish activity under LD and DL conditions over 3 days. Bars represent activity counts per hour,
and the graph shows activity percentage per day over the 3-day period. Statistical analyses involved within-group comparisons using the Friedman
ANOVA test with the original Benjamini and Hochberg false discovery rate (FDR) (°p < 0.05, **p < 0.01 vs. each time-point of LD; *®p < 0.01 vs. each
time-point of DL). Between-group comparisons were conducted using two-way ANOVA with Tukey's multiple comparison test (*p < 0.05, **p < 0.01
vs. Con). (C) After 3 days of exposure to DL, zebrafish were killed, and brain samples were collected every 4 h over the next 24 h. mRNA expression in
zebrafish brain (n = 4/group) was measured via quantitative real-time PCR with the appropriate primers. Bars represent the mean + SEM of target
gene expression normalized to $-actin levels using the AAC; method. Statistical analysis involved within-group comparisons using two-way ANOVA
with the original Benjamini and Hochberg FDR (°p <0.05, *p <0.01 vs. 8 a.m. of LD; bp <0.05,
comparisons were conducted using two-way ANOVA with Tukey's multiple comparisons test (*p < 0.05, **p < 0.01 vs. LD). (D) Graphs illustrating

%) <0.01 vs. 8a.m. of DL). Between-group

changes in crossing times compared to the first learning session after 1 or 3 days of circadian disruption. Crossing times were measured for up to
5min during three learning sessions (FC) and one memory session (M), conducted 2 h after the final learning session. Error bars represent the
mean + SEM (n = 7-12/group). Within-group comparisons were performed using two-way ANOVA with the original Benjamini and Hochberg FDR
(*p < 0.05, **p < 0.01 vs. 1st learning). Between-group comparisons were conducted using two-way ANOVA with Tukey's multiple comparisons test
(*p <0.05, **p < 0.01 vs. LD).

12, and 24 h) led to a decrease in O-GlcNAc and OGT levels at
24 h after initiation of treatment. Consistently, no alterations in
OGA levels were observed in response to melatonin (Figure 3B).
In keeping with protein expression patterns, ogt mRNA levels
showed a decrease at 24 h in the presence of 100 uM melatonin
(Supporting Information S1: Figure 3). Unexpectedly, melato-
nin exerted a suppressive effect on oga mRNA expression
despite no impact on the protein level.

disrupted normal daytime activity for 2 days, which returned to
normal on Day 3 (Figure 3D). Notably, rhythmic circadian clock
gene expression remained largely unchanged following melatonin
administration during the light phase (Figure 3E). Interestingly,
while melatonin treatment during the light phase impaired
zebrafish L/M function after 3 days, no such effect was observed
when melatonin was administered at the onset of the dark phase
(8 p.m.) (Figure 3F). In terms of rhythmic O-GlcNAc cycling in
zebrafish brain, exposure to melatonin during the light phase
failed to induce the expected increase in levels of O-GIcNAc,
OGT, and OGA at 8p.m. compared to 8a.m. In contrast,
melatonin treatment during the dark phase resulted in elevation
of O-GIcNAc levels at 8 p.m. compared to 8a.m. (Figure 3G;

Next, we investigated whether melatonin influences rhythmic
O-GIcNAc/HBP cycling in zebrafish brain. To this end, melatonin
was intraperitoneally injected into zebrafish for three consecutive
days at 8 a.m. immediately after the onset of the light phase (Mel,

Figure 3C). Analysis of zebrafish activity patterns revealed

Supporting Information S1: Figure 4A).
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FIGURE 2 | Circadian regulation of O-GlcNAc cycling. After 3 days of LD or DL induction, zebrafish were killed and brain samples harvested every 4 h
for analysis. (A-C) Representative confocal images (x40 magnification) showing DAPI (blue), O-GlcNAc (A, green), OGT (B, green), OGA (C, green), and
merged immunofluorescence staining in the dorsal lateral (DI) region of the telencephalon area in zebrafish brain. The graphs display quantitative results for
each antibody, normalized to DAPI levels (n = 3—4/group). Statistical analysis included within-group comparisons using the two-way ANOVA test with the
original Benjamini and Hochberg FDR (°p <0.05, **p <0.01 vs. 8 a.m. of LD, °p <0.05, ®p <0.01 vs. 8 p.m. of DL). Between-group comparisons were
conducted using two-way ANOVA with Tukey's multiple comparisons test (*p < 0.05, **p < 0.01 vs. LD). (D) To separate cytosolic (CE) and nuclear (NE)
proteins, a pool of zebrafish whole brain extracts (7 brains/group) was used. Protein samples were normalized to total protein content before denaturation and
analyzed via western blot. Bars represent the mean + SEM of target protein expression normalized to a-tubulin (CE) or H2B (NE) levels. For statistical analysis,
within-group comparisons were conducted using the two-way ANOVA test with the original Benjamini and Hochberg FDR (°p < 0.05, **p < 0.01 vs. 8 a.m. of
LD). Between-group comparisons were performed using two-way ANOVA with Tukey's multiple comparisons test (*p < 0.05, **p < 0.01 vs. LD).

