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Ogt-mediated O-GlcNAcylation inhibits R

astrocytes activation through modulating NF-kB
signaling pathway
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Abstract

Previous studies have shown that Ogt-mediated O-GIcNAcylation is essential for neuronal development and function.
However, the function of O-GIcNAc transferase (Ogt) and O-GIcNAcylation in astrocytes remains largely unknown.
Here we show that Ogt deficiency induces inflammatory activation of astrocytes in vivo and in vitro, and impairs
cognitive function of mice. The restoration of O-GIcNAcylation via GIcNAc supplementation inhibits the activation of
astrocytes, inflammation and improves the impaired cognitive function of Ogt deficient mice. Mechanistically, Ogt
interacts with NF-kB p65 and catalyzes the O-GIcNAcylation of NF-kB p65 in astrocytes. Ogt deficiency induces the
activation of NF-kB signaling pathway by promoting Gsk3( binding. Moreover, Ogt depletion induces the activation
of astrocytes derived from human induced pluripotent stem cells. The restoration of O-GIcNAcylation inhibits the
activation of astrocytes, inflammation and reduces AR plague of AD mice in vitro and in vivo. Collectively, our study
reveals a critical function of Ogt-mediated O-GIcNAcylation in astrocytes through regulating NF-kB signaling pathway.
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Introduction

Astrocytes are abundant glial cells in central nervous
system (CNS) and play critical function, such as main-
taining CNS homeostasis, regulating synaptic informa-
tion processing [1, 25, 39, 58]. Astrocytes activation,
marked by the up-regulation of glial fibrillary acidic
protein (GFAP) [60], presents in some pathological
conditions including neurodegenerative diseases [16,
23, 44]. Reactive astrocytes secrete pro-inflammatory
cytokines affecting neuronal survival and consequently
contribute to neurological diseases such as Alzheimer’s
disease, multiple sclerosis and spinal cord injury [6, 10,
22, 45, 46, 54, 71]. Diverse mechanisms, including epi-
genetic modifications and environmental factors, have
been shown regulate the activation of astrocytes [46,
61, 71].

As a post-translational modification, O-GlcNAcylation
is catalyzed by O-GlcNAc transferase (Ogt) with UDP-
GlcNAc on the serine and threonine residues of proteins;
meanwhile, O-GlcNAcylation can be removed by O-Glc-
NAcase (Oga). The balance between the activities of Ogt
and Oga is essential for the dynamic and reversible fea-
ture of O-GlcNAcylation. Previous studies have shown
that thousands of cytoplasmic and nuclear proteins are
modified with O-GlcNAcylation, which is implicated
in gene expression, proteasomal degradation, energy
metabolism, cellular stress responses, and signal trans-
duction [24, 26, 40, 64, 75].

Previous studies have shown that neuronal Ogt is
essential for gene expression, neuronal survival and
synaptic development, and that Ogt deficiency leads to
abnormal feeding behavior and induces neurodegen-
eration [29, 36, 37, 55, 62, 67]. Specific deletion of Ogt
in neural stem/progenitor cells alters neurogenesis and
impairs cognitive function of mice [7, 9, 72]. Consistently,
global level of O-GlcNAcylation decreases along with
brain ageing, and its restoration can attenuate cognitive
impairment in aged mice [70]. However, the function of
O-GlcNAcylation in astrocytes remains largely unknown.

In the present study, we showed that astrocytic Ogt
deficiency induced activation of astrocytes in vivo and
in vitro and impaired cognitive function of mice. The
restoration of O-GlcNAcylation by the replenishment of
GIcNAc increased the level of UDP-O-GlcNAcylation,
inhibited activation of astrocytes, and improved the cog-
nitive function of Ogt deficient mice. Mechanistically,
Ogt interacted with NF-kB p65 and catalyzed the O-Glc-
NAcylation of NF-kB p65 in astrocytes. Ogt deficiency
promoted the binding of Gsk3p to NF-«kB p65 and led to
the activation of NF-«B signaling pathway. The restora-
tion of decreased O-GlcNAcylation inhibited activation
of astrocytes, inflammation and reduced A plaque in the
brain of Alzheimer’s disease (AD) mouse model.
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Results

Ogt deficiency leads to the activation of astrocytes in vitro

and in vivo

To determine the function of Ogt in astrocytes, we first
isolated astrocytes from the brains of wild-type (WT)
adult (postnatal 7-week) mice and performed immu-
nostaining with multiple cell lineage markers. We
observed that nearly 97% of cells were positive for astro-
cyte markers GFAP, Glast and Aldh1l1, respectively, but
only very few cells were positive for the neuronal cell
marker Tujl and the microglia marker Ibal (Additional
file 1: Fig. Sla, b), suggesting the homogeneity of cultured
astrocytes. Western blot (WB) assay results showed that
astrocytes displayed lower levels of Ogt and Oga com-
pared to neurons (Additional file 1: Fig. S1c—e). However,
the ratio of Ogt/Oga was significantly higher in astro-
cytes than that of neurons (Additional file 1: Fig. Sic, f).
Consistently, the level of O-GlcNAcylation was signifi-
cantly higher in astrocytes compared to neurons (Addi-
tional file 1: Fig. Slc, g).

Next, we generated a GlastCreERT2:0gt®"Y (cKO)
mouse model by crossing Ogf™®*® conditional allele
with GlastCreERT2 driver. Adult (postnatal 7-week) male
mice were intraperitoneally (i.p.) administrated with mul-
tiple doses of tamoxifen (cKO) and corn oil (Ctrl) (1 time/
day for 5 consecutive days, Additional file 1: Fig. S1h),
respectively. Eight weeks after the final injection, astro-
cytes were isolated from the brains of Ctrl and cKO mice
for in vitro assays, respectively. Both mRNA and protein
levels of Ogt (Additional file 1: Fig. S1i—k), and the levels
of O-GlcNAcylation and Oga (Additional file 1: Fig. S1j—
m) were also significantly decreased in cKO cells com-
pared to Ctrl cells. Immunostaining intensity of Ogt and
O-GlcNAcylation signals were significantly decreased
compared to those of Ctrl cells in vitro (Additional file 1:
Fig. Sln, o). Interestingly, we noticed that the average
area of cKO astrocytes (indicated by GFAP staining),
the signal intensity and the protein level of GFAP were
remarkably increased compared to Ctrl cells (Fig. 1a—d).
mRNA levels of pan reactive astrocyte markers were
also significantly increased in cKO astrocytes (Fig. le).
Of note, mRNA levels of Al type (neurotoxic) astrocyte
markers were significantly increased; whereas, mRNA
levels of A2 type (neuroprotective) astrocytic markers
showed a subtle decrease (Fig. 1f, g). These results collec-
tively suggest that Ogt deficiency leads to the activation
of astrocytes in vitro.

Next, we aim to examine whether Ogt deficiency
induces the activation of astrocytes in vivo. Immu-
nostaining with brain sections revealed that Ogt and
O-GlcNAcylation were significantly decreased in GFAP
astrocytes of cKO mice (Additional file 1: Fig. Slp, q).
Immunostaining intensity of GFAP and the number of
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astrocytes significantly increased in the hippocampal
region of cKO mice compared to Ctrl mice (Fig. 1h—j).
Three-dimension (3D) construction analysis showed
that the volume, the number and process length of astro-
cytes significantly increased in the brain of ¢cKO mice
compared to Ctrl (Fig. 1k—o, Additional file 2: Fig. S2a),
while the number and neurite length of microglia were
not affected in the brain of mice (Additional file 2: Fig.
S2b-g). Consistently, qRT-PCR and western blot results
revealed a significant increase of GFAP but not Ibal in
the hippocampal tissue of cKO mice compared to Ctrl
mice (Fig. 1p—s, Additional file 2: Fig. S2h).

Considering that few Glast* astrocytes could be
Nestint adult neural stem/progenitor cells (aNSPCs)
in the brain of adult mice, we then examined whether
Ogt deficiency in astrocytes affected neurogenesis.
We observed that adult cKO mice showed the reduced
number of BrdU" cells and BrdUTDCX™" cells in the
subgranular zone of hippocampus (Additional file 3:
Fig. S3a-c) and subventricular zone (Additional
file 3: Fig. S3e-g) compared to Ctrl, respectively, but
the percentage of BrdUTDCX*/BrdU" in these two
regions showed no difference between Ctrl and cKO
mice (Additional file 3: Fig. S3a, d, e, h). We further
isolated aNSPCs from the forebrains of adult Ctrl
and cKO mice, respectively. Ctrl and cKO NSPCs
showed no difference in the levels of Ogt and O-Glc-
NAcylation (Additional file 3: Fig. S3i-k), and mRNA
levels of proliferation and differentiation markers
(Additional file 3: Fig. S31-q). In addition, we did not
observe the activation of astrocytes in the brain of

(See figure on next page.)
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NestinCreERT2:0gt*"Y mice, in which Ogt is spe-
cific deficient in Nestin™ aNSPCs (Additional file 3:
Fig. S3r, s). Collectively, these results suggest that Ogt
deficiency in astrocytes specifically leads to astrocyte
activation and impairs neurogenesis in vivo.

Activated astrocytes induce inflammation in Ogt deficient
mice

To determine whether activated astrocytes induced by
Ogt deficiency drives inflammation, we first performed
IL-1p immunostaining with cultured Ctrl and cKO astro-
cytes, respectively, and observed that the intensity of
IL-1p signal increased in cKO astrocytes compared to
Ctrl (Fig. 2a). qRT-PCR and WB results also showed that
the levels of IL-1p and TNF-awere significantly increased
in cKO astrocytes (Fig. 2b—f).

Next, we examined the expression of IL-1f in the brains
of Ctrl and cKO mice, and observed that the immuno-
fluorescence intensity of IL-1B signal was remarkably
increased (Fig. 2g). Consistently, qRT-PCR (Fig. 2h, i)
and WB assays (Fig. 2j—1) results showed that the lev-
els of IL-1p and TNF-a were significantly increased in
the hippocampal tissues of cKO mice compared to Ctrl
mice. ELISA results showed that the levels of IL-1p and
TNF-a were significantly increased in the hippocampal
tissue supernatants of cKO mice compared to Ctrl mice
(Fig. 2m, n). Further, the exposure of an Ogt inhibitor,
Ogt small molecule inhibitor-4 (OSMI-4), significantly
reduced the level of O-GlcNAcylation in wild-type (WT)
astrocytes (Fig. 20, p), but significantly increased the of

Fig. 1 Ogt deficiency leads to activation of astrocytes in vitro and in vivo. a, b Representative images of GFAP immunostaining (a) and
quantification results showed that Ogt deficiency increased the average area of adult astrocytes (b). Scale bar, 50 um. n=10 astrocytes were picked
up per animal and 30 cells in total were analyzed per group. Values represent mean + SEM; *p <0.05, **p <0.01, ***p < 0.001; unpaired Student’s
t-test. ¢, d Western blot (WB) assay (c) and quantification results (d) showed that the protein level of GFAP significantly increased in cKO astrocytes
compared with Ctrl astrocytes. Astrocytes isolated from 2 to 3 adult mice were pooled together and regarded as n=1 in the present study. n=3
independent experiments. Values represent mean + SEM; *p < 0.05, **p <0.01, ***p <0.001; unpaired Student’s t-test. All the original images of
western blot assays can be found in Additional file 10: Fig. S10. e-g gRT-PCR results show that mRNA levels of pan reactive (e) and A1 specific

(f) markers increased in Ogt deficient adult astrocytes, and A2 specific markers decreased (g). n=3 independent experiments. Values represent
mean + SEM; *p < 0.05, **p < 0.01, ***p <0.001; unpaired Student’s t-test. h Representative images of GFAP and Ibal immunostaining. Scale bar,

100 pm. The right panels showed the higher magnification of the area marked with white frame in left panel images. Scale bar (right panels, 20 pm).
i~1 Quantification results showed that the level of GFAP fluorescence intensity (i) and the number of GFAPT cells (j) significantly increased in the
hippocampus region of cKO mice compared to Ctrl mice. n=4 mice per genotype. Values represent mean + SEM; *p < 0.05, **p < 0.01, ***p <0.001;
unpaired Student’s t-test. k-n three-dimension (3D) analysis of astrocytic morphology showed the increase of the total length (k), the number of
processes (I), the process volume (m) and total process area (n) of astrocytes from the hippocampus of adult cKO mice compared with Ctrl mice.
n=10 astrocytes were picked up per animal and 40 cells in total were analyzed per group. Values represent mean + SEM; *p <0.05, **p < 0.01,

**¥p <0.001; unpaired Student’s t-test. o 3D Sholl analysis showed the increased process arbor complexity of astrocytes in the hippocampus of
cKO mice compared with Ctrl mice. n=10 astrocytes were picked up per animal and 40 cells in total were analyzed per group. Values represent
mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001; two-way ANOVA followed by Sidak’s multiple comparisons test, F(; s394 =2258. p gRT-PCRresults
showed that mRNA level of GFAP increased in the hippocampal tissues of cKO mice compared to Ctrl mice. n=5 mice per genotype. Values
represent mean + SEM; *p <0.05, **p <0.01, ***p <0.001; unpaired Student’s t-test. g—s WB assay (q) and quantification results showed that the
protein level of GFAP (r) increased in the hippocampal tissues of cKO mice compared to Ctrl mice, but the level of Iba1 (s) showed no difference
between Ctrl and cKO mice. n=6 mice per genotype. Values represent mean + SEM; *p <0.05, **p < 0.01, ***p < 0.001; unpaired Student’s t-test
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protein level of GFAP (Fig. 20, q). In addition, the treat-
ment with OSMI-4 also remarkably increased the stain-
ing intensity of GFAP and IL-1p (Fig. 2r), and the protein
levels of IL-1 and TNF-a (Fig. 2s—u). These results col-
lectively suggest that Ogt deficiency and inhibition of Ogt
activity induce astrocytes activation and drive inflamma-
tion in vitro and in vivo.

