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OTUD1 positively regulates microglia neuroinflammation and
promotes the pathogenesis of Alzheimer’s disease by
deubiquitinating C/EBPβ
Ling-yu She1,2,3, Lu-yao Li1, Hao Tang1,3, Qin Yu1, Feng-yi Gao1, Yu-qing Zeng1,2, Lin-jie Chen1,2, Li Xiong3, Li-wei Li3, Fan Chen1,3,
Jin-feng Sun1,4, Wen-hua Zheng5, Xia Zhao1,2,3✉ and Guang Liang1,2,3✉

Alzheimer’s disease (AD) is the most common neurodegenerative disease worldwide. Microglia-mediated neuroinflammation is
closely associated with AD pathogenesis. Abnormal deubiquitinating enzyme (DUB) expression is associated with
neuroinflammation. Identification of functional DUBs in microglia may provide novel targets for AD treatment. Here, we found that
the levels of DUB, ovarian tumor deubiquitinase 1 (OTUD1), were upregulated in AD model mice and amyloid-beta-induced
microglia. OTUD1 knockdown in microglia significantly inhibited neuroinflammation, thereby improving cognitive impairment in
AD model mice. Liquid chromatography-tandem mass spectrometry analysis coupled with co-immunoprecipitation revealed the
CCAAT/enhancer-binding protein β (C/EBPβ), a key transcription factor regulating microglial inflammation, as an OTUD1-interacting
protein. Mechanistically, OTUD1 bound to C/EBPβ and maintained its stability by removing the K48 ubiquitin chain at K253 of
C/EBPβ, thereby activating the C/EBPβ–nuclear factor-κB-mediated inflammatory responses in microglia. Overall, our results
revealed the roles of the OTUD1–C/EBPβ axis in mediating the microglial inflammatory responses and AD pathology, facilitating the
development of new strategies targeting microglial neuroinflammation for AD treatment.

Keywords: Alzheimer’s disease; OTUD1; microglia; neuroinflammation; C/EBPβ

Acta Pharmacologica Sinica (2025) 0:1–14; https://doi.org/10.1038/s41401-025-01566-y

INTRODUCTION
Alzheimer’s disease (AD) is a progressive neurodegenerative
disease that impairs mental development and disrupts cognitive
functions. It affects over 50 million people worldwide, posing a
heavy burden on the affected patients and society [1, 2]. Currently,
no effective treatment is available AD [3]. Microglia play critical
roles in central nervous system development and brain home-
ostasis [4, 5]. Neuroinflammation is a pathological driver and
important hallmark of AD pathogenesis. Activated microglia
induce neuroinflammation and secrete proinflammatory factors,
causing neuronal damage and promoting AD development [6].
Therefore, evaluation of microglial function regulation to combat
neuroinflammation can facilitate the identification of novel targets
and development of effective therapies for AD.
Ubiquitination, a reversible post-transcriptional modification of

substrate proteins regulating the structure, stability, and functions
of target proteins, is involved in the pathophysiological regulation
of various. Deubiquitinases (DUBs) enzymatically reverse ubiqui-
tination. To date, >107 DUBs involved in the regulation of various
diseases have been identified in humans. Identification of
functional DUBs in microglia may reveal novel targets for AD

treatment. Ovarian tumor deubiquitinase 1 (OTUD1), a DUB
belonging to the OTU protein family, is closely associated with
immune and inflammatory responses in some non-neuron
diseases [7–10]. OTUD1 knockout enhances the antiviral innate
immune responses by increasing RIG-I-like receptor-mediated
production of inflammatory cytokines and interferons [10]. We
previously reported that OTUD1 knockout alleviates Ang
II-induced renal and cardiac inflammation through deubiquitinat-
ing CDK9 and STAT3, respectively [11, 12]. However, to date, the
specific roles of OTUD1 in microglia and inflammatory AD remain
unknown.
In this study, we observed increased OTUD1 expression levels in

the microglia of AD model mice and identified the key roles and
action mechanisms of OTUD1 in microglia-mediated AD pathol-
ogy. Microglia-specific OTUD1 knockdown significantly alleviated
neuroinflammation and cognitive deficits in AD model mice.
Mechanically, we found that OTUD1 interacted with and
deubiquitinates CCAAT/enhancer-binding protein β (C/EBPβ), a
key transcription factor regulating inflammation, to maintain its
stability, thereby activating the C/EBPβ–nuclear factor (NF)-κB
inflammatory signaling pathway in microglia. Overall, our results
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revealed the involvement of a new OTUD1–C/EBPβ axis in
microglial activation and identified OTUD1 as a potential target
for AD treatment.