3.4 | Circadian Expression Patterns of Genes H3K4me3 regulation is linked with Ser112 O-GlcNAcylation of
Regulating Neuronal Function Are Disrupted by histone 2B (H2B O-Glc) mediated by OGT in the nucleus [27, 39].
Circadian Phase Inversion and Light-Phase Using immunofluorescence staining, we observed circadian
Melatonin Treatment changes in H2B O-Glc, which began to increase continuously

from 8 p.m. until 4a.m. and returned to basal levels by 8a.m.
Numerous factors regulate learning and memory, including (Figure 5A,C). However, under DL conditions, a distinct expres-
neurotransmitters, receptors, neurotrophic factors, and synaptic sion pattern was observed, with a peak at 12 a.m. followed by a
proteins. Among these, we investigated the rhythmic expression decrease, while the light-phase melatonin treatment group showed
patterns of c-fos, bdnf, and calm1 in zebrafish brain under normal an overall significant decrease in H2B O-Glc. Importantly, dark-
LD compared with DL conditions or light-phase melatonin phase melatonin treatment induced a normal increase in H2B
treatment. In control zebrafish brain, calml was significantly O-Glc and c-Fos at 8 p.m. similar to the control group (Supporting
decreased at the onset of the dark phase (8 p.m.) relative to onset ~ Information S1: Figure 4B,C). In the control LD group, the
of the light phase (8 a.m.) while both c-fos and bdnf showed no circadian rhythmic expression of H3K4me3 was similar to that of
significant changes (Figure 4A,B). However, the DL and the light H2B O-Glc, while in both the DL and light-phase melatonin
phase melatonin-treated groups exhibited differential expression treatment groups, overall H3K4me3 expression was significantly
patterns of c-fos, bdnf, and calm1 relative to the normal DL group. reduced (Figure 5B,D). Data from an earlier study suggest that
Interestingly, protein levels of c-Fos and BDNF in the LD group O-GlcNAcylation and ubiquitination in histone 2B can reciprocally

displayed rhythmic expression, peaking at 8§ p.m. and 12 p.m.,, regulate one another [27]. However, in our experiments, that H2B
respectively. These rhythmic changes were abolished in both the ubiquitination (H2B Ub) was not significantly changed over the
DL and light phase melatonin-treated group (Figure 4C,D). course of the light phase and remained unaffected under DL

(Supporting Information S1: Figure 5).

3.5 | Circadian Regulation of Histone H2B O-
GlcNAcylation and H3K4 Methylation in Zebrafish 3.6 | An OGT Inhibitor, OSMI-1, Disrupts the
Brain is Disrupted Under Circadian Phase Inversion Circadian Cycle and L/M Function in Zebrafish
and Light-Phase Melatonin Treatment Conditions