Ogt deficiency in astrocytes impairs neurons and cognitive
function of mice
Next, we examined the effects of Ogt deficiency in astro-
cytes on neuronal cells. ELISA results showed that the
levels of IL-1p and TNEF-a significantly increased in the
supernatants of cultured cKO astrocytes (Additional
file 4: Fig. S4a, b). The supplementation of supernatants
from cKO astrocytes significantly reduced the intersec-
tion number and dendritic length of cultured hippocam-
pal neurons (Additional file 4: Fig. S4c—f). In addition, the
treatment with the supernatants of cultured cKO astro-
cytes also significantly increased the number of active
Caspase3 positive (aCaspase3*) cells (Additional file 4:
Fig. S4g, h) and the protein level of aCaspase3 (Addi-
tional file 4: Fig. S4i, j). Golgi staining results showed that
hippocampal neurons displayed shorter length of den-
drites, decreased numbers of intersections and spines
in the brain of Ogt deficient mice (Fig. 3a—f). Together,
these results suggest that activated astrocytes induce
inflammation and impair neurons in Ogt deficient mice.
Given the neurons were impaired in cKO mice, we next
examined whether Ogt deficiency in astrocytes affects
cognition of mice. Eight weeks after tamoxifen induction
(Additional file 4: Fig. S4k), Morris water maze (MWM)
test was performed and we observed that cKO mice dis-
played longer latency during the training period (Fig. 3g,
Additional file 4: Fig. S41). A probe test was performed

(See figure on next page.)
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24 h after the training. Although Ctrl and cKO mice
exhibited similar swimming speed and travelled paths
(Additional file 4: Fig. S4m, n), cKO mice displayed the
longer latency, the decreased time in the target quad-
rant and decreased numbers of crossing the platform
(Fig. 3h—j). Y maze test results showed that cKO mice
displayed the lower percentage of spontaneous alterna-
tions than Ctrl mice during the trial test (Fig. 3k), while
Ctrl and Ogt ¢cKO mice showed no difference between
the times of arm entries and distance length (Additional
file 4: Fig. S4o, p). For the spatial novelty preference test
in the Y maze, cKO mice displayed a lower percentage of
time exploring in the novel arm, decreased distance and
numbers of arm entries compared to those of Ctrl mice
(Fig. 3l-o). Further, cKO mice displayed shorter latency
to enter the dark compartment than that of Ctrl mice
during the retention test, while it showed no difference
between groups during the training session in the pas-
sive avoidance task (Fig. 3p). Collectively, these results
suggest that cKO mice have the impaired learning and
memory.

Restoration of O-GIcNAcylation inhibits astrocyte
reactivation and inflammation

Previous studies have shown that N-acetylglucosamine
(GlcNAc) could be converted to UDP-GIcNAc, the sub-
strate of O-GlcNAcylation [3, 31, 57]. Next, we examined
whether the restoration of O-GlcNAcylation via GlcNAc
administration could inhibit astrocytes activation and
inflammation in vitro. Ctrl and Ogt-deficient astrocytes
were treated with phosphate buffer solution (PBS, Ctrl)
and GlcNAc (20 pM) for 72 h, respectively. ELISA results
showed that GIcNAc supplementation led to a signifi-
cant increase of UDP-GIcNAc level (Fig. 4a). GIcNAc
supplementation also reduced the staining intensity of

Fig. 2 Ogt deficiency induces inflammatory response of astrocytes. a Representative images of GFAP and IL-1(3 immunostaining with cultured
adult Ctrl and cKO astrocytes in vitro. Scale bar, 50 um. b, ¢ gRT-PCR results showed that mRNA levels of IL-13 (b) and TNF-a (c) increased in cKO
astrocytes. n=3 independent experiments. Values represent mean + SEM; *p < 0.05, **p < 0.01, ***p <0.001; unpaired Student’s t-test. d—f WB
assay (d) and quantification results showed that protein levels of IL-1( (e) and TNF-a (f) significantly increased in adult cKO astrocytes in vitro.
n=3 independent experiments. Values represent mean + SEM; *p <0.05, **p <0.01, ***p <0.001; unpaired Student’s t-test. g Representative

images of GFAP and IL-1(3 immunostaining in the hippocampus of brains of Ctrl and cKO mice. Scale bar, 20 um. h, i gRT-PCR results showed that
mMRNA levels of IL-1B (h) and TNF-a (i) increased in the hippocampal tissues of cKO mice compared to Ctrl mice. n=>5 mice per genotype. Values
represent mean + SEM; *p <0.05, **p < 0.01, ***p <0.001; unpaired Student’s t-test. j-1 WB assay (j) and quantification results showed that the IL-13
(k) and TNF-a () protein levels significantly increased in the hippocampal tissues of cKO mice compared to Ctrl mice. n=5 mice per genotype.
Values represent mean & SEM; *p <0.05, **p <0.01, ***p < 0.001; unpaired Student’s t-test. m, n ELISA assay results show that the levels of IL.-1(3 (m)
and TNF-a (n) increased in the hippocampal tissue supernatants of cKO mice compared to Ctrl mice. n=6 mice per genotype. Values represent
mean + SEM; *p < 0.05, **p < 0.01, ***p <0.001; unpaired Student’s t-test. o-q WB assay (o) and quantification results showed that the treatment with
Ogt inhibitor (Ogt-) OSMI-4 reduced the level of O-GIcNAcylation in adult astrocytes (p), but increased the level of GFAP (q) compared to Ctrl group.
n=3 independent experiments. Values represent mean + SEM; *p < 0.05, **p <0.01, ***p <0.001; unpaired Student’s t-test. r Representative images
of GFAP and IL-1 immunostaining of adult astrocytes treated with PBS (Ctrl) and Ogt-l (20 uM for 72 h), respectively. Scale bar, 50 um. s—u WB assay
(s) and quantification results show that the treatment with Ogt inhibitor (Ogt-l) OSMI-4 significantly increased the levels of IL.-1B (t) and TNF-a (u) of
adult astrocytes in vitro. n=3 independent experiments. Values represent mean + SEM; *p <0.05, **p <0.01, ***p <0.001; unpaired Student’s t-test
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GFAP and IL-1f of the cultured cKO astrocytes (Fig. 4b).
WB assay and quantification results showed that Glc-
NAc supplementation significantly restored the level of
O-GlcNAcylation (Fig. 4c, d) and remarkably reduced the
levels of GFAP, IL-1p and TNF-a in cultured astrocytes
(Fig. 4c, e—g).

Next, we examined the effects of the GIcNAc sup-
plementation on astrocyte activation in vivo. Ctrl and
cKO mice were administrated with saline and GIcNAc
(400 mg/kg, i.p., 1 time/day for 14 days), respectively
(Additional file 5: Fig. S5a). ELISA assay results showed
that the level of UDP-GIcNAc was significantly increased
in the supernatants of hippocampal tissue of cKO mice
(Fig. 4h). ELISA assay results also showed that the lev-
els of IL-1B and TNF-a were significantly decreased in
the hippocampal tissue supernatants of GlcNAc-treated
cKO mice compared to those of saline-treated cKO mice
(Fig. 44, j). Immunostaining showed that GlcNAc supple-
mentation increased the intensity of O-GlcNAcylation in
the brain of cKO mice (Fig. 4k, 1). WB results showed that
the GlcNAc supplementation significantly reduced the
levels of GFAP, IL-1p and TNF-« in the hippocampal tis-
sues of cKO mice (Fig. 4m—p). GlcNAc supplementation
also remarkably reduced the immunostaining intensities
of GFAP and IL-1p in the brain of cKO mice (Additional
file 5: Fig. S5b). Taken together, these results suggest that
the administration of GIcNAc restores O-GlcNAcyla-
tion, and inhibits astrocyte activation and inflammation
in vitro and in vivo.

(See figure on next page.)
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Restoration of O-GIcNAcylation improves behavioral
deficits of Ogt deficient mice

To examine whether the restoration of O-GlcNAcylation
could improve the behavioral deficits of cKO mice, Ctrl
and cKO mice were administrated with saline and Glc-
NAc for 14 days (400 mg/kg, i.p., 1 time/day), respec-
tively, and a series of behavioral tests were performed
(Additional file 5: Fig. S5c). A novel object recogni-
tion task test showed no difference in exploration time
between groups during the training time (day 1) (Addi-
tional file 5: Fig. S5d), but ¢cKO mice treated with Glc-
NAc displayed a longer time of exploring novel objects
compared to the saline-treated cKO mice during the
test (day 2) (Fig. 5a, b, Additional file 5: Fig. S5e). Y
maze test results showed that GIcNAc-treated cKO mice
showed a significant increase in the percentage of spon-
taneous alternation compared to saline-treated cKO mice
(Fig. 5¢). No difference was observed for the times of arm
entries and the travelled distance between groups (Addi-
tional file 6: Fig. S6a, b). Y maze also showed that Glc-
NAc-treated cKO mice displayed the longer time, longer
distance and higher numbers of entries to the novel arm
compared to saline-treated cKO mice (Fig. 5d—g, Addi-
tional file 6: Fig. S6c).

Next, we performed Morris Water Maze test (MWM)
and observed that cKO mice treated with the GIcNAc
displayed shorter latency compared to saline-treated
cKO mice during the training period (Fig. 5h). 24 h after
training, the probe test results showed that cKO mice

Fig. 3 Ogt deficient astrocytes impair hippocampal neurons and mice cognition. a Representative images of neurons with Golgi staining in CA1
region of Ctrl and cKO mice. Scale bar, 10 um. b Representative images of Golgi-stained dendritic spines of second-order segment in the CA1
region of Ctrl and cKO mice. Scale bar, 1 um. c—e Sholl analysis showed the overall decrease in the number of dendritic intersections per radius (c)
and the number of dendrites per cell (d) and total length of dendrites (e) in the Golgi-stained neurons from the CA1 region of cKO mice compared
with Ctrl mice. n=15 neurons from 3 mice per group were analyzed. Values represent mean + SEM; *p < 0.05, **p <0.01, ***p < 0.001; two-way
ANOVA analysis followed by Sidak’s multiple-comparison test for ¢, F; 1490 = 153.7; unpaired Student’s t-test for d, e. f Quantification results show
the decreased dendritic spine density of cKO mice compared to that of Ctrl mice. Spine density was calculated by dividing the number of spines
with the length of dendrite. n=24 neurons from 3 mice per group were analyzed. Values represent mean + SEM; *p <0.05, **p <0.01, ***p <0.001;
unpaired Student’s t-test. g The escape latency during the training period of Ctrl and cKO adult mice. cKO mice required longer time to reach

the platform starting from the first day of the 4-day training period. Ctrl/cKO, n =10 mice. Values represent mean + SEM; *p <0.05, *p < 0.01,
***p<0.001; two-way ANOVA analysis followed by Sidak's multiple-comparison test, F3 7, = 23.06. h—j During the probe test, cKO mice required
longer time to reach the platform (h), decreased time in target quadrant (i), and decreased numbers of crossing the platform (j). Ctrl mice, n=10;
cKO mice, n=10. Values represent mean = SEM; *p < 0.05, **p < 0.01, ***p < 0.001; unpaired Student’s t-test for h, j and two-way ANOVA analysis
followed by Sidak’s multiple-comparison test for i, F3 7, =30.62. k The percentage of spontaneous alternations in cKO mice was lower than that in
Ctrl mice during the Y maze spontaneous alternation task test. Ctrl, n=8 mice; cKO, n=8 mice. Values represent mean + SEM; *p <0.05, **p <0.01,
***5<0.001; unpaired Student’s t-test. | Representative heatmap shows the distribution of exploring time of Ctrl and cKO mice during the testing
trial in Y maze spatial novelty preference test. m—-o cKO mice showed the decreased percentage of exploring time (m), the number of entries