MATERIALS AND METHODS
General reagents
Amyloid beta (Aβ)-peptide 1-42 (PA4391) was purchased from
Ontores Biotechnologies, and the specific details are provided in
Table S1. Flag-OTUD1, Flag, HA, His-C/EBPβ, HA-C/EBPβ, HA-Ub, HA-
K48, and HA-K63 plasmids were obtained from Tsingke Biotech
(Beijing, China). Lipofectamine 3000 (L3000-015; Thermo Fisher, MA,
USA). Dulbecco’s modified Eagle’s medium (D0822) and dimethyl
sulfoxide (DMSO; D2650) were purchased from Sigma (St. Louis, MO,
USA). Additionally, FD Rapid Golgi Stain (PK401; FD Neuro
Technologies), mouse Aβ42 ELISA (EM0864; Fine Test), mouse
Aβ40 ELISA (EM0863; Fine Test) kits were purchased. Fetal bovine
serum and 0.25% trypsin were purchased from Life Technologies
(Grand Island, NY, USA) and Calbiochem (San Diego, CA, USA).
Western Blot Marker (C520010) was purchased from Sangon Biotech
(Shanghai, China). ECL (P10300) was obtained from NCM Biotech
(Suzhou, China), and polyvinylidene fluoride membranes (1620177)
were purchased from Bio-Rad. The Hifair III 1st Strand cDNA
Synthesis SuperMix for qPCR (gDNA Digester Plus) kit (Cat. no.
11141ES60) was obtained from Yeasen. Phosphatase inhibitor
cocktail (MCE; HY-K0010/HY-K0021), Pierce BCA Protein Assay Kit
(23227; Thermo Fisher Scientific), and Pierce Classic Magnetic IP/Co-
IP Kit (88804; Thermo Scientific) were also obtained. Quantitative
polymerase chain reaction (qPCR) was performed using the SYBR
Green kit (Cat. no. 11201ES08; Yeasen). Penicillin/streptomycin
(Carlsbad, CA, USA) was also used. Small interfering RNA (siRNA) was
purchased from GenePharma (Shanghai, China), and specific
sequence information is shown in Table S1. All antibodies used
and their sources are listed in Table S2.

Animals and treatment
Two AD models were used in this study: Aβ-infused OTUD1
knockout and 3×Tg mouse models with the specific knockout of
OTUD1 in microglia. Eight-month-old APP Swedish, MAPT P301L,
and PSEN1 M146V (3×Tg) and 8-month-old APP/PS1 (APPswe/
PSEN1dE9) mice were purchased from Jackson Laboratory [13, 14]
and raised in the Animal Laboratory of Hangzhou Medical College.
These mouse models are commonly used in AD research [15, 16].
OTUD1-/- mice with a C57BL/6 J background were provided by
Professor Fu-ping You at Peking University [11, 17]. All animals
were housed in a room at 24–26 °C under, a 12/12-h light/dark
cycle and provided ad libitum access to food and water. Age-
matched female littermates were included in this study [18, 19].

(1) To study OTUD1 in microglia more specifically, we
deliberately knocked out OTUD1 in the microglia of 3×Tg
mice. We commissioned BrainVTA (Wuhan, China) to
construct AAV vectors (AAV-shOTUD1:rAAV-CX3CR1-DIO-
mCherry-5’miR30-shRNA(OTUD1)-3’miR30-WPRE plus Cre
AAV (rAAV-CX3CR1-CRE-WPRE-hGH pA) that can specifically
knockdown microglia OTUD1. The 3×Tg and wild-type (WT)
mice were randomly divided into three groups: WT-AAV-NC
(WT mice infused with AAV-NC; n= 10), 3×Tg-AAV-NC (3×Tg
mice infused with AAV-NC; n= 10), and 3×Tg-AAV-shOTUD1
(3×Tg mice infused with AAV-shOTUD1; n= 10) groups.
AAV-shOTUD1 or AAV-NC was microinjected into the
bilateral hippocampus of 3×Tg-AD and WT mice. The
coordinates were at bregma value 0, posterior opening
was 2.0 mm, lateral opening was ±1.5 mm, and depth was
1.5 mm. Behavioral testing was performed after four weeks.

