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Characterization and chemoproteomic =
profiling of protein O-GIcNAcylation in SOD1-
G93A mouse model

YiHao'!, Zhongzhong Li?", Xinyan Du?, Qingsong Xie', Dongxiao Li%, Shaoyuan Lei* and Yansu Guo****

Abstract

Background Amyotrophic lateral sclerosis (ALS) is a devastating motor neuron disease. Protein O-linked (3-N-
acetylglucosamine (O-GIcNAc) modification has been found to affect the processing of several important proteins
implicated in ALS. However, the overall level and cellular localization of O-GIcNAc during ALS progression are
incompletely understood, and large-scale profiling of O-GIcNAcylation sites in this context remains unexplored.

Methods By using immunostaining analysis and chemoenzymatic labeling-based quantitative chemoproteomics,
we assayed O-GlcNAcylation dynamics of lumbar spinal cords from SOD-G93A mice and their non-transgenic (NTG)
littermates, the most widely used animal model for studying ALS pathogenesis.

Results We discovered that the global O-GIcNAcylation was significantly reduced at the disease end stage.
Correlatively, a great increase of OGA was observed. Immunohistochemistry and immunofluorescence analysis
showed a higher proportion of O-GIcNAc-positive neurons in the NTG group, while O-GIcNAc colocalization with
astrocytes/microglia was elevated in SOD1-G93A mice. Moreover, we reported the identification of 568 high-
confidence O-GlcNAc sites from end-stage SOD1-G93A and NTG mice. Of the 568 sites, 226—many of which occurred
on neuronal function and structure-related proteins—were found to be dynamically regulated.

Conclusion These data provide a valuable resource for dissecting the functional role of O-GIcNAcylation in ALS
and shed light on promising therapeutic avenues for ALS. The chemoenzymatic labeling-based chemoproteomic
approach is applicable for probing O-GIcNAc dynamics in various pathological processes.

Keywords O-linked 3-N-acetylglucosamine (O-GIcNAc), Chemoproteomics, Amyotrophic lateral sclerosis (ALS),
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Introduction

Amyotrophic lateral sclerosis (ALS), known as a rare
but potentially fatal neurodegenerative disease, is char-
acterized by progressive motor neuron loss in spi-
nal cord, brainstem, and motor cortex, which leads to
eventual paralysis and/or respiratory failure (Taylor et
al. 2016; Xu et al. 2020). The average survival period of
ALS patients after diagnosis is often three to five years.
Riluzole and edaravone (Jaiswal 2019; Park et al. 2020),
the FDA-approved drugs to treat ALS, are reported to
extend patient survival by only a few months. To promote
effective treatment for ALS, it is of vital importance to
understand its pathogenesis. Emerging evidence suggests
that dysregulation of O-linked-p-N-acetylglucosamine
(O-GlcNAc, ie. O-GlcNAcylation) is implicated in the
pathological mechanism of ALS (Liidemann et al. 2005;
Shan et al. 2012).

O-GlcNAcylation is a ubiquitous post-translational
modification in metazoans and occurs on serine (Ser, S)
and/or threonine (Thr, T) residues of nucleocytoplas-
mic and mitochondrial proteins (Torres and Hart 1984).
O-GIcNAc is regulated by only two opposite enzymes—
the O-GlcNAc transferase (OGT) for linking a single
GlcNAc onto Ser/Thr residues of protein substrates and
the O-GIcNAcase (OGA) for removal of GlcNAc, mak-
ing it reversible and dynamic (Yang and Qian 2017).
O-GlcNAc has been found to modulate diverse biologi-
cal processes (Chatham et al. 2021; Yang and Qian 2017),
such as transcription, signal transduction, and protein
homeostasis.

Although O-GIcNAc is ubiquitously expressed, it is
highly abundant in brains. Loss of OGT in mouse fore-
brain excitatory neurons led to progressive neurode-
generation (Wang et al. 2016). Correlatively, aberrant
O-GlcNAcylation is implicated in neurodegenerative dis-
eases (Liu et al. 2009; Ryan et al. 2019), including ALS,
Alzheimer’s disease (AD), and Parkinson’s disease (PD).
Through a transgenic mouse model, Krieger and cowork-
ers reported a lower O-GlcNAc level in the motor neu-
rons of spinal cord from ALS mice (Shan et al. 2012).
Moreover, a significant decrease of global O-GlcNAcyl-
ation was also observed in both brain tissues of AD sub-
jects and experimental models (Liu et al. 2009; Pinho et
al. 2019). These reduced O-GIcNAc events in AD showed
strong correlation with mitochondrial anomalies (Pinho
et al. 2019). In PD, elevation of O-GlcNAcylation facili-
tates alleviating neuroinflammation of the midbrain
(Kim et al. 2024). Several regulators of neurodegenera-
tive diseases are modulated by O-GlcNAc. For instance,
O-GlcNAcylation of amyloid-B precursor protein (APP)
impaired APP trafficking to the plasma membrane and
thus attenuated pathological Ap production in AD (Chun
et al. 2017). It is of great interest to quantitatively profile
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the O-GIcNAc proteins and modification sites during the
development of neurodegenerative diseases.