(n) and distance (o) in the novel arm compared to those in Ctrl mice during the Y maze spatial novelty preference test. n=38 mice for Ctrl/cKO
group. Values represent mean =+ SEM; *p <0.05; **p <0.01; ***p <0.001; two-way ANOVA analysis followed by Sidak’s multiple-comparison test, F,
4=6741form, F, ,,=1592forn, F, ,,,=10.84for 0. p In the passive avoidance task test, cKO mice displayed shorter latency to enter the dark
compartment than that of Ctrl mice during the retention test while Ctrl and cKO mice showed no difference of the latency during the training
session. n=_8 mice for Ctrl/cKO group. Values represent mean = SEM; *p < 0.05; **p < 0.01; ***p < 0.001; two-way ANOVA analysis followed by Sidak’s
multiple-comparison test, F; ,g=456.2
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treated with GIcNAc exhibited the reduced latency,
increased time in target quadrant and increased numbers
of crossing the platform compared to saline-treated cKO
mice (Fig. 5i—k). GIcNAc supplementation did not affect
the swimming speed and travelled path of cKO mice
(Additional file 6: Fig. S6d—f). Collectively, these results
suggest that the restoration of GlcNAcylation improves
the behavioral deficits of cKO mice.

Ogt catalyzes the O-GIcNAcylation of NF-kB p65

and inhibits the activation of NF-kB signaling pathway
Previous studies have shown the important function
of the NF-kB (p65) signaling pathway in inflammation
[5, 11, 30, 35, 38, 59, 79]. Next, we examined whether
Ogt deficiency induced inflammation through regulat-
ing NF-xB signaling pathway. co-immunoprecipitation
(co-IP) showed that Ogt directly interacts with NF-kB
p65, and vice versa, in cultured astrocytes (Fig. 6a, b). A
pan-O-GlcNAcylation antibody could also precipitate
p65, and vice versa, in cultured astrocytes (Fig. 6¢, d).
Chemoenzymatic labeling assay [32, 43] results showed
that p65 was modified with O-GlcNAcylation (Fig. 6e).
Under Ogt knock down (KD) condition, IP followed by
WB assays showed that Ogt KD significantly decreased
the O-GlcNAcylation of p65 (p65-HA), but significantly
increased the level of p-p65, an active form of p65, in
N2a cells (Fig. 6f-h). Consistently, IP followed by WB
assays showed that ectopic Ogt significantly increased
the O-GlcNAcylation of p65, but decreased the level of
p-p65 in N2a cells (Fig. 6i—k).

To uncover the O-GlcNAcylation sites of p65, ectopic
expression of p65 were performed followed by O-Glc-
NAcylation immunoprecipitation (IP) in N2a cells, and
the precipitates were subjected to liquid chromatography

(See figure on next page.)
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coupled tandem mass spectrometry (LC-MS/MS). Four
potential O-GlcNAcylation sites, Ser370, Ser374, Ser384,
and Ser396 were identified on p65 (Additional file 7: Fig.
S7a). Among these sites, the O-GlcNAcylation of Ser370,
Ser384, and Ser396 had not been reported previously.
The mutation of each single site (S370A, S374A, S384A,
or S396A) led to a significant decrease of the O-Glc-
NAcylation level of p65, with the mutation of S384A
and S396A showing the most dramatic effect (Additional
file 7: Fig. S7b, c). Of note, only the mutation of S384A
induced a significant increase of p-p65 level (Additional
file 7: Fig. S7b, d).

To identify the proteins which phosphorylated p65, hip-
pocampal tissue from Ctrl and cKO mice were performed
IP with p65 antibody and the precipitates were subjected
to liquid chromatography coupled tandem mass spec-
trometry (LC-MS/MS). MS/MS data analysis revealed
392 and 458 proteins in the precipitates of Ctrl and cKO
mice, respectively (Additional file 11: Table S1). Of note,
glycogen synthase kinase 3B (GSK3P) was specifically
identified in cKO group. GSK3p has kinase activity and
phosphorylates NF-kB p65 [65]. Co-IP with hippocampal
tissues of Ctrl and cKO mice showed that the interaction
between p65-GSK3p significantly increased in AD mice
compared to Ctrl (Additional file 7: Fig. S7e—i). IP fol-
lowed by WB assays showed that p65 directly interacted
with glycogen synthase kinase 33 (Gsk3p), and Ogt KD
promoted the binding of Gsk3f to p65 (Fig. 61-n). Fur-
ther, S384A mutation of Ogt significantly increased the
binding of Gsk3p to p65 compared to the mutations of
other O-GlcNAcylation sites (Fig. 60—q). Of note, we did
not observe a direct interaction between Gsk3p and Ogt
(Additional file 7: Fig. S7j).

Fig. 4 Restoration of O-GIcNAcylation inhibits reactivation and inflammation of cKO astrocytes in vitro and in vivo. a ELISA assay results showed
that the level of UDP-GIcNAC significantly decreased in the supernatants of cKO astrocytes compared with Ctrl astrocytes, and the GIcNAc
replenishment significantly increased UDP-GIcNAC level of cKO astrocytes. n=4 independent experiments. Values represent mean + SEM;
*p<0.05,*p<0.01, ***p <0.001; One-way ANOVA analysis followed by Tukey's multiple-comparison test, F, 5= "53.04. b Representative images

of GFAP and IL-1@ immunostaining with adult Ctrl and cKO astrocytes treated with PBS (Ctrl and cKO) and O-GIcNAcylation substrate GIcNAc

(20 uM, cKO + GIcNAc) for 72 h, respectively. Scale bar, 50 um. ¢-g WB assay (c) and quantification results showed that GIcNAc supplementation
significantly restored the decreased level of O-GIcNAcylation (d), and reduced the levels of GFAP (e), IL-13 (f) and TNF-a (g) of cKO astrocytes

in vitro. n =3 independent experiments. Values represent mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA analysis followed by
Tukey's multiple-comparison test, f, 5 =59.32 ford, f, ;,=69.6 for e, F, ;,=480.6 for f, F, , =788.7 for g. h—j ELISA result showed that GIcNAc
supplementation significantly increased the level of UDP-GIcNAc (h), but reduced the levels of of IL-1( (i) and TNF-a (j) in the supernatants of

adult cKO astrocytes. n=3 independent experiments. Values represent mean + SEM; *p <0.05, **p < 0.01, ***p < 0.001; one-way ANOVA analysis
followed by Tukey’s multiple-comparison test, F(3 gy=15.49 for h, f3 g =19.37 fori, f3 g, =19.08 for j. k Representative images of GFAP and
O-GlcNAcylation immunostaining with the brain sections of adult Ctrl and cKO mice treated with saline (Ctrl +saline, cKO + saline) and GIcNAc

(Ctrl+ GIcNAc, cKO+ GIcNAQ), respectively. Scale bar, 50 um. I Quantification results of O-GlcNAcylation immunostaining in k showed that GIcNAc
supplementation significantly increased the immunostaining intensity of O-GIcNAcylation in the brain of cKO mice. n=4 mice per group. Values
represent mean + SEM; *p <0.05, **p<0.01, ***p <0.001; one-way ANOVA analysis followed by Tukey's multiple-comparison test, F; 1, =36.08. m-p
WB assay (m) and quantification results showed that GIcNAc supplementation significantly reduced the protein levels of GFAP (n), IL-1(3 (o) and
TNF-a (p) in the hippocampal tissues of cKO mice compared with saline-treated cKO mice. n=3 per group. Values represent mean + SEM; *p < 0.05,
**p<0.01, ™p<0.001; one-way ANOVA analysis followed by Tukey's multiple-comparison test, F; =658 forn, f(3 5y=65.61for o, f(3 g =17.5 for p
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Next, we performed RNA-seq with Ctrl and Ogt cKO
astrocytes. RNA-seq data analysis identified that 4269
genes showed differential expression, with 2343 genes
up-regulated and 1926 genes down-regulated (Addi-
tional file 8: Fig. S8a, Additional file 12: Table S2). Gene
ontology (GO) analysis revealed that up-regulated genes
enriched terms for inflammatory response, cytokine
signaling and NF-«B signaling pathway; whereas, down-
regulated genes enriched for axon development and
learning and memory (Additional file 8: Fig. S8b). WB
results showed that the level of total p65 was not altered,
but the level of p-p65 was significantly increased in cKO
astrocytes compared to that of Ctrl cells (Additional
file 8: Fig. S8c—e). In addition, we observed that cytoplas-
mic p65 was significantly decreased (Additional file 8:
Fig. S8f, g) and nucleic p-p65 significantly increased at
protein levels (Additional file 8: Fig. S8h, i). These results
collectively suggest that Ogt regulates NF-kB signaling
pathway through catalyzing O-GlcNAcylation on S384 of
NEF-«kB p65.

Ogt depletion induces inflammation by activating NF-kB
signaling in human astrocytes

Next, we aim to examine whether Ogt deficiency also
induces inflammation in human astrocytes. Induced
pluripotent stem cells (iPSCs) were generated by repro-
gramming urinary cells with Sendai virus following the
manufacturer’s protocol, and were induced differentia-
tion towards astrocyte lineage. Astrocytes were infected
with lentivirus expressing shRNA against human Ogt.
We observed that Ogt KD significantly reduced Ogt
level, and remarkably increased mRNA levels of GFAP,

(See figure on next page.)
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IL-18 and TNF-a in human astrocytes (Fig. 7a—d). Ogt
KD significantly reduced the levels of Ogt protein and
O-GlcNAcylation (Fig. 7e—g), but remarkably increased
the protein level of TNF-a in human astrocytes, while
the level of IL-1p showed no difference (Fig. 7h—j). In
addition, WB results showed that Ogt KD significantly
increased the level of nuclear p-p65 in astrocytes, but did
not affect the level of cytoplasmic p-65 (Fig. 7k—n). These
results suggest that Ogt deficiency induces human astro-
cytes activation and inflammation.

Restoration of O-GIcNAcylation inhibits inflammatory
activation of AD astrocytes

Finally, we aim to examine the roles of O-GlcNAcylation
in Alzheimer’s disease (AD) mouse model. Previous stud-
ies have shown the decreased O-GlcNAcylation and the
activation of astrocytes in the brain of the AD mouse
model and AD patients [52, 53, 56, 69, 73, 76, 77]. Ctrl
and AD mice (postnatal 10-week) were administrated
with GlcNAc (600 mg/kg, i.p., 1 time/day for 6 weeks)
(Additional file 9: Fig. S9a). Immunostaining and quan-
tification results showed the significant increase of GFAP
and A intensities in AD mice, which can be remarkably
reduced by GIcNAc replenishment (Fig. 8a—c). GIcNAc
supplementation also significantly reduced the number of
GFAPTAB* cells (Fig. 8d). ELISA results showed that the
level of UDP-GIcNAC significantly increased in the brains
of GlcNAc-treated AD mice (Fig. 8e). the number of Glc-
NAc administration significantly increased the intensity
of O-GlcNAcylation, but reduced the intensity of Ibal in
the brain of AD mice (Additional file 9: Fig. S9b—d).