The impacts of the OGT inhibitor, OSMI-1, on the circadian
Genes involved in the regulation of brain function, such as c-fos, rhythm and brain function of zebrafish were further examined.
bdnf, and calml, are transcriptionally modulated through Intracranial injection of OSMI-1 for three consecutive days
epigenetic changes, in particular, H3K4me3 [37, 38]. Additionally, resulted in disruption of circadian regulation of O-GlcNAcylation
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FIGURE 3 | Melatonin-induced changes in O-GIcNAc cycling. (A) N2A cells were treated with the indicated doses of melatonin and harvested at 24 h.
Total protein levels were assessed via western blot assay with specific antibodies. The graphs represent the quantities of O-GlcNAc, OGT, and OGA normalized
to B-actin levels. Experiments were independently replicated three times. For statistical analysis, the Mann-Whitney test was performed (*p < 0.05 vs. 0 uM).
(B) N2A cells were treated with 100 uM melatonin for the indicated times and harvested. The graphs represent the quantities of O-GlcNAc, OGT, and OGA
normalized to {3-actin levels. The experiments were independently replicated three times. For statistical analysis, the Mann-Whitney test was performed
(*p <0.05 vs. 0h). (C) Schematic illustration of the experimental plan. All fish were exposed to 12h of light daily from 8 a.m. to 8 p.m. In the melatonin
treatment group (Mel), melatonin was intraperitoneally injected at 8 a.m. once a day for 3 days and brains harvested every 4 h for subsequent experiments.
Yellow and black indicate the light exposure and dark times, respectively. (D) Representative summary actograms of the melatonin treatment group for 3 days.
Bars represent activity counts per hour. For statistical analysis, within-group comparison was conducted using the Friedman ANOVA test with the original
Benjamini and FDR (bp <0.05, bbp < 0.01 vs. Mel). (E) mRNA expression levels of zebrafish brains (n = 3/group) were measured via quantitative real-time PCR
using the appropriate primers. Bars represent the mean + SEM of target gene expression normalized to (-actin levels using the AAC; method. For statistical
analysis, within-group comparison was conducted using the two-way ANOVA test with the original Benjamini and Hochberg FDR (°p < 0.05, **p < 0.01 vs.
8 a.m. of Con, ®p < 0.05, ®p < 0.01 vs. 8 a.m. of Mel). Between-group comparisons were performed using two-way ANOVA with Tukey's multiple comparisons
test (n.s). (F) Graphs representing the changes in crossing times compared to those during the first learning session. After 1 or 3 days of circadian disruption,
crossing times were measured for up to 5min in three learning sessions (FC) and one memory session (M). The memory session was conducted 2 h after the
final learning session. Error bars represent the mean + SEM (n = 7-12/group). For statistical analysis, within-group comparison was conducted using the two-
way ANOVA test with the original Benjamini and Hochberg FDR (**p < 0.01 vs. 1st learning). Between-group comparisons were performed using two-way
ANOVA with Tukey's multiple comparisons test (*p < 0.05, **p <0.01 vs. Con). (G) Representative confocal images (x40 magnification) of DAPI (blue),
O-GIcNAc (upper, green), OGT (middle, green), OGA (bottom, green), and merged immunofluorescence staining of the DI region of the telencephalon area in
zebrafish brain are shown. The graphs display quantitative results for each antibody with normalization based on DAPI levels (n = 3/group). For statistical
analysis, within-group comparison was conducted using the two-way ANOVA test with the original Benjamini and Hochberg FDR (°p < 0.05, *p < 0.01 vs.
8 a.m. of Con). Between-group comparisons were performed using two-way ANOVA with Tukey's multiple comparisons test (*p < 0.05, **p < 0.01 Mel).

and histone H2B O-GlcNAcylation (Figure 6A). Interestingly,
while OSMI-1 did not significantly alter the rhythmic expression
of circadian clock genes, normal sleep-wake activity patterns of the
fish were impaired (Figure 6B,C). Furthermore, circadian expres-
sion of c-FOS and BDNF was significantly decreased at both
mRNA and protein levels (Figure 6D,E), and L/M function of
zebrafish was impaired by OSMI-1 (Figure 6F).

3.7 | OSMI-1 Disrupts Circadian O-GlcNAc
Cycling in N2A Cells

N2A cells were treated with OSMI-1, and changes in O-GlcNAc
oscillation over a 24 h period examined at 4 h intervals. Rhythmic