It should be noted that only a few O-GlcNAcylated
proteomic analyses have been performed in the context
of neurodegenerative disease progression. By combining
chemoenzymatic labeling and mass spectrometry (MS)-
based quantitative proteomics, the Liu and Gong group
identified 131 altered O-GlcNAcylated peptides from
human brain tissues with or without AD (Wang et al.
2017). However, to our best knowledge, large-scale pro-
teomic profiling of O-GlcNAcylation in ALS pathogen-
esis is still unexplored.

Herein, we employ SOD-G93A mice and its non-
transgenic (NTG) littermates, the most widely used ani-
mal model for studying ALS pathogenesis (Philips and
Rothstein 2015), to characterize the dynamic changes of
O-GlcNAcylation during ALS progression. We discover
that the overall O-GlcNAc level is significantly reduced
at the end stage of ALS compared to that in NTG, which
might attribute to a great increase of OGA. Through a
chemoenzymatic labeling-based chemoproteomic strat-
egy, we report the identification of O-GlcNAcylation
sites in the spinal cord from end-stage SOD1-G93A and
NTG mice, giving a total of 568 high-confidence sites.
The abundances of these O-GIcNAc sites are furthermore
quantified. 215 are found to be down-regulated dur-
ing ALS pathogenesis, many of which occur on neuro-
nal function regulators. These results provide a valuable
database for dissecting the regulatory role of O-GlcNAc-
ylation in ALS disease.

Materials and methods

Animals

Male hemizygous transgenic mice (overexpressing
human SOD1-G93A) purchased from Jackson Labora-
tories (B6SJL-Tg(SOD1-G93A)1Gur/], Strain #: 002726)
were mated with female B6SJL F1 mice to obtain trans-
genic human SOD1-G93A mice and their non-transgenic
(NTGQ) littermates. As reported (Gurney et al. 1994), the
genomic DNA of mouse tails was extracted and analyzed
to determine their genotypes. All mice were housed in
groups (4~5 mice per cage) under the same conditions
(alternating light/dark for 12 h, room temperature (R.T.)
at 24 °C, relative humidity for 50-60%, ad libitum access
to food and water). Spinal cord from female SOD1-G93A
mice is collected in the following stages: (1) pre-symp-
tomatic stage (60 days after birth), in which mice exhibit
no motor defects but have pathological changes, includ-
ing mild gliosis and sparse degeneration of neurons; (2)
onset stage (about 90 days after birth), in which mice
exhibit visible leg trembling in tail suspension test. (3)
end stage (about 130 days after birth), in which mice are
unable to upright itself within 30s after they were placed
on their back or sides. Female NTG littermates were
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sacrificed at the corresponding ages and used as control.
All animal experiments were conducted in accordance
with the Regulations on the Administration of Labora-
tory Animals issued by the Ministry of Science and Tech-
nology of the People’s Republic of China and approved
by the Experimental Animal Ethics Committee of the
Xuanwu Hospital of Capital Medical University. All mice
were anaesthetized under 1.0-3.0% (vol/vol) isoflurane
(RWD Life Science, Shenzhen, China).

Specimen Preparation
Fresh specimen preparation: After anesthesia, mice at
indicated disease stages were perfused transcardially with
0.9% saline. Lumbar spinal cord was blown out through
the sacral foramen, frozen in liquid nitrogen, and stored
at -80 °C for subsequent Western blot experiments.
Histological specimen preparation: Anesthetized mice
at indicated disease stages were perfused transcardially
with 0.9% saline, followed by 4% paraformaldehyde in
phosphate buffer saline (PBS). Then the lumbar spinal
cord was carefully dissected and fixed in 4% parafor-
maldehyde (PFA) for 24 h. After cryoprotection in 30%
sucrose solution (4 °C, overnight), the resulting spinal
cord was embedded in O.C.T. compound and stored at
-80 °C. About 25-um-thick lumbar spinal cord sections
were cut on a Leica cryostat (CM1850) and subjected to
Immunohistochemistry (IHC)/Immunofluorescence (IF).