Fig. 5 Restoration of O-GIcNAcylation improves behavioral deficits of Ogt deficient mice. a Representative images of the explored path (upper) and
spent time (lower, heatmap) of novel object recognition task test of Ctrl and cKO mice treated with saline (Ctrl + saline, cKO + saline) and GIcNAc
(Ctrl+ GIcNAc, cKO + GIcNAC) during the testing trial, respectively. Heatmap image of each animal was shown in Additional file 5: Fig. S5e. b The
time (seconds) spending in exploring the novel and old object of Ctrl and cKO adult mice treated with saline and GIcNAc during the testing trial.
Compared to Ctrl mice, cKO mice spent less time exploring the novel object. cKO mice treated with GIcNAc displayed increased time exploring
the novel object compared to cKO mice treated with saline during the testing trial. n =6 mice per group. Values represent mean + SEM; *p <0.05,
**p<0.01, ™p<0.001; two-way ANOVA analysis followed by Sidak’s multiple-comparison test, F (5 45=4.342. ¢ Y maze spontaneous alternation
task test results showed that cKO mice treated with GIcNAc displayed an increased percentage of spontaneous alternations compared to cKO
mice treated with saline. n =6 mice per group. Values represent mean + SEM; *p < 0.05, **p <0.01, ***p <0.001; one-way ANOVA analysis followed
by Tukey’s multiple-comparison test, f 5 50 = 14.94. d Representative travelled path and heatmap images showing the exploring path (upper)
and spent time (lower, heat map) of Ctrl and cKO mice treated with saline and GIcNAc during Y maze spatial novelty preference test. Heatmap
image for each animal was shown in supplemental Fig. 6c. e-g cKO mice treated with GIcNAc showed a higher percentage of exploring time
(e), increased number of entries (f) and distance (g) in the novel arm compared to those of cKO mice treated with saline during Y maze spatial

novelty preference test. n=6 mice per group. Values represent mean + SEM; *p < 0.05, **p < 0.01, **p < 0.001; two-way ANOVA analysis followed by
Sidak’s multiple-comparison test, Fig 4= 11.13 for e, F g 50)=6.752 for f, F g 0, =4.623 for g. h The escape latency of Ctrl and cKO mice treated with
saline and GIcNAc during the training period in Morris water maze test. cKO mice with the GIcNAc administration showed the decreased time to
reach the platform of during 4-day training period compared to cKO mice treated with saline. n =6 mice per group. Values represent mean + SEM;
*p<0.05,*p<0.01, ***p <0.001; two-way ANOVA analysis followed by Sidak’s multiple-comparison test, F3 go= 14.31. i-k cKO mice treated with
GIcNAc exhibited the reduced latency (i), increased time in target quadrant (j) and increased numbers of crossing the platform (k) compared to
saline-treated cKO mice during the probe trial of Morris water maze test. n =6 mice per group. Values represent mean + SEM; *p < 0.05, **p < 0.01,
***p<0.001; one-way ANOVA analysis followed by Tukey's multiple-comparison test, F 5o, =4.668 for i; F 3 50 =3.493 for k; two-way ANOVA analysis
followed by Sidak’s multiple-comparison test for j, F3 40 ="7.787
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Next, we isolated astrocytes from the adult Ctrl and
AD mice (postnatal 6-month). Compared to Ctrl cells,
AD astrocytes displayed the decreased level of O-Glc-
NAcylation, Ogt and Oga, but the increased levels of
APP (Additional file 9: Fig. S9f—j). WB assays and quan-
tification results showed that GIcNAc administration sig-
nificantly restored the level of O-GlcNAcylation (Fig. 8f,
g), but also significantly reduced the levels of GFAP, IL-13
and TNF-a in AD astrocytes (Fig. 8f, h—j). ELISA results
also showed that the level of UDP-GIcNAc significantly
increased, but significantly reduced the levels of IL-1p
and TNF-a upon GlcNAc supplementation in the astro-
cytes of AD mice (Fig. 8k—m).

Next, we examined the interaction between Ogt,
p65 and Gsk3p in the brain of AD mice. WB assay and
quantification results showed the decreased levels of
O-GlcNAcylation and Ogt, while the levels of total p65
and Gsk3f showed no difference in the brain of AD mice
(Additional file 9: Fig. S9j—n, input part). IP followed by
WB assays showed that the O-GlcNAcylation on p65,
and the interaction between p65 and Ogt was signifi-
cantly decreased in AD mice, but the interaction between
p65 and Gsk3[ was significantly increased in the hip-
pocampus of AD mice compared to Ctrl mice (Additional
file 9: Fig. S9j, IP part, Additional file 9: Fig. S90-t).

Next, we examined the effects of GlcNAc supplemen-
tation with Ctrl and AD astrocytes. Immunostaining
showed that the GlcNAc supplementation reduced the
signal intensities of GFAP, p65 and nucleic p-p65 of AD
astrocytes (Fig. 8n, 0). WB results showed that the Glc-
NAc supplementation significantly reduced the levels of
p-p65 in AD astrocytes, but it did not affect the level of
total p65 (Fig. 8p-r). Furthermore, GIcNAc supplemen-
tation led to a significant increase of cytoplasmic p65
and a significant decrease of nucleic p-p65 (Fig. 8s—u).
Collectively, these results suggest that the restoration of
O-GlcNAcylation inhibited activation of AD astrocytes
by repressing NF-«kB signaling pathway.

(See figure on next page.)
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Discussion

In this study we showed that Ogt deficiency leads to acti-
vation of astrocytes and subsequently induces inflam-
mation in vitro and in vivo. Activated astrocytes impair
neurons and cognitive function of mice. Mechanistically,
Ogt directly interacts with NF-kB p65 and catalyzes the
O-GlcNAc modification of NF-kB p65. Ogt deficiency
induces the activation of NF-kB signaling by promot-
ing the binding of Gsk3p to NF-«B. Further, restoration
of O-GlcNAcylation inhibits astrocytes activation and
inflammation, and improves cognitive function of mice.
The depletion of Ogt in human astrocytes derived from
the induced pluripotent stem cells (iPSCs) also induces
inflammation and activates NF-kB signaling. The acti-
vation of astrocytes, inflammation and activated NF-xB
signaling in Alzheimer’s disease (AD) model mice can be
significantly inhibited by restoration of O-GlcNAcylation
can inhibit the activation of AD astrocytes. Our find-
ings indicate the essential roles of Ogt-mediated O-Glc-
NAcylation in regulating astrocytes function under
normal and neurodegenerative conditions.

As a post-translational modification, O-GlcNAcyla-
tion modifies hundreds of proteins, displaying dynamic
and reversible features, and regulates fundamental bio-
logical processes [75]. Previous studies have shown that
O-GlcNAcylation plays important functions in regulating
neuronal development, cell survival and neurogenesis [7,
24, 33, 36, 40, 62, 67, 72, 75]. Our present study showed
that specific deletion of Ogt in astrocytes reduces O-Glc-
NAcylation of astrocytes, but not affects O-GlcNAcyla-
tion in other cells such as adult neural/progenitor cells
(aNSPCs). The decreased O-GlcNAcylation of astrocytes
induces activation and inflammation in vitro and in vivo.
Activated astrocytes not only impair neuronal function,
also impair neurogenesis in vivo, but not in vitro, sug-
gesting that it was potentially caused by inflammatory
signals from activated astrocytes in vivo, but not due to
the lineage leaking.

Fig. 6 Ogt catalyzes O-GlcNAcylation of NF-kB on S384 and inhibits the activation of NF-kB signaling pathway. a, b Reciprocal IP-WB analysis
showed that Ogt readily precipitated p65 (a), and vice versa in astrocytes (b). ¢, d Reciprocal IP-WB analysis showed that O-GIcNAcylation

precipitated p65 (c), and vice versa in astrocytes (d). e Click-iT reaction results revealed that p65 was modified with O-GlcNAcylation. f-h WB assay
showed that under Ogt knock down (KD) significantly decreased the levels of Ogt and O-GlcNAcylation, but significantly increased the level of
p-p65 in N2a cells (f, Input part). IP with HA (HA-p65) antibody followed by WB assays (f, IP part) showed that O-GlcNAcylation levels of exogenous
p65 (g) were significantly decreased, and the level of p-p65 (h) was significantly increased under Ogt KD condition. n=3 independent experiments.
Values represent mean + SEM; *p < 0.05, **p <0.01, ***p <0.001; unpaired Student’s t-test. i-k WB assay showed that ectopic expression of Ogt
(Ogt-Flag, OE-Ogt) and significantly increased the levels of Ogt and O-GlcNAcylation without affecting the levels of total p65 and p-p65 in N2a cells
(i, Input part). IP with HA (HA-p65) antibody followed by WB assays (i) showed that the O-GlcNAcylation level of p65 (p65-HA) (j, IP) significantly
increased, but the level of p-p65 (k) significantly decreased. n=3 independent experiments. Values represent mean + SEM; *p < 0.05, **p < 0.01,
***p <0.001; unpaired Student’s t-test. I-n IP followed by WB assays showed that Ogt KD promoted the binding of Gsk3(3 to p-65. n=3 independent
experiments. Values represent mean + SEM; *p <0.05, **p <0.01, ***p <0.001; unpaired Student’s t-test. o—q IP followed by WB assays showed that
mutation of S384A significantly increased the binding of Gsk3 to p-65 compared to other O-GlcNAcylation sites. n=3 independent experiments.
Values represent mean + SEM; *p < 0.05, **p <0.01, **p <0.001; one-way ANOVA analysis followed by Tukey’s multiple-comparison test, F,

109 =4749forp, Fy 1=4231forq
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Fig. 7 Ogt depletion reduces the level of O-GlcNAcylation and induces activation of astrocytes derived from iPSCs. a gRT-PCR results showed that
Ogt depletion significantly reduced the level of Ogt in astrocytes derived from iPSCs. n=3 independent experiments. Values represent mean + SEM;
*p<0.05,**p<0.01, **p<0.001; unpaired Student’s t-test. b—d qRT-PCR results showed that Ogt depletion significantly enhanced the level of Gfap
(b), I-1B (c) and TNF-a (d) in astrocytes derived from iPSCs. n=3 independent experiments. Values represent mean + SEM; *p < 0.05, **p < 0.01,

***p <0.001; unpaired Student’s t-test. e-g WB assay (e) and quantification results showed that Ogt depletion significantly enhanced the level of
Ogt (f) and O-GlcNAcylation (g) in astrocytes derived from iPSCs. n =3 independent experiments. Values represent mean + SEM; *p < 0.05, **p < 0.01,
**¥p <0.001; unpaired Student’s t-test. h—j WB assay (h) and quantification results showed that Ogt depletion significantly enhanced the levels

of of IL-1(3 (i) and TNF-a (j) in astrocytes derived from iPSCs. n=3 independent experiments. Values represent mean + SEM; *p < 0.05, **p <0.01,

¥ <0.001; unpaired Student’s t-test. k—-n WB assay and quantification results showed that Ogt depletion did not affect the level of cytoplasmic
p65 in astrocytes derived from iPSCs (k, 1), but significantly increased the level of nuclear p-p65 (m, n). n=4 independent experiments. Values
represent mean + SEM; *p < 0.05, **p <0.01, ***p <0.001; unpaired Student’s t-test
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In the present study, we adopted a tamoxifen induction
strategy to delete Ogt in astrocytes. Based on our results
of immunostaining, qRT-PCR and western blot assays,
the level of Ogt is significantly reduced, though there are
some residues, and the level of O-GlcNAcylation is also
remarkably decreased. Consistently, the level of O-Glc-
NAcylation can be restored by the administration of Glc-
NAc in Ogt deficient mice. The content of UDP-GIcNAc,
the substrate of O-GlcNAcylation, is also increased in
the brain of Ogt ¢cKO mice by GlcNAc administration,
which are consistent with previous studies that showing
GlcNAc can be converted to UDP-GIcNAc [3, 31]. Our
results also show that the level of O-GlcNAcase (Oga)
decreases in Ogt deficient astrocytes. Previous study
indicated that Oga is sensitive to the alteration of O-Glc-
NAc homeostasis [80]. We speculate that Oga could play
important roles when the O-GlcNAcylation system is
disrupted.

Reactive astrocytes involve in CNS inflammation [44—
46, 71], and have also been detected in neurodegenerative
diseases including multiple sclerosis (MS) and Alzhei-
mer’s disease (AD) [22, 23, 46, 51, 60, 71]. Diverse factors,
including epigenetic modifications, environmental fac-
tors, metabolism, bacterial challenges, modulate astro-
cyte activation [22, 46, 51, 60, 71]. Our present study has
shown that reduced O-GlcNAcylation induces the activa-
tion of mouse astrocytes, which are mainly type Al, i.e.,
neurotoxic astrocytes, and drives neuroinflammation. A
recent study has shown that under depression condition,
astrocytic Ogt in the medial prefrontal cortex (mPFC) is

(See figure on next page.)
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up-regulated and specific deletion of Ogt in astrocytes
produces anti-depression-like effects through regulating
glutamate transporter-1 (GLT-1) [19]. Collectively, these
results highlight the important roles of O-GIlcNAcylation
in astrocytes.