regulation of O-GIcNAcylation, which peaked at 12h in the
control group, was abolished by OSMI-1 treatment. Interestingly,
OSMI-1 induced an increase in OGT expression from 12h
onwards, which persisted until 24 h, in N2A cells (Figure 7A).
The increased expression of c-Fos, starting at 16 h in control cells,
was not observed in OSMI-1-treated cells. Next, binding of OGT
and histone modifications (H2B O-Glc, H3K4me3, and H2B Ub)
at the promoter sites of c-fos, bdnf, and calml were analyzed in
control N2A cells for comparison with OSMI-1-treated cells.
OSMI-1 significantly reduced binding of H2B O-Glc and OGT at
the promoter sites relative to untreated controls (Figure 7B).
H3K4me3 binding was increased at the c-fos promoter but
decreased at the bdnf promoter, while binding of H2B Ub to
promoters of c-fos, bdnf, and calml was not affected by OSMI-1.
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FIGURE 4 | Circadian regulation of c-Fos, BDNF, and Calm1 in the zebrafish brain. Light-dark phase inversion (DL) or light-phase melatonin
treatment (Mel) was applied for 3 days. (A, B) mRNA expression levels in zebrafish brains (n = 3/group) were measured via quantitative real-time
PCR every 4 h with the appropriate primers. Bars represent the mean + SEM of target gene expression normalized to S-actin levels using the AAC,
method. For statistical analysis, within-group comparison was conducted using the Friedman ANOVA test with the original Benjamini and Hochberg
FDR (°p < 0.05, **p < 0.01 vs. 8 a.m. of Con, *°p < 0.01 vs. 8 a.m. of Mel). Between-group comparisons were performed using two-way ANOVA with
Tukey's multiple comparisons test (*p < 0.05, **p < 0.01 vs. LD). (C, D) Representative confocal images (at X40 magnification) of DAPI (blue), c-FOS
or BDNF (green), and merged immunofluorescence staining of the dorsal lateral (DI) region of the telencephalon area in zebrafish brain are shown.
Graphs display quantitative results for each antibody with normalization based on DAPI levels (n = 3/group). For statistical analysis, within-group
comparison was conducted using the Friedman ANOVA test with the original Benjamini and Hochberg FDR (°p < 0.05, **p < 0.01 vs. 8 a.m. of Con).
Between-group comparisons were performed using two-way ANOVA with Tukey's multiple comparisons test (*p < 0.05, **p < 0.01 vs. DL or Mel).

Consistently, mRNA levels of c-fos, bdnf, and calml were
suppressed by OSMI-1 in N2A cells (Figure 7C).

4 | Discussion

Light serves as the primary signal for animals to synchronize their
circadian clocks with the day/night cycle, which is crucial for
coordinating physiological and behavioral processes with environ-
mental changes. Central to this mechanism is the ability of light to
initiate changes in gene expression. Despite its importance, our
understanding of the precise molecular mechanisms underlying
light-induced gene expression remains incomplete. Zebrafish
offers an effective model for investigating circadian rhythms in
view of its responsiveness to direct light exposure and induction of
clock gene expression across various tissues that facilitate the
adjustment of intrinsic clocks within the organism. In the current
study, inverting the light-dark (LD) to dark-light (DL) cycle over
3 days resulted in circadian cycle disruption, as evident from
alterations in activity and expression patterns of circadian genes.
Intriguingly, DL induced dysfunction of fear-context memory,
consistent with previous findings, further highlighting the negative
effects of disturbed sleep and night shift work on cognitive
function. The role of the circadian clock in cognition, particularly
memory formation and consolidation, is currently an active focus
of research. While the circadian control of sleep is one of the
mechanisms implicated in memory regulation, growing evidence
also suggests a direct involvement of the circadian clock in
memory processes independent of sleep regulation.

Recent findings from our zebrafish and mouse models
consistently demonstrate that sleep deprivation disrupts the
HBP glucose metabolism pathway in the brain, with effects on
O-GlcNACc cycling and impairment of memory function [36, 40,
41]. This study was conducted under the assumption that
circadian disruption disrupts O-GIcNAc cycling in brain,
leading to defects in normal brain function. While 24h
rhythmic oscillation of cellular protein O-GlcNAcylation has
been observed in peripheral systems in response to clock-
controlled feeding-fasting cycles in Drosophila [42], its rhythmic
oscillation in the central nervous system in response to the
light-dark cycle has not been explored to date. We have
conclusively demonstrated that O-GlcNAcylation of proteins in
the brain exhibits daily rhythmic oscillations throughout the
light-dark cycle independent of the feeding cycle. Furthermore,
the rhythmic oscillation of OGT and OGA enzymes expression
patterns is associated with this daily cycling of O-GIcNAc. The
collective findings represent the first step toward elucidating the
pivotal role of light-specific circadian regulation in orchestrat-
ing O-GlcNAc cycling within the brain.