Antibodies

Antibodies included mouse anti-O-GIcNAc (Abcam,
London, UK, ab-2739, 1:1000 for WB, 1:100 for IHC and
IF), rabbit anti-OGT (Abcam, London, UK, ab-177941,
1:1000 for WB, 1:100 for IHC and IF), rabbit anti-OGA
(Boster, Wuhan, China, A32463, 1:1000 for WB, 1:100
for IHC and IF), mouse anti-GAPDH (Bioworld, Nan-
jing, China, MBO001, 1:5000), mouse anti-NeuN (Mil-
lipore, MAB377, 1:100), mouse anti-GFAP (Millipore,
MAB360, 1:500), mouse anti-Iba-1 (GeneTex, San
Antonio, CA, USA, GTX632426, 1:100), rabbit anti-
GFAP (Cell Signaling Technology, Danvers, MA, USA,
mAb80788, 1:200), rabbit anti-Iba-1 (Wako Chemicals,
Osaka, Japan, 019-19741, 1:250), biotin-coupled second-
ary antibody (Bioworld, Nanjing, China, MB0O01, 1:5000),
Dylight 800 conjugated goat anti-mouse IgG (Abbkine,
Wuhan, China, A23910, 1:5000), Dylight 800 conju-
gated goat anti-rabbit IgG (Abbkine, Wuhan, China,
A23920, 1:5000), donkey anti-Rabbit IgG (H+L) Highly
Cross-Adsorbed Secondary Antibody, Alexa Fluor™ 488
(Thermo, MA, USA, A21206, 1:1000), Alexa Fluor™ 568
(Thermo, MA, USA, A10037,1:1000), and Donkey anti-
Mouse IgG (H+L) Highly Cross-Adsorbed Secondary
Antibody.
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Western blot (WB)

Total proteins were extracted from frozen tissues by
using a protein extraction kit (Beijing Solarbio Science
and Technology Co., Ltd., China) according to the man-
ufacturer instructions. The samples in loading buffer
containing 10% SDS were denatured at 95 °C for 10 min,
resolved on a 10% SDS-PAGE gel, and transferred onto
pre-activated polyvinylidene fluoride (PVDF) membrane.
Then the membrane was blocked by 5% skimmed milk
and incubated with indicated primary antibodies at 4 °C,
overnight. After washing with TBST for three times,
the resulting membrane was incubated with Delight
800-conjugated anti-rabbit/mouse IgG for 2 h at R.T. and
imaged by an Odyssey Infrared imaging system (LI-COR,
Lincoln, NE, USA).

Immunohistochemistry (IHC)

Lumbar spinal cord sections were treated with 3% hydro-
gen peroxide for 1 h, washed with PBS for three times,
and permeabilized in 10% goat serum containing 0.3%
TritonX-100 at R.T, followed by incubation with pri-
mary antibody overnight at 4 °C. The resulting sections
were washed with PBS containing 0.2% Tween 20 (PBST)
for three times and reacted with biotin-conjugated sec-
ondary antibody for 1 h. After washing with PBST, the
sections were incubated with Vectastain ABC reagent
(Vector Laboratories, Burlingame, CA, USA, PK-6100)
and ImmPACT DAB Peroxidase Substrate Kit (Vector,
SK-4105) for immunohistochemical staining. Then the
reacted sections were placed on slides, and the resulting
slides were soaked in anhydrous ethanol for 5 min and
xylene for 10 min. After sealing with neutral gum, the
slides were analyzed by an Olympus microscope (BX53)
equipped with a DP73 CCD. For each group, five floating
lumbar spinal cord sections from each mouse (n>3) were
used for immunohistochemistry analysis.

Immunofluorescence (IF)

Lumbar spinal cord sections were permeabilized with 1%
Triton X-100 in PBS for 30 min and blocked with 5% goat
serum in PBS containing 0.1% Triton X-100 for 30 min,
followed by incubation with primary antibody over-
night at 4 °C. After washing with PBS for three times, the
resulting sections were incubated with the fluorescence-
conjugated secondary antibody for 2 h at R.T., placed on
slides, stained with DAPI (VECTOR, VECTASHIELD
H-1200), and sealed with nail polish. Immunofluo-
rescence imaging was performed on Olympus confo-
cal microscope (FV1000). Images were acquired by the
software Olympus Viewer 3. There are five mice in each
group, and one floating lumbar spinal cord section per
mouse was processed for immunofluorescence analysis.
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Chemoenzymatic labeling of protein O-GIcNAcylation

The protein lysates were extracted as mentioned above,
followed by adjusting protein concentration into 2 mg/
mL by BCA protein assay kit (Thermo). For every 1 mL
protein solutions, 3 mL methanol, 750 pL chloroform,
and 2 mL Milli-Q H,O were added. The resulting sam-
ple was then centrifugated at 12,000 g for 10 min at 4 °C.
After removal of the aqueous phase, the protein pellets
were washed with cold methanol twice and dissolved
in 400 puL Hepes buffer (20 mM, pH 7.9) containing 1%
SDS (wt/vol). Subsequently, 490 pL Milli-Q H,O, 800 pL
labeling buffer [125 mM NaCl. 5% Nonidet P-40 (vol/vol),
50 mM Hepes, pH 7.9], 5.5 mM MnCl,, 0.025 mM UDP-
GalNAz, and 75 pL Y289L GalT1 were added. In the neg-
ative control, the Y289L GalT1 was omitted. The mixture
was at 4 °C for 24 h with gentle rotation. After metha-
nol-chloroform-H,O precipitation, the reacted samples
were resuspended with 1 mL of Hepes buffer (20 mM, pH
7.9) containing 0.5% SDS (wt/vol), and subjected to click
labeling.