The activation of astrocytes is regulated by multi-
ple pathways including the Janus kinase/signal trans-
ducer and activator of transcription 3 (JAK/STATS3)
pathway, the Sonic hedgehog (SHH) pathway, the mito-
gen-activated protein kinase (MAPK) pathway and the
nuclear factor kappa-light-chain-enhancer of activated
B cells (NF-kB) pathway [22, 28, 41, 68]. NF-kB fam-
ily of transcription factors consists of multiple members
and plays pivotal roles in inflammation [13, 14, 18, 46,
74], which is regulated by many factors including post-
translational modifications such as O-GlcNAcylation
and phosphorylation [13, 17, 47, 50, 82]. Multiple sites
of O-GlcNAcylation have been identified on NF-«kB, and
the interaction between O-GlcNAcylation and phos-
phorylation is important for NF-«B signaling in immune
cells [2, 13, 17, 49, 74]. Our present study reveals a
novel O-GlcNAcylation site of NF-«B, Ser-384, which is
important for the activation of NF-kB in astrocytes. The
mutagenesis of Ser-384 significantly decreased the level
of O-GlcNAcylation of NF-«B, and subsequently induces
its activation by promoting the binding of Gsk3p. In addi-
tion, our results show that Ogt deficiency also induces
p65 phosphorylation, astrocyte activation and inflamma-
tion in human astrocytes. Therefore, our study provides
a novel insight into the regulation of O-GlcNAcylation

Fig. 8 Restoration of O-GIcNAcylation inhibits astrocytes reactivation of AD model mice. a—d Immunostaining (a) and quantification results

showed that GIcNAc administration significantly reduced GFAP immunostaining intensity (b), AR plaque area (c) and the number of GFAPTAB*
cells (d) in the hippocampus region of AD mice compared to Ctrl mice, respectively. 4-5 sections were picked up per animal and n=5 mice per
group. Values represent mean + SEM; *p < 0.05, **p <0.01, ***p <0.001; one-way ANOVA analysis followed by Tukey's multiple-comparison test,
Fo,129=8772forb, F, 1,=7582for cand F, 1,=172.7 for d. e ELISA assay results show that the GIcNAc supplementation increased the levels

of UDP-GIcNAC in the supernatants of hippocampal tissues of GIcNAc-treated AD mice compared with saline-treated AD mice. n=4 mice per
group. Values represent mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA analysis followed by Tukey’s multiple-comparison test, F,
9=16.13.f-j WB assay (f) and quantification results showed that GIcNAc supplementation significantly restored the level of O-GIcNAcylation (g),
and decreased the levels of GFAP (h), IL-1B (i) and TNF-a (j) of AD astrocytes compared to PBS-treated AD cells. n=3 independent experiments.
Values represent mean + SEM; *p <0.05, **p < 0.01, ***p <0.001; one-way ANOVA analysis followed by Tukey’s multiple-comparison test, £, ¢ =17.08
for(g), Fp, ¢ =248 for h, F(, 5 =1085 fori, F, 5 =1023 for j. k-m ELISA assay results showed that the GIcNAc supplementation increased the level
of UDP-GIcNACc (k), and reduced the levels of IL-13 (I) and TNF-a (m) in the supernatants of cultured AD astrocytes compared with PBS-treated AD
astrocytes. n=4 independent experiments for k and n=3 independent experiments for I, m. Values represent mean + SEM; *p < 0.05, **p <0.01,
***p <0.001; one-way ANOVA analysis followed by Tukey's multiple-comparison test, F, o= 1246 for k, f, q =100.2 for I, F, 5=327.7 form.n
Representative images of GFAP and p65 immunostaining with Ctrl and AD adult astrocytes treated with PBS (Ctrl and AD) and GIcNAc (20 uM,

AD + GIcNAC) for 72 h, respectively. Scale bar, 50 pm. o Representative images of GFAP and p-p65 immunostaining with Ctrl and AD adult astrocytes
treated with PBS (Ctrl and AD) and GIcNAc (20 uM, AD + GIcNAC) for 72 h, respectively. Scale bar, 50 pm. p—r WB assay (p) and quantification
results showed that the GIcNAc supplementation did not affect the level of total p65 (q), but significantly increased the protein level of p-p65
(r) in AD astrocytes. n=3 independent experiments. Values represent mean + SEM; *p <0.05, **p < 0.01, ***p < 0.001; one-way ANOVA analysis
followed by Tukey’s multiple-comparison test, F(, 5 =0.6736 for q, F(, = 100.1 for r. s—u WB assay (s) and quantification results showed that
GlcNAc supplementation significantly restored the level of cytoplasmic p65 (t) and reduced the level of p-p65 in nucleus (u). n=3 independent
experiments. Values represent mean + SEM; *p <0.05, **p <0.01, ***p < 0.001; one-way ANOVA analysis followed by Tukey’s multiple-comparison
test, F, y=23.04for t, f, 5 =63.16 foru
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on astrocyte-inducing inflammation, which is conserved
between humans and mice.

The level of O-GIcNAcylation decreases with ageing of
normal and AD brains, which was associated with neu-
rodegeneration [67, 69, 70, 76]. The decreased O-Glc-
NAcylation could be caused by the decreased activity
of Ogt, the increased activity of Oga and the decreased
content of UDP-GIcNAc, the substrate of O-GIlcNAcyla-
tion. We observe that the levels of O-GlcNAcylation
(around 60%), Ogt (around 30%), Oga (around 50%),
and UDP-GlcNAc (around 20%) decreases in AD astro-
cytes compared to Ctrl astrocytes, respectively, suggest-
ing a dysregulation of O-GlcNAcylation process, which
is consistent with previous study [15]. The restoration
of O-GlcNAcylation inhibits astrocytes activation and
inflammation, and also improves the learning and mem-
ory of Ogt deficient mice. We hold the opinion that Ogt
plays a critical role in regulating the O-GlcNAcylation
homeostasis in AD astrocytes.

Decreased O-GlcNAcylation is involved in ageing and
neurodegeneration [48, 53, 67, 69, 70]. The restoration
of O-GlcNAcylation level in neuronal cells improves
cognition of mice [70].The inhibition of Oga increases
GlcNAcylation of AD mice, and reduces AD pathology
including the impaired cognition and Ap plaque [52].
Our present results show that the remarkable astrocyte
activation and AP plaque deposition, which are the key
features of AD, are significantly inhibited by the restora-
tion of O-GIcNAcylation in AD model mice. Collectively,
these results suggest that O-GlcNAcylation could be a
potential therapeutic target for AD.

Methods

Animals and tamoxifen administration

Glast-CreERT2 (#012586), Nestin-CreERT2 (#016261),
Ogt1o®/1op (#004860) and 5XFAD (AD) (#034840) mice
were obtained from The Jackson Laboratory. The induc-
ible Ogt conditional knockout mice (cKO) were produced
by crossing Og#™*?/ mice with Glast-CreERT2 and
Nestin-CreERT2 mice, respectively. All mice used were
in the C57BL/6 genetic background and were bred in the
animal center of Zhejiang University under 12-h light/12-
h dark conditions with free access to food and water. A
stock solution of Tamoxifen was prepared with a solution
of corn oil at 37 °C with occasional vortexing until com-
pletely dissolved. Adult cKO male mice were adminis-
trated with 100 mg/kg tamoxifen and vehicle (i.p., 1 time/
day for for 5 consecutive days), respectively.

Isolation and culture of astrocytes

Adult astrocytes were isolated from adult male Ctrl and
cKO mice according to the previous study with some
modifications [63]. Adult mice were sacrificed by cervical
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dislocation and quickly decapitated. Hippocampal and
cortical tissues were dissected in pre-chilled PBS and
meninges were carefully removed under stereomicro-
scope. Single cells were isolated by 0.125% trypsin and
1000 U/mg papain in EBSS. After being washed with
cold PBS, tissues were minced finely with a scalpel and
pipetted, followed by a digestion with 0.125% trypsin for
15 min at 37 °C on a rotator. Precipitates were enzymati-
cally dissociated by slowly spinning at 37 °C for 15 min
with papain and reverse blending with 20 pl DNase I
(50,000 U/ml). They were mechanically dissociated using
a pipette. Cells isolated from 2 to 3 adult mice were
pooled together, respectively and regarded as n=1. Cell
suspensions were neutralized with 2 ml DMEM with
10% EBS and filtered through 70 uM pore nylon meshes.
After centrifuging at 1600 rpm for 3 min, cell pellets were
resuspended with 3 ml of astrocyte growth medium (34%
DMEM, 45% DMEM/F12, 20% FBS and 1% P/S) and
1 ml percoll density gradient media. The suspension was
centrifuged at 1600 rpm for 20 min then washed once
with 2 ml astrocyte growth medium and centrifuged at
1600 rpm for 3 min. Cells were resuspended with 4 ml of
astrocyte growth medium and seeded on a PDL-coated
25 cm?-flask or slides in 24-well plates. Adult astro-
cytes were cultured at 37 °C in 5% CO,. The medium
was changed completely on the 3rd day after plating,
and half of the medium was changed once every 4 days.
Flasks were shaken on a shaker at 260 rpm and 37 °C for
16-18 h once the plate coverage was over 95%. The purity
of primary astrocytes was above 95% as determined by
GFAP and Glast immunofluorescence staining.

The isolation and culture of primary astrocytes from
postnatal day 1 (P1) pups were prepared as described
previously with minor modifications [21]. Newborn pups
were anesthetized with ice, and hippocampal and corti-
cal tissues were dissected out. Tissues from two neonates
were combined, washed with ice-cold PBS. After triturat-
ing by pipetting, tissue samples were treated with 0.25%
trypsin—EDTA for 15 min at 37 °C on a rotator. After a
quick spin, samples were treated with 0.25% trypsin—
EDTA at 37 °C for another 12 min. Cell suspensions were
added to 40 pl DNase I (50,000 U/ml) in 3 ml DMEM
with 10% FBS and pipetted for 5 min. After filtration with
a 70 uM pore nylon mesh and centrifugation at 1600 rpm
for 6 min, cell pellets were resuspended with DMEM
containing 10% FBS, 2 mM L-glutamine and 1% antibi-
otic—antimycotic then seeded on a PDL (5 pg/ml)-coated
25 cm?flask. Astrocytes were cultured in a 5% CO,
incubator at 37 °C. 24 h later, medium was completely
replaced, and 3/4 of the medium was replaced every
2 days after that. When ~95% confluency was reached,
samples were shaken for 16—18 h (260 rpm) at 37 °C to
purify them. The purity of astrocytes was determined
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by immunofluorescence staining and qRT-PCR. Astro-
cytes were passaged once with trypsin—EDTA for in vitro
assays.

Neurogenesis assay in vitro and in vivo

Adult (age of 7-week) Ctrl and cKO mice were injected
5-bromo-2’-deoxyuridine (BrdU) (50 mg/kg i.p., 6 times
with an interval of 4 h) 8 weeks after the final adminis-
tration of tamoxifen. 4 h post final BrdU injection, Ctrl
and c¢KO mice were anesthetized with isoflurane and
transcardially perfused with cold PBS followed by cold
4% paraformaldehyde (PFA). Brains were post-fixed, and
completely dehydrated with 30% sucrose at 4 °C. Coronal
sections were prepared with a cryostat (Leica) and sec-
tions containing the dentate gyrus of hippocampal and
the lateral ventricles were picked up for immunostaining
with BrdU and DCX antibodies.

For in vitro assay, adult neural stem/progenitor cells
(aNSPCs) were isolated from the forebrain of Ctrl and
Ogt cKO mice 8 weeks after final tamoxifen administra-
tion as previous described [7]. aNSPCs were isolated pas-
saged about 45 times under the proliferating condition
to achieve a stable and homogeneous state. Ctrl and Ogt
cKO aNSPCs were cultured with DMEM/F12 medium
containing 2% B27 (minus vitamin A), 20 ng/ml EGE,
20 ng/ml FGF-2, 2 mM L-Glutamine and 1% antibiotic—
antimycotic. For differentiation, aNSPCs were cultured
with DMEM/F12 medium containing containing 2% B27
(minus vitamin A), 2 mM L-glutamine, 1 uM retinotic
acid, 5 pM forskolin and 1% antibiotic—antimycotic for
48 h.