In this study, we employed two zebrafish circadian disruption
models to examine alterations in the daily rhythm of
O-GlcNAcylation and underlying mechanisms of resulting
brain functional abnormalities. In one model, circadian
disruption was induced by inverting the light-dark cycle over
3 days, while in the other, circadian disruption was triggered by
daytime administration of melatonin secreted from the pineal
gland under dark external conditions for 3 days. Interestingly,
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FIGURE 5 | Circadian regulation of histone H2B O-GlcNAcylation and H3K4 methylation. Zebrafish were exposed to light-dark phase inversion

(DL) or light-phase melatonin treatment (Mel) for 3 days, followed by harvesting of brain samples every 4 h and immunofluorescence staining using
specific antibodies. Representative confocal images (x40 magnification) of DAPI (blue), H2B O-GlcNAc (A, C: green), H3K4me3 (B, D: green), and
merged immunofluorescence staining regions of the DI region of the telencephalon area in zebrafish brain are shown. Graphs display quantitative
results for each antibody with normalization based on DAPI levels (n = 3/group). For statistical analysis, within-group comparison was conducted
using the two-way ANOVA test with the original Benjamini and Hochberg FDR (**p < 0.01 vs. 8 a.m. of Con). Between-group comparisons were

performed using two-way ANOVA with Tukey's multiple comparisons test (*p < 0.05, **p < 0.01 vs. DL or Mel).

both models elicited numerous common molecular, physiologi-
cal, and functional changes in the brain while also displaying
distinct patterns and regulatory functions. The disruption of
circadian gene oscillation in the LD inverting model was
evident, with the exception of per2. Despite per2 being a well-
known light-driven gene, its expression remained unchanged.
This discrepancy may be attributed to differences between
mRNA and protein levels. Circadian genes are regulated not
only at the transcriptional level but also through processes such
as protein translation and posttranslational modifications.
Remarkably, both DL and melatonin models induced cognitive
impairment and suppression of molecules involved in synaptic
plasticity regulation, such as c-Fos, BDNF, and Calml.
Additionally, disruption of the normal rhythmic cycling of O-
GlcNAcylation and expression of OGT and OGA were observed
in both models. Intriguingly, melatonin treatment during the

dark phase did not affect O-GlcNAc cycling, c-Fos levels, or L/'M
ability. The two circadian disruption models also exhibited
distinct features. Specifically, while circadian disruption
induced by the light-dark cycle shift resulted in a switch in
the rhythmic patterns of O-GIcNAcylation and OGT between
day and night, circadian disruption induced by melatonin
administration led to an overall reduction in the levels of
O-GlcNAcylation, OGT, and OGA in the brain. Despite nuanced
differences in regulatory mechanisms between the models, the
overarching implication that circadian disruption disrupts the
rhythmicity of O-GIcNAc cycling, potentially contributing to
functional impairments in the brain, remains consistent.

Our data confirmed daily rhythmicity of histone H2B O-
GlcNAcylation and H3K4 trimethylation (H3K4me3), which
was significantly disrupted or attenuated in both the light-dark
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FIGURE 6 | Circadian regulation of zebrafish by OGT inhibitor, OSMI-1. All fish were exposed to 12 h of light daily from 8 a.m. to 8 p.m. In the
treatment group, OSMI (0.01 ng/g) was intracranially injected at 8 p.m. once a day for three consecutive days. Brains were harvested at 8 a.m. and
8 p.m. for analysis. (A) Representative confocal images (x40) of the telencephalon area DI region in zebrafish brain showing DAPI staining (blue),
O-GlcNAc (left, green), H2B O-GlcNAc (right, green), and merged immunofluorescence. Quantitative results of immunofluorescence were
normalized based on DAPI levels (n = 3/group). Quantitative results of immunofluorescence are displayed with normalization based on DAPI levels
(n = 3/group). Statistical analysis was performed using Friedman ANOVA test with the Benjamini and Hochberg false discovery rate (FDR) method
(*p <0.05, **p < 0.01). (B) Quantitative real-time PCR analysis of mRNA expression levels in zebrafish brains (n = 3/group), normalized to $-actin
levels using the AAC; method. Statistical analysis was conducted using Friedman ANOVA test with the Benjamini and Hochberg FDR method
(*p <0.05, **p < 0.01). (C) The bars represent activity counts per hour and the graph displays activity percentage per day for 3 days. Within-group
comparison utilized Friedman ANOVA test with the Benjamini and Hochberg FDR (n.s), while between-group comparisons were performed using
two-way ANOVA with Tukey's multiple comparisons test (n.s). (D) Quantitative real-time PCR analysis of mRNA levels in zebrafish brain (n =3/
group) normalized to that of -actin using the AAC; method. Statistical analysis was conducted using Friedman ANOVA test with the Benjamini and
Hochberg FDR method (*p < 0.05, **p < 0.01). (E) Representative confocal images (x40) of zebrafish brain DI region showing DAPI staining (blue),
c-FOS (left, green), BDNF (right, green), and merged immunofluorescence. Quantitative results with normalization based on DAPI levels are
presented (n = 3/group). Statistical analysis was performed using Friedman ANOVA test with the Benjamini and Hochberg FDR method (*p < 0.05,
**p < 0.01). (F) Fear-conditioned learning and memory tests. Changes in crossing times compared to the first learning session were measured for up
to S5min in three learning sessions and one memory session (M). Error bars represent mean + SEM (n = 9-11/group). Within-group comparison
utilized Friedman ANOVA test with the Benjamini and Hochberg FDR (*'p <0.01 vs. 1st learning), while between-group comparisons were
performed using two-way ANOVA with Tukey's multiple comparisons test (*p < 0.05, **p < 0.01 vs. Con).