Click labeling

For in-gel fluorescence scanning, 50 pL resuspensions
were incubated with 300 pM CuSO,-BTTAA pre-mixed
complex (CuSO,-BTTAA, 1:2 molar ratio), 100 pM
alkyne-Cy5 (Click Chemistry Tools, TA116), and 2.5
mM fresh sodium ascorbate for 2 h at room temperature
(R.T.). The resulting sample was then resolved on 10%
SDS-PAGE. The gel was imaged by Typhoon FLA 9500
(GE) and then stained by Coomassie Brilliant Blue (CBB)
to demonstrate equal loading. For chemoproteomic pro-
filing of O-GlcNAcylation sites, spinal cord lysates from
four SOD1-G93A or NTG mice were processed for one
biological replicate. As described above, 1.5 mL resus-
pensions of spinal cord lysates from SOD1-G93A mice
(or its non-transgenic littermates) were incubated with
300 pM CuSO,-BTTAA pre-mixed complex (CuSO,-
BTTAA, 1:2 molar ratio), 100 uM alkyne-H-PC-biotin
(or alkyne-L-PC-biotin), and 2.5 mM fresh sodium ascor-
bate for 2 h at R.T. Then the isotope-labeled samples were
combined, precipitated, and resuspended with 600 pL
8 M urea in H,O, followed by Enrichment of O-GIlcNAcyl-
ated peptides and UV cleavage.

Enrichment of O-GlcNAcylated peptides and UV cleavage

The protein solution was diluted into 4 M urea with 100
mM ammonium bicarbonate (ABC) in H,O, followed by
treatment with 10 mM dithiothreitol (45 min, 37 °C) and
20 mM iodoacetamide (30 min, in dark, R.T.). Then the
reacted sample was diluted to 0.8 M urea with 50 mM
ABC and incubated with trypsin (enzyme-to-substrate
ratio, 1:50) for 16 h at 37 °C, followed by addition of 150
pL streptavidin beads (Thermo, 20353) with gentle rota-
tion for 4 h at R.T. The resulting beads were washed with
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PBS (pH 7.4) for six times and Milli-Q water for six times.
Then the beads were resuspended in 300 pL 0.1% formic
acid (in H,O) and irradiated with UV light (365 nm) for a
total of 30 min by a UV cross-linker (UVP, CL-100). After
centrifugation to remove streptavidin beads, the released
O-GlcNACc peptides were evaporated in a speed vacuum
centrifuge and subjected to LC-MS/MS.

LC-MS/MS

MS raw data were generated from an Orbitrap Fusion
Lumos mass spectrometer (Thermo) fitted with a Dionex
Extreme 3000 RPLC nano system (Thermo). The peptides
were dissolved in 0.1% formic acid (in H,O) and sepa-
rated by a EasySpray reversed-phase LC column (75 pm x
50 cm) packed with PepMap C18 particles (100 A, 2 um).
The mobile phases (A: 0.1% formic acid; B: 0.1% formic
acid in 80% acetonitrile) were used and the LC gradient
was: 1% B for the first 8 min, 1-7% B in 1 min, 7-35%
B from 9 min to 311 min, 35-44% B from 311 min to
353 min, and 44—-99% B from 353 min to 356 min. Full MS
scans of peptide precursors (350—2000 Th) were acquired
with a resolution of 120,000, a maximum injection time
of 50 ms, and RF lens at 60%. The multicharged precur-
sors (z=2-8) were selected for MS/MS scans with a cycle
time of three seconds, and monoisotopic precursor selec-
tion was enabled. High-energy collisional dissociation
product-dependent electron-transfer/higher-energy col-
lisional dissociation (HCD pd EThcD) was employed for
MS/MS fragmentation. If one of the glycan oxonium ions
(m/z 168.0655, 186.0761, 204.0865, 274.0921, 292.1027,
300.1302, 329.1455, 366.1395, 388.1463, 399.1992, and
405.213) was produced in a HCD scan, EThcD acquisi-
tion was further performed on the captured fragment.

Data processing

MS data were processed with the software MaxQuant
(Cox and Mann 2008) (version 1.6.1.0) integrated with
Andromeda search engine. SwissPort Mus musculus
proteome database downloaded from Uniprot on 4th
November, 2016. As reported (Hao et al. 2023; Liu et
al. 2022), modifications on Ser and Thr (601.2708 and
607.2846 Da for “light” and “heavy” O-GIlcNAc-GalNAz
tagged adducts by isoPTOP labeling) were searched as
variable modifications separately. Moreover, O-HexNAc-
containing peptides with a false discovery rate at 1% were
filtered by an Andromeda score>40 and a delta score > 8.
O-HexNAc modification sites with a localization prob-
ability >0.75 on the glycopeptides were defined as iden-
tified sites. By using the term “Subcellular Location” in
Uniprot as a reference standard, extracellular O-HexNAc
sites were excluded from the O-GIcNAc site list.
O-GIcNAc sites identified at least twice were defined as
high-confidence sites. Site-quantification was processed
with the software CIMAGE (Gao et al. 2021; Liu et al.
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2022). Briefly, extracted MS1 ion chromatograms (+10
ppm) of the coeluting isotope-modified peptides were
generated using a+10-min retention time window and
the corresponding “light”/“heavy” ratio was calculated.
The median value of all modified peptides was used as
the final quantification ratio of the O-GIcNAc site. High-
confidence sites quantified twice or more were analyzed
for enrichment significance.