N2a cell culture and plasmids transfection

Neuroblastoma (N2a) cells were cultured with DMEM
medium containing 10% FBS, 2 mM L-glutamine, 1%
antibiotic—antimycotic in a 5% CO, incubator at 37 °C,
and medium was replaced every 24 h. The targeted plas-
mids and empty vectors were transfected with Lipo 2000
following the manufacturer’s instructions. Cells were col-
lected for assays 48 h after transfection.

Co-culture of neurons and astrocytes

The isolation and culture of hippocampal neurons from
embryonic day 15 (E15) mice were prepared as described
previously [78]. In brief, Hippocampi were dissected and
digested by 0.125% trypsin at 37 °C for 10 min. 150,000
neurons were plated onto Poly-p-lysine (5 ug/ml) coated
cell climbing slice with MEM containing 10% FBS, 1% L-
Glu and 1% sodium pyruvate. 4 h later, the medium was
replaced with neurobasal medium containing 0.25% L-
Glu, 0.125% GlutaMax, 2% B27. Half of the medium was
replaced every 3 days.
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For astrocyte-neuron co-culture, astrocytes and neu-
rons were cultured with neurobasal medium. 4 days
later, neurobasal medium was replaced with astrocyte-
conditioned medium (ACM) of Ctrl and Ogt cKO astro-
cytes, respectively, and cultured for another 3 (DIV7)
or 6 (DIV10) days. Neurons were collected at DIV7 for
cleaved caspase-3 immunostaining and Western blot
assays. For morphology and sholl analysis, the medium
was replaced at DIV7, and cells were collected at DIV10.

Preparation and application of OSMI-4

Stock solution of Ogt inhibitor Ogt small molecule inhib-
itor-4 (OSMI-4) (5 mM) was prepared with DMSO. Ogt
inhibitor was added to cultured medium at the final con-
centration of 20 uM for 72 h. Equal volume of PBS was
added as control.

Preparation and administration GIcNAc
N-Acetyl-D-glucosamine (GlcNAc) (MedChemExpress,
#7512-17-6) was dissolved with nuclease free water. The
details for in vitro and in vivo administration of GIcNAc
can be found in figure legends.

Immunofluorescence staining

Mice were anesthetized with isoflurane and transcardi-
ally perfused with cold PBS followed by cold 4% PFA.
Brains were dissected and post-fixed with 4% PFA over-
night. After completely dehydrating with 30% sucrose
at 4 °C, brain samples were embedded with O.C.T and
coronally sectioned at a thickness of 20-pm with a cry-
ostat. The sections were stored in preservative solution at
-20°C.

To perform staining, brain sections containing hip-
pocampus regions were picked up and washed with PBS
three times. For cultured cells, astrocytes were seeded
on coverslips in 24-well plates and fixed with 4% PFA for
30 min followed by washing with PBS. Blocking solution
containing 3% goat serum and 0.1% Triton X-100 in PBS
were applied to tissue and cell samples at room tempera-
ture for 1 h, followed by incubation with primary anti-
bodies at 4 °C overnight (the information for antibodies
can be found in Additional file 13: Table S3). For BrdU
immunostaining, samples were pretreated with 1IN HCI
for 30 min before applying the blocking solution. On
the second day, samples were washed with PBS followed
by incubation with fluorescence-conjugated secondary
Alexa antibodies and counterstained with DAPI at room
temperature for 1 h (the information for antibodies can
be found in Additional file 13: Table S3). After washing,
sections were mounted onto glass slides with mounting
medium. Images were taken with an Olympus confo-
cal microscope and analyzed with Image J software. All
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images were taken with identical settings under the same
conditions. 4-5 sections per animal were adopted for
analysis.

Morphology and Sholl analysis

Captured images were inputted into Fiji and converted to
8-bit images. The Fiji plugin Neuron] was used to manu-
ally trace dendritic arbors and analyze the length and
branch number of individual cells. Traced images were
then imported into Fiji and converted to 8-bit binary
images. The soma center and neurite termination points
were marked using the straight tool. Sholl analysis was
carried out using the Fiji plugins Sholl Analysis [20] at
20 pm intervals to a maximum radius of 1000 pm, the
number of intersections at each concentric circle was
counted [34].

Three-dimension morphological analysis of GFAP*
astrocyte was performed with Imaris software (version
9.0.1). Confocal z-stack images (step size: 0.5 um) of brain
sections were taken with the 60X objective of an Olym-
pus FV3000 confocal microscope. Three-dimensional
images of single astrocyte were generated in Imaris Sur-
pass view. The cell body and processes were segmented
as the region of interest. The total length, the number of
processes, the process volume, total process area and 3D
sholl analysis were auto-analyzed with Imaris software.

Golgi staining and quantitative analysis of dendrites

and spine

Golgi staining was performed according to the manu-
facturer’s protocol (FD Neuro-Technologies, PK401).
In brief, fresh mouse brains were placed in a Golgi-Cox
solution and stored in the dark for 14 days followed by
the incubation with 30% sucrose at 4 °C for 2 days. Coro-
nal sections were cut to a thickness of 200 um with a cry-
ostat. The sections were collected, dehydrated in absolute
alcohol, cleaned in xylene, and cover-slipped with a
resinous medium in sequence. The dendritic branches
and spine density of 6—8 pyramidal neurons per animal
within CA1 region were imaged in Z-stack pattern with
an Olympus light microscope and analyzed. Only well-
impregnated cells with soma located in the middle plane
of the section, without broken arbors and no overlap with
neighboring cells were selected for analysis. A second-
order segment in the apical dendrite was imaged to ana-
lyze the dendritic spine density, which was calculated by
dividing the number of spines with the length of dendrite.

Plasmids

Overexpression sequences were generated as follows. The
mouse full-length p65-HA coding sequence (CDS) and
partial 3’ and 5 UTRs were PCR-amplified from mouse
hippocampal ¢DNA and cloned into the pcDNA3.1
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vector using the restriction sites Xhol by the ClonEx-
press II One Step Cloning Kit. p65 Ser or Thr to Ala sub-
stitution mutants, which included p65 S370A (Ser-370
mutated to Ala), S374A, S384A, S396A were created by
site-directed mutagenesis and the used primers can be
found in Additional file 14: Table S4.

Western blot

Cortices and hippocampi were dissected on ice and quick
frozen in liquid nitrogen before total protein extraction.
Tissues were triturated with cold RIPA Lysis Buffer on
ice and transferred to a microfuge tube, followed by cen-
trifugation at 4 °C for 30 min at 12,000 rpm. Cell pellets
were collected and the total proteins were lysed with cold
RIPA Lysis Buffer on ice and then centrifuged at 4 °C for
30 min at 12,000 rpm. Supernatants were collected and
quantified by BCA protein assay. Nuclear and cytoplas-
mic proteins were extraction with KIT.

Proteins were subjected to sodium dodecyl sulfate—pol-
yacrylamide gel electrophoresis (SDS-PAGE) at different
concentrations of separating gels according to molecu-
lar weights of target proteins, and then transferred onto
nitrocellulose membranes. Membranes were blocked
with 5% non-fat milk or 5% BSA in TBST at room tem-
perature for 1 h and incubated with primary antibodies
at 4 °C overnight. After 3 washes with TBST, membranes
were incubated with HRP-labeled secondary antibodies
at room temperature for 1 h. Membranes were washed
3 times with TBST and incubated with UltraSignal ECL.
Protein bands were visualized by a Molecular Imager
Imaging System and band intensities were measured by
Adobe Photoshop software.

Enzyme-linked immunosorbent assays (ELISA)
Hippocampal tissues were homogenized in ice-cold lysis
buffer (500 pl, 20 mM Tris—HCI, 150 mM NaCl, pH7.4,
1% Triton X-100, 1 mM EDTA, 1x protease inhibitor
cocktail) and centrifuged at 14,000xg for 15 min at 4 °C
and the supernatants were collected. Enzyme-Linked
Immunosorbent Assays (ELISA) for IL-1f (Thermo
Fisher Scientific, 88-7013-88), TNF-a (Thermo Fisher
Scientific, 88-7324-88) and UDP-GIcNAc (JINHENG-
NUO, JHN80816) were performed with 100 pl cell and
tissue supernatants using ELISA Kkits according to the
manufacturer’s instructions.

Click-iT O-GIcNAcylation analysis and mapping
glycosylation sites

Analysis of p65 O-GlcNAcylation was conducted as
described [81]. Briefly, O-GlcNAcylated proteins in cell
lysates were first labeled with GalNAz using the Click-
iT O-GlcNAc Enzymatic Labeling System and conju-
gated with an alkyne-biotin compound using the Click-iT
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Protein Analysis Detection System. Control experiments
in the absence of the enzyme GalT or UDP-GalNAz were
carried out in parallel. Labeled proteins were then precip-
itated, resolubilized, neutralized, and further incubated
with streptavidin beads at 4 °C overnight. After extensive
washing steps, the bound protein fractions were eluted
in the boiling elution buffer containing 50 mM Tris—
HCI pH 6.8, 2.5% SDS, 100 mM DTT, 10% glycerol, and
20 mM biotin. Immunoblotting was carried out using
anti-p65 antibody.

Flag-tagged p65 and HA-tagged OGT were co-
expressed in N2a cells for 48 h. Flag-tagged p65 was
immunoprecipitated from the cell lysates using anti-Flag-
M2 magnetic beads and eluted in a buffer containing 4%
SDS and 100 mM Tris—HCI pH 8.0. After separation and
staining in 8—15% Bis—Tris gels, the p65 protein band was
excised and digested with trypsin and chymotrypsin. The
extracted mixtures were purified by reverse-phase HPLC
(Agilent 1100) using a gradient of 5-30% buffer B (100%
MeCN) over 20 min at 4 ml/min and a constant flow of
buffer A (0.5% aqueous AcOH). Eluted fractions between
5 and 12 min were manually collected, pooled, lyophi-
lized, and analyzed using nanoLC-LTQ-CID/ETD-MS.
Proteome Discovery (MASCOT search engine, version
1.3) was used for data search with O-GlcNAc (Ser/Thr)
set as a variable modification.

Immunoprecipitation/co-immunoprecipitation (IP/co-IP)
Primary P1 astrocytes were prepared for endogenous
IP and Co-IP. N2a cells transfected with Ogt-Flag and
NF-kB p65-HA overexpression plasmids were prepared
for exogenous IP/Co-IP. For IP, cells were lysed by RIPA
Lysis Buffer and lysates were filled up to 300 pl with IP
Lysis Buffer (50 mM Tris—HCl, 0.5% Triton-X, 150 mM
KCl, 1 mM EDTA in ddH,0). For endogenous assay,
lysates were blocked with 10 pl Protein A agarose beads
at 4 °C for 2 h with rotation. 3 pl of primary antibody or
rabbit IgG were added to the supernatant and incubated
with rotation overnight at 4 °C. 30 pl of Protein A agarose
beads were conjugated with antibody at 4 °C for 6-8 h
with rotation. For exogenous assays, HA/Flag-beads with
conjugated antibodies were added to the lysates directly
at 4 °C overnight. Unconjugated protein was removed
from beads by 3 washing times with IP Wash Buffer
(50 mM Tris—HCI, 0.1% Triton-X, 150 mM KCI, 1 mM
EDTA in ddH,O) at 4 °C for 10 min. Target proteins
were eluted from beads in 1x loading buffer at 100 °C for
5 min, and lysates before IP were used as the input. Pro-
teins were detected by Western blot.

For co-IP assays, N2a cells and PO astrocytes were
crosslinked with 1% formaldehyde for 10 min, respec-
tively, and the reaction was terminated with 125 mM
glycine for 5 min at room temperature on a shaker at
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40 rpm. Crosslinked cells were lysed with IP Lysis Buffer
to avoid breaking up protein—protein interactions. co-IP
assays were preformed similar to IP assay described
above.

Total RNA extraction and quantitative real-time PCR
(qQRT-PCR)

Total RNA from cells and tissues were extracted by TRI-
zol reagent according to the manufacture’s protocol, and
the concentration was determined with a Nanodrop
spectrophotometer 2000 (Thermo Fisher Scientific).
0.5 pg total RNA was used for reverse transcription, and
standard real-time qPCR assays were performed using
SYBR Green (Vazyme) in triplicate. The results were ana-
lyzed using the 22Ct method. Samples from 3 to 5 ani-
mals per group were analyzed. The primers for qRT-PCR
are shown in Additional file 14: Table S4.