(2) Aβ-infused AD model was generated as previously
described [16]. Eight-week-old C57BL/6 (WT) and OTUD1-/-

on WT background mice were randomly divided into four

groups: WT (WT mouse control; n= 10), Aβ (Aβ-infused WT
mice; n= 10), OTUD1-/- (OTUD1-/- mouse control; n= 10),
and OTUD1-/--Aβ (Aβ-infused OTUD1-/- mice; n= 10) groups.
After anesthetizing the mice, Aβ (total 10 μg in 2 μL) or an
equivalent amount of DMSO was injected. The needle was
held in place for another 2 min and slowly withdrawn
afterward.

Morris water maze (MWM) test
Briefly, on d 1–4 of the MWM test, a hidden platform was placed in
the middle of one quadrant, approximately 1 cm below the water
surface, and the mice were subjected to the hidden platform test
to explore the time at which the mice found the hidden platform.
On the fifth day after the start of the experiment, the hidden
platform was removed and the mice were allowed to move freely
for 60 s to conduct a space exploration test. Data acquisition and
processing were performed using the MWM image automatic
monitoring and processing system (VisuTrack, Shanghai, China).

New object recognition test (NORT)
NORT was used to test the recognition and memory abilities of
mice. On the first day of the experiment, each mouse was allowed
5min to explore two identical circular objects. On the second day, a
round object was replaced with a square object, and each mouse
still had only 5min of exploration time, and the time and times of
exploration of the two objects by the mouse were recorded.

Tissue samples preparation
After performing behavioral tests, the mice were sacrificed under
deep anesthesia. Hydrolytic chloride (0.25 mg/mL) was used to
euthanize all mice. In some mice, the brain was fixed with 4%
paraformaldehyde for 24 h, dehydrated, embedded with OCT, and
stored under –80 °C until further analysis. Brain tissue of another
mouse was stored at –80 °C until use.

Golgi staining
After the mice were deeply anesthetized, the hippocampus from
the mouse brain tissues was dissected, followed by Golgi staining
using the FD Fast Golgi Staining Kit, according to the manufac-
turer’s protocol. Brain tissues were immersed in a solution
containing A and B and stored in the dark at room temperature
for two weeks. After 24 h, the tissues were transferred to solution
C and incubated in the dark at room temperature for one week.
The solution was replaced after 24 h. The tissues were sliced into
100–200 μm thick slices using a cryoslicer at –20 °C. The slices
were placed in a staining solution for 10 min and dehydrated in
50%, 75%, and 95% ethanol. The slices were made transparent
with xylene and sealed with resin. Finally, images were acquired
using a laser-scanning confocal microscope.

Immunofluorescence (IF) and Immunocytochemistry (ICC)
For IF, brain tissues were cut into 20 μm sections, permeabilized
with 0.3% Triton X-100 for 20 min, blocked with 10% bovine serum
albumin (BSA) solution for 1 h, and incubated with specific primary
antibodies overnight at 4 °C. The next day, they were incubated
with fluorophore-conjugated secondary antibodies for 1 h, and
mounted on slides with antifade mountant containing 4’,6-
diamidino-2-phenylindole.
For ICC, the cells were seeded in a glass-bottom dish,

pretreated, fixed with 4% paraformaldehyde for 15 min, incubated
with 0.3% Triton X-100 for 20 min, blocked with 10% BSA at room
temperature for 1 h, and incubated again with specific primary
antibodies overnight at 4 °C. The next day, the cells were
incubated with fluorophore-conjugated secondary antibodies for
2 h. Then, a drop of the antifade mounting medium containing
DAPI was added to stain the nuclei. Finally, images were captured
using the Nikon A1 confocal microscope.
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Cell culture and transfection
Mouse microglia (BV2, #SNL-155), rat pheochromocytoma cells
(PC12 cells; #SNL-124), and mouse embryonic fibroblast (NIH3T3;
#SNL-025) were obtained from the SUNNCELL (Wuhan, China).
The cells were cultured in high-glucose Dulbecco’s modified
Eagle’s medium, supplemented with 10% fetal bovine serum,
100 μg/mL streptomycin, and 100 units/ml penicillin and
maintained at 37 °C in a humidified atmosphere of 5% CO2.
Then the cells were transfected with siRNA or expression
plasmids using Lipofectamine 3000 according to the manufac-
turer’s protocol.