Statistical analysis

Student’s t-tests were used to calculate significant dif-
ferences between two groups. Experiments include
3-8 mice per group. Data results are expressed
as mean+tstandard deviation (mean+SD), and P
value<0.05 indicates statistically significant differences.
For comparing the enrichment significance of O-GIcNAc
sites between SOD1-G93A and NTG mice, P values were
calculated by a Bayes moderated t-test and adjusted by
the Benjamini-Hochberg method.

Results

Reduced level and altered cellular location of
O-GIcNAcylation in lumbar spinal cord of SOD1-G93A mice
We sought to investigate the dynamic changes of
O-GlcNAcylation in three distinct disease stages during
ALS progression: pre-symptomatic stage (about 60 days
after birth), onset stage (about 90 days after birth), and
end stage (about 130 days after birth). The lumbar spi-
nal cord of NTG and SOD1-G93A mice at the indicated
stages was collected and lysed, followed by chemoenzy-
matically labeling with UDP-N-azidoacetylgalactosamine
(UDP-GalNAz) and Y289L GalT1 (a mutant galactosyl-
transferase). The Y289L GalT1 specifically tags terminal
GIcNAc with a GalNAz moiety by using UDP-GalNAz
as the sugar donor (Clark et al. 2008). Then the reacted
lysates were conjugated with alkyne-Cy5 via Cu(I)-cat-
alyzed azide-—alkyne cycloaddition (CuAAC, or click
chemistry) (Uttamapinant et al. 2012) and the labeling of
O-GlcNAcylated proteins were analyzed by in-gel fluo-
rescence scanning. Of note, the overall O-GlcNAc level
was significantly decreased at disease end stage com-
pared to that in NTG (Fig. 1A and Fig. S1-S3). Similar
results were observed in western blot analysis by using an
O-GlcNAc-recognizing antibody anti-RL2 (Fig. 1B and
Fig. S3).

To investigate the subcellular location of O-GlcNAc-
ylation, lumbar spinal cord from NTG and SODI-
G93A mice were immunohistochemically stained by
anti-RL2 antibody. Strong O-GlcNAc immunostain-
ing was observed mostly in neuronal cell bodies and
neurites in the NTG group (Fig. 1C), which was fur-
ther proved in double-labelling immunofluorescence
microscopy analysis (Fig. 2 and Fig. S4); while the SOD1-
G93A group showed a dramatic increase of O-GIcNAc
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immunoreactivity in glial cells accompanied by an obvi-
ous reduction of O-GlcNAc positive neurons (Fig. 1C).
As assayed by double-labelling immunofluorescence, the
increased glial O-GIcNAcylation was mainly colocalized
with proliferating microglia, as well as astrocytes, in lum-
bar spinal cord of SOD1-G93A mice (Fig. 2 and Fig. S4).
The results indicate that O-GIlcNAcylation is dynamically
regulated in the development of ALS.

Change of OGT and OGA expression in lumbar spinal cord
of SOD1-G93A mice

We next asked the protein level of OGT/OGA between
NTG and SOD1-G93A mice. Immunoblotting using an
anti-OGA/OGT antibody showed a significant increase
of OGA and a minor decrease of OGT in lumbar spinal
cord of SOD1-G93A mice at the end stage (Fig. 3A, B and
Fig. S5), which contributed to a reduced O-GlcNAc level
during ALS progression, respectively. To examine the cel-
lular localization of OGT/OGA, immunohistochemistry
and double-labelling immunofluorescence staining were
then performed. In normal lumbar spinal cord of the
NTG group, OGT/OGA immunoreactivity was mainly
distributed in the cytoplasm of neurons and glia; Of note,
in spinal cord of SOD1-G93A mice, OGT/OGA-positive
neurons were dramatically declined but the OGT/OGA-
GFAP or -Ibal co-localized astrocytes and microglia
were increased. (Figures 3C and 4 and Fig. S6). These
results suggest that the expression of OGT/OGA is mod-
ulated in an ALS pathogenesis-dependent manner.