RNA-seq and data analysis

All samples used for the cDNA library were assessed
by NanoDrop 2000 (Thermo Fisher Scientific), and the
RNA integrity value (RIN) was determined with the
RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 sys-
tem (Agilent Technologies Inc.). A total amount of 3 pg
of RNA per sample was used as input for each RNA sam-
ple preparation. Sequencing libraries were generated fol-
lowing the manufacturer’s recommendations, and index
codes were added to attribute sequences to each sample
using NEBNext® UltraTM RNA Library Prep Kit for Illu-
mina® (NEB). Second strand cDNA synthesis was subse-
quently performed using DNA Polymerase I and RNase
H. Remaining overhangs were converted into blunt ends
via exonuclease/polymerase activities. The NEBNext
Adaptor with hairpin loop structure was ligated to pre-
pare for hybridization after adenylation of the 3’ ends
of DNA fragments. The library fragments were purified
with AMPure XP system (Beckman Coulter) to prefer-
entially select cDNA fragments of 250-300 bp. Then,
3 pl USER Enzyme (NEB) was used with size-selected,
adaptor-ligated ¢cDNA at 37 °C for 15 min, followed by
5 min at 95 °C before PCR. Then PCR was performed
with Phusion High-Fidelity DNA polymerase, Universal
PCR primers and Index (X) Primer. Finally, PCR prod-
ucts were purified using AMPure XP system (Beckman
Coulter), and library quality was assessed on the Agilent
Bioanalyzer 2100 system (Agilent Technologies Inc.).
Subsequently, the clustering of the index-coded sam-
ples was performed on a cBot Cluster Generation Sys-
tem using TruSeq PE Cluster Kit v3-cBot-HS (Illumina)
according to the manufacturer’s instructions. After clus-
ter generation, the library preparations were sequenced
on an Illumina Hiseq platform (Illumina NovaSeq6000),
and 125 bp/150 bp paired-end reads were generated.
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Raw reads of fastq format were processed. In this step,
clean reads were obtained by removing reads containing
adapter, reads containing ploy-N and low-quality reads.
The retained clean reads were aligned to the Mus mus-
culus reference genome mml0. To quantify the gene
expression level, feature counts v1.5.0-p3 was used to
count the read numbers mapped to each gene. FPKM
(expected number of Fragments Per Kilobase of tran-
script sequence per Millions base pairs sequenced) of
each transcript was calculated based on the length of the
gene and the count of reads mapped to this gene.

Gene ontology analysis

Gene ontology (GO) analysis was performed using the
DAVID database, as described previously [8]. Each
enriched GO function term is represented by a node, and
the node size is proportional to the number of genes in
its corresponding function term in the enrichment maps.
Similar GO functions are categorized as one cluster. The
function term and the number of genes in each cluster
are labelled.

Behavioral tests

The Morris water maze (MWM) was performed as previ-
ously described [42]. MWM was performed in a round,
water-filled tub (120 cm in diameter). MWM was divided
into two stages: training and testing. For the training
stage, an invisible escape platform (10 cm in diameter)
was located in the same spatial location 1 cm below the
water surface independent of a subject’s start position
on a particular trial. Mice were placed in the water maze
from 4 different starting positions (NE, NW, SE, SW).
In this way, each animal would be able to determine the
platform’s location, and each animal was given 4 trials/
day for 4 days. 24 h after the final training trial, a probe
trial was performed, during which the platform was
removed and the time of swimming in the quadrant that
previously placed the escape platform during task acqui-
sition was measured over 60 s. All trials were videotaped
and analyzed with MazeScan software (Acimetrics).

The Novel Object recognition (NOR) task test was per-
formed as described previously [4]. Two sample objects
in one environment were used to examine learning and
memory with 24 h delays. In this test, mice were placed
in a white plastic box (60 cm X 60 ¢cm X 30 cm) with illu-
mination, monitored by an overhead video camera and
analyzed by an automated tracking system (San Diego
Instruments, CA). On the first day, two identical objects
(small cylindrical iron columns with a diameter of 5 cm
and a height of 5 cm), termed as ‘old; were placed 15 cm
from the walls in the North—-South orientation, and a
mouse was placed at the mid-point of the wall opposite
to the sample objects. After exploring the objects for
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10 min, mice were put back in their home cage. 24 h later,
one of the ‘old’ objects used for the memory acquisition
was replaced with a ‘novel’ object (a small cylindrical iron
cone with a diameter of 5 cm and a height of 5 cm) sim-
ilar to the ‘old’ one. The mouse was again placed in the
chamber for 10 min to explore the objects and the time
spent exploring the novel and old object was assessed.

Y maze spontaneous alternation and spatial novelty
preference test with three identical, opaque arms at 120°
angles from each other, as previously described [12]. The
arms were 35 cm long, 8 cm wide and 8 cm high, allow-
ing the mice to see distal spatial cues. The continuous
spontaneous alternation testing is based on the natural
tendency of rodents to explore a novel environment. The
mice were placed in the Y maze, facing the wall of one
randomly chosen arm and could freely explore the three
arms of the Y maze for 8 min. Typically, mice explore the
least recently visited arm and tend to alternate between
the three arms. For efficient alternation, mice rely on
their spatial working memory [66]. Every arm entry
was recorded by automated tracking system (San Diego
Instruments, CA) in order to calculate the percentage of
alternation. An entry was recorded when all four limbs
were within the arm. The number of arm entries and total
distance were used as measures for locomotor activity,
while the spontaneous alternation percentage was used
as a measure of spatial working memory. To calculate the
percentage, the total number of alternations (i.e., every
time a mouse explored the three arms consecutively) was
divided by the total possible alternations (i.e., the total
number of arm entries minus 2) and multiplied by 100.

In Y maze spatial novelty preference test, one of the
three arms was closed and the mice could explore the
other two arms for 10 min (training phase). Next, the
mice were transferred to their holding cage for 2 h. Sub-
sequently, they were placed into the start arm and could
explore all three arms of the maze for 5 min (test phase).
During these 5 min, the time and distance and number
of entries in each arm were recorded by automatic track-
ing system (San Diego Instruments, CA) and those in
the novel arm (i.e,, previously closed during the train-
ing phase) were used as measures for spatial short-term
memory.

The passive avoidance task was performed as previ-
ously described [27], with minor modifications. The
apparatus consists of a two-chambered light—dark shut-
tle box (20.3 cm heightx21.3 cm widthx 15.9 cm depth;
ENV-010MC, Med Associates, USA) interconnected
with a guillotine door. The experimental protocol con-
sisted of two sessions; the training and the retention test
session, conducted 24 h apart. During the training ses-
sion, the animals were individually placed into the light
compartment of the apparatus and explored the light
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compartment for a 30-s adaptation period with the door
between the light and dark compartments closed. After
the adaptation period, the door between the two com-
partments was automatically raised and mice were given
an additional 5 min to explore the compartment during
which the latency to enter the dark compartment was
measured. Upon entering the dark compartment, the
guillotine door was closed and 3 s later an inescapable
foot-shock (0.5 mA, 2 s duration) was delivered through
the grid floor. Thirty sec after the foot-shock, animals
were immediately returned to their home cage. On the
retention test day (24 h following training) mice were
placed into the light compartment of the apparatus, and
after a 30-s delay the door between the two compart-
ments was raised. The latency to enter the dark compart-
ment was automatically measured by the Instruments
software. The trial was terminated after 5 min when the
animal did not cross into the dark compartment.

Statistical analysis

Data are presented as the means+SEM and were ana-
lyzed with GraphPad Prism software. Unpaired Student’s
t test was used to determine the difference between two
groups; one-way ANOVA analysis followed by Tukey’s
multiple-comparison test (used for 1 variable with nor-
mal distribution sample) and two-way ANOVA analysis
followed by Sidak’s multiple-comparison test (used for
multiple variables) was used to determine differences
between multiple groups, respectively. P <0.05 was con-
sidered statistically significant. The details for the num-
ber of samples used can be found in Figure legends.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512974-023-02824-8.

Additional file 1: Figure S1. Ogt deficient astrocytes showed the
reduced levels of Ogt and O-GIcNAcylation.Representative images of
GFAP, Aldh111, Glast, Iba1, and Tuj1 immunostaining with cultured adult
Ctrl astrocytes. Scale bar, 50 pm.Quantification results show that the per-
centage of GFAPY, Glast* and Aldh111% cells are all around 97%, the per-
centage of Tuj1™ cells is around 2%, and the percentage of Iba1™ cells is
around 3%. n=3 independent experiments. Values represent mean + SEM.
WB assayand quantification results showed that P1 and adult astrocytes
showed the decreased levels of Ogtand Oga, but the increased Ogt/
Ogaand O-GlcNAcylation levelcompared with cortical and hippocampal
neurons. n=3 independent experiments for each group. Values represent
mean + SEM; *p < 0.05, **p < 0.01, ***p <0.001; one-way ANOVA analysis
followed by Tukey’s multiple-comparison test, F=38.5 for, F=333.8 for,
F=51.81 for, F=4184 for. C. cortical neurons. H, hippocampal neurons; P1,
postnatal day 1; Adult, postnatal 7-week.Schematic illustration of tamox-
ifen administration strategy. AdultGlast-CreERT2:0gt">®"" mice were intra-
peritoneallyadministrated with tamoxifenand corn oil, respectively. Eight
weeks after tamoxifen administration, mice were sacrificed for assays.
QRT-PCR results showed that mRNA level of Ogt significantly decreased

in adult cKO astrocytes compared with Ctrl astrocytes. n=3 independ-
ent experiments. Values represent mean + SEM; *p <0.05, **p <0.01,
**¥0<0.001; unpaired Student’s t-test WB assayand quantification results
showed that the protein levels of Ogtand O-GlcNAcylationsignificantly
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decreased in adult cKO astrocytes compared with Ctrl astrocytes. The level
of Oga was also decreased in cKO cells. n=3 independent experiments.
Values represent mean + SEM; *p < 0.05, **p < 0.01, ***p <0.001; unpaired
Student’s t-test.Representative images of GFAP-Ogtand Glast-O-Glc-
NAcylationimmunostaining with cultured adult Ctrl and cKO astrocytes.
Scale bar, 50 pm.Representative images of GFAP-Ogtand Glast-O- Glc-
NAcylationimmunostaining with the brain sections of adult Ctrl and cKO
mice. Scale bar, 20 um.

Additional file 2: Figure S2. Astrocytic Ogt deficiency does not affect
microglia, and Ogt cKO in neural stem/progenitor cells does not induce
inflammation in vivo.Three-dimensionalview of astrocytesand micro-
gliaimmunostaining in the hippocampal regions of Ctrl and cKO mice.
Scale bar, 20 um.Quantification results showed that the level of Iba1
fluorescence intensityand the number of Iba1™ cellsshowed no difference
in the hippocampus region between Ctrl and cKO mice. n=4 mice per
genotype. Values represent mean + SEM; *p < 0.05, **p < 0.01, ***p <0.001;
unpaired Student’s t-test.Representative images of Ibal immunostaining
in the hippocampal regions of Ctrl and cKO mice. Scale bar, 20 pm.Sholl
analysis showed no significant difference in the number of neurite inter-
sections per radius, the number of neurites per cell, and the total length
of neuritesof microglia in the hippocampal regions of Ogt cKO mice
compared with Ctrl mice. 12 cells were picked up per animal and total 36
cells from 3 mice were analyzed per group; Values represent mean + SEM;
*p<0.05, **p<0.01, **p<0.001; two-way ANOVA analysis followed by
Sidak’s multiple-comparison test for, F=5.062; unpaired Student's t-test
forqRT-PCR results showed that mRNA level of Iba1 in the hippocam-

pus showed no difference between Ctrl and cKO mice. n=5 mice per
genotype. Values represent mean + SEM; *p < 0.05, **p < 0.01, ***p <0.001;
unpaired Student’s t-test.