Co-immunoprecipitation (Co-IP) and Western blotting
For Co-IP, protein concentrations were determined using BCA after
total protein extraction. The Classic magnetic IP/Co-IP Kit was used
in this test. Briefly, lysates were immunoprecipitated using the
corresponding antibodies in the presence of Protein A+ G
Agarose, followed by Western blotting analysis.
Total protein was extracted from the cells or brain tissues using

the radioimmunoprecipitation assay lysis buffer. Proteins were
separated via 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene fluoride mem-
branes. The membranes were blocked in 5% BSA for 1 h at room
temperature and incubated overnight at 4 °C with specific primary
antibodies. Protein bands were detected after incubation with
horseradish peroxidase-conjugated secondary antibodies and
enhanced chemiluminescence reagent. Band densities were
quantified using the ImageJ software and normalized to the
loading controls.

RNA isolation and quantitative real-time PCR
Total RNA was isolated from cultured cells using TRIZOL reagent
according to the manufacturer’s instructions. For RT-PCR analysis,
cDNA was generated using the PrimeScript RT kit. Real-time PCR
was performed using the CFX96 Touch Real-Time PCR Detection
System (Bio-Rad) using TB Green Premix Ex Taq II. Relative
expression was calculated by the 2-ΔΔCt method and normalized to
GAPDH. The primer sequences are shown in Table S1.

Enzyme-linked immunosorbent assay (ELISA)
Protein levels of interleukin (IL)-1β and tumor necrosis factor
(TNF)-α in the supernatants of BV2 cultures were measured using
ELISA kits (abs520001 and abs520010, respectively), following
the manufacturer’s instructions. Briefly, sample and test solu-
tions were added to 96-well plates, gently mixed, and incubated
at 37 °C for 60 min. After washing thrice, horseradish peroxidase
conjugate was added, and the solutions were incubated at 37 °C
for 20 min. Substrate solution was added and incubated in the
dark at 37 °C for 30 min. Finally, termination solution was added
to each well to stop the reaction. Optical density was measured
at 450 nm within 5 min using a microplate reader. Data were
quantitatively normalized to the protein concentrations in the
control group.

Immunohistochemistry (IHC)
Paraffin-embedded brain tissues were cut into 5 μm-thick
sections for histological analysis. The sections were dehydrated
with graded concentrations of ethanol, and endogenous
peroxidase activity was blocked with 3% (v/v) hydrogen
peroxide in methanol for 10 min. Antigen retrieval was
performed using 1 mM ethylenediaminetetraacetic acid buffer
(pH 9.0) in a microwave. The cells were permeabilized with 0.5%
Triton X-100 for 10 min and blocked with 10% BSA for 30 min.
The sections were incubated overnight with specific primary
antibodies. Then, 3,3’-diaminobenzidine color development was
performed after incubation with the secondary antibodies.
Finally, the sections were observed under a light microscope
(Nikon, Japan).

Single-cell sequencing
Hippocampus from 3×Tg mouse brain tissue was collected, placed
in a sterile RNase-free culture dish, and sent to LC-Bio Technology
Co. LTD. (Hangzhou, China) in a tissue preservation solution for
single-cell sequencing. Cell distribution of OTUD1 expression was
analyzed using a cloud platform (https://www.omicstudio.cn/
index). The dataset has been uploaded to the National Center
for Biotechnology Information (accession number: BioProject
PRJNA1230577).

Statistical analysis
Statistical analyses were performed using the GraphPad Prism 8
(GraphPad Software, San Diego, CA). Error bars represent the
mean ± standard error of the mean. In the MWM test, escape
latency times in the hidden platform trial were analyzed via two-
way repeated measures analysis of variance. The statistical
significance between multiple groups was determined using
one-way ANOVA followed by Turkey’s post-hoc test. Statistical
significance was set at p < 0.05.

RESULTS
Microglial OTUD1 levels are upregulated in AD model mice
We first examined the correlation between OTUD1 and AD in
using the hippocampal tissues of different AD mouse models.
Protein levels of OTUD1 were significantly upregulated in these
AD model mice, including APP/PS1, Aβ-infused, and 3×Tg mice
(Fig. 1a–c). To determine the source of increased OTUD1 levels in
glial cells, we performed double labeling with OTUD1 and a
microglial marker (ionized calcium-binding adaptor molecule 1
[Iba1]) or an astrocyte marker (glial fibrillary acidic protein [GFAP]).
Relative expression levels of OTUD1 were higher in microglia than
in astrocytes, indicating microglia as the major glial cell types
expressing OTUD1 (Fig. 1d). Next, we performed staining for Aβ,
Iba1, and OTUD1 to examine the specific levels of OTUD1 in
primary microglia in mice with or without AD. As shown in
Fig. S1a, activated microglia in the vicinity of Aβ plaques exhibited
upregulated levels of OTUD1 in 3×Tg AD model mice. Single-cell
sequencing analysis of mouse hippocampal tissues identified 11
cell groups based on the marker gene levels in different cells
(Fig. 1e). Gene mapping analysis revealed that OTUD1 is mainly
expressed in microglia (Fig. 1f). We also examined the protein
levels of OTUD1 in a cultured microglia BV2 cell line. OTUD1 levels
were increased in time- and dose-dependent manners in BV2 cells
after Aβ challenge (Fig. 1g, h). Similar changes were observed in
primary BV2 and microglial cells via IF staining (Fig. S1b–S1c).
These results suggest that microglial OTUD1 is associated with AD
pathology.