Quantitative and site-specific profiling of protein
O-GlcNAcylation in lumbar spinal cord of NTG and SOD1-
G93A mice
We then employed the isotopic photocleavable tagging
strategy for O-GlcNAc profiling (isoPTOP) (Hao et al.
2023; Liu et al. 2022) to quantitatively profile O-GlcNAc-
ylation in site-specific manner between NTG and
SOD1-G93A mice at disease end stage. After chemoen-
zymatic labeling, the lumbar spinal cord lysates of NTG
and SOD1-G93A mice were click-labeled with “light”
alkyne-biotin containing a photocleavable linker (alkyne-
L-PC-biotin) and “heavy” alkyne-PC-biotin (alkyne-
H-PC-biotin), respectively (Fig. 5A and Fig. S7). The
biotinylated cell lysates were combined, trypsin-digested,
and captured by streptavidin beads. After UV cleavage,
the released glycopeptides were analyzed by LC-MS/MS.
In agreement with the previous studies (Hao et al
2023), a streamlined procedure was applied to define
identified and quantified O-GlcNAcylation sites (Fig.
S8A). In four biological replicates, a total of 894 and
396 O-GIcNAcylation sites were identified in NTG and
SOD1-G93A mice (Fig. S8B, S8C, S9, S10, and Table S1),
giving 527 and 169 high-confidence O-GlcNAcylation
sites, respectively (Fig. 5B). Of these high-confidence
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Fig. 1 Reduced O-GIcNAc levels in lumbar spinal cord of SOD1-G93A mice. (A) In-gel fluorescence scanning showing lumbar spinal cord lysates of SOD1-
G93A at end stage and nontransgenic (NTG) mice. The cell lysates were chemoenzymatically labeled and reacted with alkyne-Cy5 via CUAAC. Coomassie
Brilliant Blue (CBB)-staining demonstrates comparable loading. Representative results are from three independent experiments. (B) Immunoblotting
showing the overall O-GIcNAc level of lumbar spinal cord from SOD1-G93A at end stage and NTG mice. RL2 is an O-GIcNAc-recognizing antibody. Anti-
GAPDH blot demonstrates comparable loading. Representative results are from three independent experiments. (C) Representative immunohistochem-
istry staining images of O-GIcNAcylation in lumbar spinal cord anterior horn of NTG and end-stage SOD1-G93A mice. Arrows indicate O-GIcNAc-positive
motor neurons. Arrowheads indicate O-GIcNAc-positive glial cells. Representative images are from three independent experiments. Scale bars, 50 um

sites, 417 were quantified at least twice (Fig. 5C and Table
S2). Of the 417 quantified sites, 215 exhibited a significant
down-regulation in SOD1-G93A compared to those in
NTG mice, while 11 sites were enriched in SOD1-G93A
mice (Fig. 5D). Gene ontology (GO) analysis indicated
that the 215 down-regulated O-GIcNAc events were
mostly involved in neuronal functions (Fig. 5E), such as
synapse organization, neurofilament cytoskeleton orga-
nization, and neurofilament bundle assembly. It should

be noted that the anti-RL2 blot in SOD1-G93A mice
shows a stronger immunoreactive band (above 55 KDa)
(Fig. 1B). Consistently, the increase of T110 O-GlcNAc-
ylation on PDLIM5 (~ 63 KDa) was identified in SOD1-
G93A mice (Fig. 5D and Table S2). These results, to some
extent, further supports our finding in ALS pathogenesis.

O-GlcNAcylation on a series of neuronal function
and structure related proteins was altered in SOD1-
G93A mice (Fig. 5F). For instance, Neurofilament (NF) is
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Fig. 2 Characterizing cellular O-GIcNAc distribution in lumbar spinal cord of SOD1-G93A and NTG mice. Confocal fluorescence images of O-GlcNAc-
NeuN/GFAP/Iba1 colocalization in lumbar spinal cord cells from SOD1-G93A at the end stage and NTG mice. NeuN, a neuronal marker. GFAP, an astrocyte-
specific marker. Ibal, a microglia marker. Arrowheads indicate colocalization of NeuN and O-GIcNAc. Arrows indicate colocalization of GFAP/Ibal with
O-GlcNAc. Representative images are from five independent experiments. Scale bars, 50 um
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lumbar spinal cord from SOD1-G93A at end stage and NTG mice. Anti-GAPDH blot demonstrates comparable loading. Results are from six independent
experiments. (B) Bar graph showing statistical analysis of the relative protein level in (A). *P<0.05 (Student’s t-test). (C) Representative immunohisto-
chemistry staining images of OGT/OGA in lumbar spinal cord anterior horn of NTG and end-stage SOD1-G93A mice. Arrows indicate OGT/OGA-positive
motor neurons. Arrowheads indicate OGT/OGA-positive glial cells. Representative images are from three independent experiments. Scale bars, 50 um

regarded as an essential axonal cytoskeleton component, reduced in the SOD-G93A group. Given that O-GIlcNAc
which consists of NF-heavy (NFH), NF-medium (NFM), alleviates NF pathological aggregation (Peng et al. 2019),
and NF-light (NFL) (Geisler et al. 1983; Yuan et al. 2017).  we speculate a profound defect of NF structure and func-
Our results showed that NF was heavily O-GIcNAcyl-  tion at the end stage of ALS. HSPBI1 (also referred to as
ated in NTG mice, while its O-GlcNAcylation level was ~ HSP27) mediates neuroprotection in neurodegenerative
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Fig. 4 Characterizing cellular OGT/OGA distribution in lumbar spinal cord of SOD1-G93A and NTG mice. Confocal fluorescence images of OGT/OGA-
NeuN/GFAP/Iba1 colocalization in lumbar spinal cord cells from SOD1-G93A at end stage and NTG mice. Arrowheads indicate colocalization of NeuN with
OGT/OGA. Arrows indicate colocalization of GFAP/Iba1 with OGT/OGA. Representative images are from five independent experiments. Scale bars, 50 um