inversion and melatonin-treated circadian disruption models. methylation and ubiquitination. Therefore, the rhythmic

Based on these findings, we hypothesized that rhythmicity of
O-GlcNAc cycling regulates the histone code, potentially
influencing the periodic expression of various genes, including
circadian genes and neurotransmitters. While the pattern of
H3K4me3 oscillation is similar to that of H2B O-GlcNAcylation,
chromatin immunoprecipitation (ChIP) results suggest that
H2B O-Glc increases binding to the promoters of c-fos, bdnf, and
calml independently of H3K4me3 or H2B ubiquitination.
Previous research indicates that OGT associates with the TET
family to regulate H3K4me3 [30]. Additionally, OGT is reported
to form a complex with Mixed Lineage Leukemia 5 (MLL5) and
Ubiquitin Specific Protease 7 (USP7) that acts to regulate
the stability of MLL5 [43]. These results suggest that OGT
is involved in gene expression, not only through H2B
O-GlcNAcylation but also by independently regulating histone

expression patterns of OGT and O-GlcNAcylation are specu-
lated to be part of the intricate mechanisms regulating gene
expression, which require further exploration via Chip-seq
analysis.

In summary, this study focuses on the significance of
comprehending the molecular mechanisms underlying circa-
dian disruption and its effects on brain function. Our data
offer valuable insights into potential therapeutic targets for
alleviating cognitive impairments linked to disruption of
circadian rhythms. Continued exploration of the regulatory
mechanisms governing circadian rhythm-induced O-GIcNAc
cycling and histone modifications is crucial for fully under-
standing their involvement in brain function and cognitive
processes.
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FIGURE 7 | OSMI-1-induced inhibition of OGT and H2B-O-GIcNAc binding to promoter sites of neuronal plasticity genes in N2A cells. For

circadian rhythm synchronization, N2A cells were treated for 90 min with 200 nM dexamethasone in DMEM containing 0.25% FBS. The medium was
replaced with fresh DMEM containing 0.25% FBS supplemented with OSMI-1 (50 M) or 0.1% DMSO. (A) Protein expression levels of
O-GlcNAcylation, OGT, OGA, and c-Fos were analyzed by harvesting N2A cells every 4 h up to 24 h after OSMI-1 treatment, followed by western blot
with specific primary antibodies. The bars represent the mean + SEM of target protein expression normalized to a-tubulin levels. Statistical analysis
for within-group comparison was conducted using the two-way ANOVA test with the original Benjamini and Hochberg FDR (°p < 0.05, **p < 0.01 vs.
0h). A two-way ANOVA with Tukey's multiple comparisons test was performed for between-group comparisons (*p < 0.05, **p < 0.01 vs. Con). (B)
mRNA expression levels were analyzed by harvesting N2A cells every 4 h up to 24 h after OSMI treatment, followed by quantitative real-time PCR
with specific primers. The bars represent the mean + SEM of target gene expression normalized to $-actin levels using the AAC; method. Statistical
analysis for within-group comparison was conducted using the two-way ANOVA test with the original Benjamini and Hochberg FDR (°p < 0.05,
#p <0.01 vs. 0 h). A two-way ANOVA with Tukey's multiple comparisons test was performed for between-group comparisons (*p < 0.05, **p < 0.01
vs. Con). (C) Protein-DNA binding at the promoter regions of brain function-related genes was analyzed in cells at 12h after OSMI treatment via
ChIP assays. ChIP-DNA was analyzed via real-time qPCR at the indicated promoter regions. The unpaired t-test was performed for comparisons
between two groups (*p < 0.05, **p < 0.01 vs. Con).
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