Additional file 3: Figure S3. Astrocytic Ogt deficiency impairs adult
neurogenesis, and Ogt cKO in neural stem/progenitor cells does not
induce inflammation in vivo.Representative images of DCX and BrdU
immunostaining in the subgranular zoneof the hippocampus of Ctrl and
Ogt cKO mice. Scale bar, 100 pm.Quantification results showed that cKO
mice had the reduced number of BrdU* cellsand DCX*cells, but a similar
percentage of BrdU*DCX*/BrdU*in the SGZ of Ctrl and Ogt cKO mice.
mice were injectedwith BrdU and sacrificed 1-day post the final BrdU
administration. n=4 mice per genotype. Values represent mean + SEM;
*p<0.05, **p<0.01,**p<0.001; unpaired Student’s t-test.Representa-
tive images of DCX and BrdU immunostaining in the subventricular
zoneof the lateral ventricles of Ctrl and Ogt cKO mice. Scale bar, 100 pm.
Quantification results showed that cKO mice had the reduced number
of of BrdU™ cellsand DCX*cells, but a similar percentage of BrdUTDCX*/
BrdUin the SVZ of Ctrl and Ogt cKO mice. mice were injectedwith BrdU
and sacrificed 1-day post the final BrdU administration. n=4 mice per
genotype. Values represent mean + SEM; *p < 0.05, **p <0.01, ***p <0.001;
unpaired Student’s t-test WB assayand quantification resultsshowed

that the protein level of Ogt and O-GlcNAcylation were not affected in
proliferating adult neural stem/progenitor cellsof Ctrl and Ogt cKO mice.
n=4independent experiments. Values represent mean + SEM; *p <0.05,
*p<0.01,***p <0.001; unpaired Student’s t-test.gRT-PCR results showed
that under proliferating condition, Ctrl and cKO aNSPCs showed no dif-
ference in MRNA levels of Ogt, Sox2and Nestin. n =4 independent experi-
ments. Values represent mean = SEM; *p <0.05, **p <0.01, ***p <0.001;
unpaired Student’s t-test.gRT-PCR results showed that under differentia-
tion condition, Ctrl and cKO aNSPCs showed no difference in mRNA levels
of mRNA level of Ogt, ST00B8and Map2. n=4 independent experiments.
Values represent mean + SEM; *p < 0.05, **p <0.01, ***p <0.001; unpaired
Student’s t-test.Representative images of GFAP and Ibal immunostaining
in the hippocampus of Ctrland NestinCreERT2:0gt' ™ "adult mice. Scale
bar, 100 um.

Additional file 4: Figure S4. Reactive astrocytes impair hippocampal
neuronal cells and cognition of mice.ELISA results showed that the levels
of IL-1Band TNF-aremarkably increased in the supernatants of cKO astro-
cyte-conditioned medium. n=3 independent experiments. Values rep-
resent mean + SEM; *p < 0.05, **p <0.01, ***p < 0.001; unpaired Student’s
t-test.Representative images of Tuj1 immunostaining with hippocampal
neurons at day in vitro 10cultured with neurobasal medium, Ctrl and
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cKO astrocyte-conditioned medium, respectively. Scale bar, 20 pm.Sholl
analysis showed that hippocampal neurons cultured with cKO ACM
displayed the overall decrease in the number of dendritic intersections
per radius, the number of dendrites per celland total length of dendritesat
DIV 10 compared with NB- and Ctrl ACM-cultured cells. Values represent
mean + SEM; *p < 0.05, **p < 0.01, ***p <0.001; n =36 neurons from 3
independent experiments for each group; two-way ANOVA analysis fol-
lowed by Sidak's multiple-comparison test for, F=353.5; one-way ANOVA
analysis followed by Tukey’s multiple-comparison test for, F=87.52 for,
F=168.7 for.Representative images of Tuj1 and activated-Caspase3immu-
nostaining with hippocampal neuronscultured with neurobasal medium,
Ctrl and cKO ACM, respectively. Scale bar, 50 um.Quantification results
showed that hippocampal neurons cultured with cKO ACM displayed

the increased percentage of activated-Caspase3™ cells compared to that
with NB- and Ctrl ACM-cultured cells. n=6 independent experiments.
Values represent mean + SEM; *p <0.05, **p < 0.01, ***p < 0.001; one-way
ANOVA analysis followed by Tukey's multiple-comparison test, F=86.5.WB
assayand quantification resultsshowed that the protein level of aCaspase3
significantly increased in hippocampal neurons cultured with cKO ACM
compared to cell cultured with NB and Ctrl ACM, respectively. n=3 inde-
pendent experiments. Values represent mean + SEM; *p <0.05, **p<0.01,
**¥0<0.001; one-way ANOVA analysis followed by Tukey's multiple-
comparison test, F=42.74.Schematic illustration of tamoxifen administra-
tion and behavioral tests strategy. adult Glast-CreERT2:0gt™®'mice were
intraperitoneally injected with tamoxifenand corn oil, respectively. Eight
weeks after tamoxifen administration, behavioral tests were performed.
Representative images of the swimming path of Ctrl and cKO mice during
the probe trial in Morris Water Maze test. The red circle represents the
position of platform.Adult Ctrl and cKO mice showed no difference for the
length of swimming pathand average swimming speedduring the probe
trial test. n =10 mice per group. Values represent mean + SEM; *p < 0.05,
**p<0.01, **p <0.001; unpaired Student’s t-test.Y maze spontaneous
alternation test results showed no difference for the number of arm
entriesand total distancebetween Ctrl and cKO mice. n=8 mice per
group. Values represent mean = SEM; *p <0.05, **p < 0.01, ***p <0.001;
unpaired Student’s t-test.

Additional file 5: Figure S5. Restoration of O-GIcNAcylation inhibits
astrocyte activation and inflammation, and improves cognitive function
of Ogt deficient mice.Schematic illustration of tamoxifen and GIcNAc
administration strategy. AdultGlast-CreERT2:0gt™®" mice were intra-
peritoneally injected with tamoxifenand corn oil, respectively. 6 weeks
after tamoxifen administration, Ctrl and cKO mice were injected with
salineand GIcNAcfor 14 days, and then the mice were sacrificed for assays.
Representative images of GFAP and IL-1f immunostaining with brain
sections of Ctrl and cKO mice treated with salineand GIcNAG, respectively.
Scale bar, 20 um.Schematic illustration of tamoxifen, GIcNAc administra-
tion and behavioral test strategy. AdultGlast-CreERT2:0gt™®®"" mice were
intraperitoneally injected with tamoxifenand corn oilfor, respectively. Six
weeks after tamoxifen administration, Ctrl and cKO mice were injected
with salineor GIcNAcfor 14 days, respectively, and behavioral tests were
performed. Saline and GIcNAc was continuously injected during the
behavioral tests.Mice from the four group showed no difference in the
percentage of time spent exploring two identical objectsand during the
training period in novel object recognition task test. n=6 mice per group;
Values represent mean + SEM; *p < 0.05, **p <0.01, ***p <0.001; two-way
ANOVA analysis followed by Sidak's multiple-comparison test, F=0.3952.
Schematic illustration of novel object recognition task and heatmap
image of each animal showing the distribution of exploring time of 4
groups mice during the testing trial. n =6 mice per group.

Additional file 6: Figure S6. Restoration of O-GIcNAcylation improves
cognitive function.Mice showed no difference in the number of arm
entries, total distancein Y maze spontaneous alternation test between
four groups. n=6 mice per group. Values represent mean + SEM; *p < 0.05,
*p<0.01, ***p<0.001; two-way ANOVA analysis followed by Sidak’s mul-
tiple-comparison test for, F=0.1623; one-way ANOVA analysis followed by
Tukey's multiple-comparison test for, F=0.5806.Schematic lllustration of Y
spontaneous alternation test and representative heat map images of mice
during Y maze spontaneous alternation test.Representative images of

the swimming path during the probe trial of Morris Water Maze test. The
red circle represents the platform.The average swimming speedand total
swimming path lengthshowed no difference in all four groups during
the probe trial test. n=6 mice per group; Values represent mean + SEM;
*p<0.05, **p<0.01,***p<0.001; one-way ANOVA analysis followed by
Tukey's multiple-comparison test, F =0.3744 forand F=0.3702 for.

Additional file 7: Figure S7. Ogt interacts with NF-kB and catalyzes the
O-GlcNAcylation of NF-kB.Schematic illustration of O-GlcNAcylation sites
of p65 on S374, S370, S384 and S396 in N2a cells identified by MS/MS
analysis. nanoLC-LTQ-CID was used to mapping the sites of O-GIcNAcyla-
tion on p65. The matched fragment ions are labeled in y and b.IP-WB
assayand quantification results show that mutation of single potential
O-GIcNAcylation sites led to a significant decrease in the O-GlcNAcylation
level of p65in N2a cells, and only the mutation of 5384 induced a signifi-
cant increase of p-p65. n=3 independent experiments. Values represent
mean + SEM; *p <0.05, **p <0.01, ***p <0.001; one-way ANOVA analysis
followed by Tukey's multiple-comparison test, F=51.62 forand F =74.06
forIP followed by WB assay results showed the level of GSK3( showed no
difference in the hippocampus of Ctrl and cKO mice, and the interaction
between p65 and GSK3 was significantly increased in the hippocampus
of Ctrl and cKO mice. n=3 independent experiments. Values represent
mean + SEM; *p <0.05, **p <0.01, **p <0.001; unpaired Student’s t-test.
co-IP followed by WB assay showed no direct interaction between Gsk3(3
and Ogt.

Additional file 8: Figure S8. RNA-seq data analysis shows that Ogt
deficiency activates NF-kB signaling pathway in astrocytes.Heatmap illus-
trating the altered transcriptome of cKO astrocytes group compared to
Ctrl astrocytes. Red color, up-regulated genes; blue color, down-regulated
genes. Two biological replicate samples were used for sequencing in

each group.Gene ontologyCircle visualization of differentially expressed
genesenriched biological process terms in cKO astrocytes including
inflammatory response, cytokine signaling, NF-kB signaling, axon develop-
ment and learning and memory. The outer circle showed the log2 fold
changeof the genes in each category, and the height of the inner bar plot
indicated the significance level of the GO term), and the color represents
the Z score. WB assayand quantification results showed that Ogt deficiency
did not affect the level of total p65, but significantly increased the protein
level of p-p65in cultured astrocytes. n=3 independent experiments.
Values represent mean + SEM; *p <0.05, **p <0.01, ***p < 0.001; unpaired
Student’s t-test.WB assaysand quantification results showed that Ogt defi-
ciency significantly reduced the level of p65 in cytoplasmand significantly
increased the level of p-p65 in nucleus. n=3 independent experiments.
Values represent mean + SEM; *p <0.05, **p <0.01, ***p < 0.001; unpaired
Student’s t-test.

Additional file 9: Figure S9. Restoration of O-GlcNAcylation inhibits
astrocyte activation and inflammation, and improves cognitive function of
Ogt deficient mice.Schematic illustration of GIcNAc administration strat-
egy. 2.5-month-old Ctrl and AD mice were administrated with salineand
GlcNAcfor 6 weeks, and mice were sacrificed for assays.Representative
images of O-GlcNAcylation and Iba1 immunostaining with brain sections
of Ctrl and cKO mice treated with salineand GIcNAGc, respectively. Scale
bar, 100 um.Quantification results show that the level of of O-GIcNAcyla-
tion fluorescence intensitysignificantly decreased in the hippocampus
region of AD mice compared to Ctrl mice, which was significantly
increased by GIcNAc administration. The intensity of Iba1 fluorescence
was also significantly reduced after GIcNAc administration. n=5 mice per
group. Values represent mean + SEM; *p <0.05, **p <0.01, ***p <0.001;
one-way ANOVA analysis followed by Tukey’s multiple-comparison test,
F=10.64) for, F=8.674.WB assaysand quantification results showed that
the levels of O-GlcNAcylation, Ogt, Ogasignificantly decreased, but the
level of APPsignificantly increased in AD astrocytes compared with Ctrl
astrocytes. n=4 independent experiments. Values represent mean + SEM;
*p<0.05, **p<0.01,**p<0.001; unpaired Student’s t-test.IP-WBshowed
the reduced levels of O-GlcNAcylationand Ogt, but the levels of p65and
GSK3pwere not affected in the hippocampus of Ctrl and AD mice.n=4
mice per group. Values represent mean = SEM; *p <0.05, **p < 0.01,

**¥p <0.001; unpaired Student’s t-test. Quantification results of IP inshowed
that the decreased O-GIcNAcylation on p65, the decreased interaction




Dong et al. Journal of Neuroinflammation (2023) 20:146

between p65 and Ogt, and the increased interaction between p65 and
GSK3Bin the hippocampus of AD mice compared to Ctrl mcie. n=4 mice
per group. Values represent mean + SEM; *p <0.05, **p <0.01, ***p <0.0071;
unpaired Student’s t-test.

Additional file 10: Figure S10. The original images of all western blot
assays.

Additional file 11: Table S1. The list of proteins interacted with p65 in
Ctrl and cKO hippocampal tissues.

Additional file 12: Table S2. The DEGs in cKO astrocyte.

Additional file 13: Table S3. Reagents and experimental model
resources.

Additional file 14: Table S4. The list of primers used for gPCR, plasmids

construction and and genotyping.
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