disorders by inhibiting protein misfolding and accumu-
lation (Cox et al. 2018; Yang et al. 2024). O-GlcNAc-
ylation of HSPB1 was reported to facilitate refolding of
protein substrates via protein-protein interactions with
the BAG3/HSP70 co-chaperone (Javed et al. 2024). We
found that HSPB1 was O-GlcNAcylated in ALS patho-
genesis. Moreover, HSPB1 O-GlcNAcylation at Thr
178/Thr 63 exhibited approximately 3.5/3.2-fold higher
in SOD-G93A than NTG mice, suggesting a potential
neuroprotective reaction in ALS disease. O-GlcNAcyl-
ation of Synapsin 1 (SYN1) at Thr 87 suppresses SYN1

localization to synapses and then impairs the formation
of the reserve pool of synaptic vesicles, thus modulating
presynaptic plasticity in mature neurons (Skorobogatko
et al. 2014). Interestingly, the abundance of O-GlcNAcyl-
ation on SYN1 was significantly decreased in SOD-G93A
mice, which indicates a possible link between defective
synaptic functions and ALS progression.
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Fig. 5 Quantitative and site-specific profiling of O-GlcNAcylation in NTG and SOD1-G93A mice. (A) Workflow of large-scale identification and quan-
tification of O-GIcNACc sites between NTG and end-stage SOD1-G93A mice by isoPTOP. Results are from four independent experiments. (B) Overlap
of high-confidence O-GIcNAc sites identified in NTG and SOD1-G93A mice. (C) Overlap of quantified high-confidence O-GIcNAc sites between NTG
and SOD1-G93A mice. (D) Volcano plot showing the relative abundance of O-GIcNAcylation sites in NTG and SOD1-G93A mice. The blue dots (fold
change <0.67 and adjust P value <0.01) represent enriched sites in NTG, and the red dots (fold change > 1.5 and adjust P value <0.01) are enriched sites
in SOD1-G93A. (E) Cellular Component and Biological Process GO terms of proteins harboring O-GIcNAc sites enriched in NTG. (F) Bar graph showing the
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inhibitors that can cross the blood-brain barrier in vivo
(Rostgaard et al. 2023; Wang et al. 2020), have been
proven to be effective for the treatment of tauopathies.
It will be of great interest to evaluate the clinical use of
Thiamet-G and MK-8719 in ALS.

O-GlcNAcylation plays an important role in the cen-
tral nervous system (CNS), both during development
and in the process of CNS diseases (Zhang et al. 2024).
OGT deletion in adult mice forebrain caused pro-
gressive neurodegeneration (Wang et al. 2016). Our

Discussion

O-GlcNAcylation protects against pathological protein
aggregation and misfolding in neurodegenerative dis-
eases (Peng et al. 2019; Ryan et al. 2019). We discovered
the overall O-GlcNAcylation was significantly decreased
at the end stage of ALS transgenic mice. In consistence
with this result, an elevated level of OGA was observed.
The findings suggest that OGA inhibition might be a
potential therapeutic strategy for ALS treatment. Of
note, Thiamet-G and its derivative MK-8719, two OGA
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ing O-GIcNAcylation sites and adjacent phosphorylation sites on neurofilament medium (NFM), Heat shock protein HSPB1, synaptic protein Catenin

delta-2 (CTNND?2), and protein kinase WNK2

immunohistochemistry and immunofluorescence analy-
sis suggests dramatic loss of O-GIcNAc-positive neu-
rons in ALS transgenic mice at the end disease stage,
which correlates with the profound downregulation of
O-GlcNAcylation sites on neuronal structure and func-
tion proteins. Meanwhile, the reduction of O-GlcNAc-
ylation in motor neurons of G93A lumbar spinal cords
appears to be partially balanced by increased O-GIlcNAc
in astrocytes and microglia. From immunohistochemis-
try images, we can observe an overall O-GIcNAc/OGT/
OGA expression profile and shift of positive-expressing
cell types. Double-labelling immunofluorescent assays
provide cellular localization information in particular
locations (anterior horn of spinal cord) at higher magni-
fications. However, these two histological methods can
only to some extent indicate expression changes, but they
are hard to quantify the overall expression changes in
the spinal cord as Western blot did. Nevertheless, these
three methods are complementary to and in most cases
in consistent with each other. From double immunoflu-
orescence labelling, we observed an increase of OGT/
OGA expression in reactive astrocytes and an elevated
O-GlcNAc level in activated microglia in SOD1-G93A
mice. It should be noted that astrocytic O-GlcNAcyl-
ation was reported to inhibit its activation and inflam-
mation (Dong et al. 2023), nonetheless, the exact role of
O-GlcNAc in microglia remains to be explored.
Quantitative and site-specific profiling of O-GIcNAc-
ylation is a prerequisite for understanding O-GlcNAc
regulatory roles during ALS progression. By using
isoPTOP, we identified 527 and 169 high-confidence
O-GlcNAcylation sites in end stage SOD1-G93A and
NTG mice, respectively. Of the identified sites, 215 were
down-regulated in SOD1-G93A mice, many of which
occurred on neuronal structure and function regulators.
For example, O-GIlcNAcylation of SYN1 at Thr 87 was

decreased during ALS progression. SYN1 O-GlcNAcyla-
tion has been reported to modulate presynaptic plasticity
(Skorobogatko et al. 2014). It is interesting to speculate
correlations between synaptic dysregulation and ALS
pathogenesis. Of note, considering that O-GIcNAc has
been reported to stabilize a series of protein substrates
(Hao et al. 2019; King et al. 2022; Makwana et al. 2019),
it is worthy to address whether this is a generic effect
of O-GlcNAc on its modified proteins involved in ALS
pathogenesis.

Phosphorylation as one of the best characterized post-
translational modifications (PTMs) can decorate numer-
ous proteins and modulate their biological functions
(Battaglioni et al. 2022; Singh et al. 2017). Akin to phos-
phorylation, O-GlcNAcylation occurs on Ser and Thr
residues of protein substrates. O-GlcNAc has been found
to disrupt phosphorylation by competition for the same
site(s) and/or by modifications influencing residue(s) in
proximity on the protein sequence, which is involved in
co-regulation of protein functions (Hart et al. 2011; Leney
et al. 2017). In this context, further studies are needed to
fully elucidate the crosstalk between O-GlcNAcylation
and phosphorylation.

Several neuronal function-related proteins carrying
potential crosstalk between O-GlcNAcylation and phos-
phorylation were identified in our work. For example,
NFM was O-GlcNAcylated at Ser 28, Ser 44, and Ser 50
(Fig. 6), which are adjacent to the phosphorylation site
Ser 23 (Sihag et al. 1997). A decrease of O-glycosylation
along with enhanced phosphorylation on NFM has been
reported in a transgenic rat model of ALS (Liidemann et
al. 2005). It is interesting to address crosstalk between
O-GlcNAc and phosphorylation in the context of ALS
pathogenesis. Phosphorylation of the synaptic protein
Catenin delta-2 (CTNND2) governs GluR2-mediated
synaptic activity (Poore et al. 2010). In proximity to
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the phosphorylated residue, Thr 329 and Thr 337, two
O-GIcNAc sites of CTNND2, were identified in this
study. HSPB1, a heat shock protein that promotes neu-
ronal survival (Yang et al. 2024), is modified by both
O-GlcNAc and phosphorylation (Netsirisawan et al.
2018; Song et al. 2019). In hepatoblastoma, it was recip-
rocally regulated by the two PTMs (Song et al. 2019).
Notably, the abundance of O-GlcNAcylation on HSPB1
was significantly elevated in SOD1-G93A mice. This
O-GlcNAc-phosphorylation crosstalk event may regu-
late the development of ALS. WNK2, a neuron-enriched
kinase, was identified to be O-GlcNAcylated at Ser 1524.
Moreover, it exhibited lower O-GlcNAcylation lev-
els at the end stage of ALS compared to those of NTG.
Phosphorylation of WNK2 at Ser 1566 can modulate
y-aminobutyric acid (GABA)-ergic neurotransmission
in the mouse brain (Rinehart et al. 2011). The crosstalk
between O-GlcNAcylation and phosphorylation on these
residues remains to be explored, which probably provides
a new molecular mechanism for regulation of WNK2
functions.

Conclusion

In summary, we analyzed the dynamic changes of
O-GlcNAcylation during ALS progression. The global
O-GlcNAcylation is dramatically decreased at the
end stage of ALS transgenic mice, and the reduced
O-GIcNAc level might be mainly attributed to an obvi-
ous increase of OGA. Correlatively, cellular localization
analysis manifested dramatic neuronal downregulation
and glial upregulation of colocalized O-GlcNAcylation
and OGT/OGA expression. We further applied isoPTOP
(Hao et al. 2023; Liu et al. 2022) to compare the differ-
ence of O-GlcNAcylation sites between SOD1-G93A and
NTG mice in quantitative manner, giving a total of 215
down-regulated sites in SOD-G93A mice. As assayed by
GO analysis, these dysregulated O-GIcNAc events are
mostly involved in neuronal structure and functions. Our
results provide an invaluable resource for deciphering
biological functions of O-GIcNAc in ALS pathogenesis.
We envision that the chemoproteomic method should be
generally applicable for probing O-GlcNAc dynamics in
various pathological processes.
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