OTUD1 deficiency reverses cognitive and synaptic deficits in Aβ-
infused mice
To determine the role of OTUD1 in AD-related cognitive
dysfunction, we evaluated the learning and memory abilities
of OTUD1-deficient mice using the NORT and MWM (Fig. S2a).
Aβ injection was used to produce cognitive dysfunction in mice,
and NORT was used to record the movement trajectories of mice
in each group. OTUD1-/--Aβ group showed increased exploration
of novel objects compared to the Aβ group (Fig. 2a–f). In the
MWM test, mean escape latency of mice in the OTUD1-/--Aβ
group was significantly lower than that of mice in the Aβ group
(Fig. 2g–i). After removing the platform, mice in the OTUD1-/--Aβ
group crossed the platform and stayed in the target quadrant
longer than those in the Aβ group (Fig. 2j, k). These behavioral
tests showed that OTUD1 knockout significantly attenuated Aβ-
induced cognitive dysfunction in mice. Synaptic changes are
closely associated with learning and memory; therefore we
examined the protein levels of two key molecules involved in
synaptic plasticity and function: neurite cytoskeletal
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microtubule-associated protein 2 (MAP2) and postsynaptic
density protein 95 (PSD95). Western blotting showed that
OTUD1 deficiency reversed MAP2 and PSD95 level reduction in
Aβ-challenged mouse hippocampus (Fig. 2l, m). Compared to
that in the Aβ group, dendritic spines density in the
hippocampus was increased in OTUD1-/--Aβ group(Fig. S2b, c).
IF staining of the mouse hippocampus showed a significant loss
of synapses in the Aβ group, while the number of MAP2-
expressing cells in the OTUD1-/--Aβ group was significantly
increased (Figs. S2d–e). Taken together, these results suggest
that OTUD1 deficiency improves cognitive impairment, restores
the hippocampal synaptic plasticity, and reverses synaptic injury
in Aβ-infused mice.

OTUD1 deficiency reduces neuroinflammation in Aβ-infused mice
To further identify whether OTUD1 deficiency reduces neuroin-
flammation in microglia, we measured the expression of

inflammatory markers in the mouse brain. First, we analyzed the
activation of microglia by detecting the level of Iba1 and found
that Aβ-infused OTUD1-/- mice showed suppressed microglia
activation compared with the Aβ-infused WT mice (Fig. 3a, b and
Fig. S2f). Activated microglia are the major source of inflammatory
cytokines in the brain. As expected, OTUD1 deletion significantly
inhibited the releases of TNF-α and IL-1β induced by Aβ infusion in
the mouse hippocampus (Fig. 3c and S2g), suggesting that OTUD1
deficiency reduces Aβ-induced neuroinflammation. In addition,
inflammatory cytokines released from the activated microglia
further led to neuronal apoptosis. Indeed, Aβ challenge induced
the apoptosis-related proteins, Bax/Bcl2 and cleaved caspase 3,
and increased neuronal nuclei (NeuN)+ positive cells in the
hippocampus, whereas OTUD1 knockout reversed these changes
(Fig. 3d, e and S2h). In summary, these results suggest that OTUD1
deficiency reduces neuroinflammation in Aβ-infused mouse
hippocampus.

Fig. 1 OTUD1 is upregulated in different AD model mice and Aβ-induced BV2 cells. a Western blot analysis of OTUD1 protein in the
hippocampus of 8-month-old APP/PS1 mice and age-matched WT mice. b Western blot analysis of OTUD1 protein in the hippocampus of Aβ-
infusion mice and age-matched C57BL/6 mice. c Western blot analysis of OTUD1 protein in the hippocampus of 8-month-old 3×Tg and age-
matched WT mice. d Co-staining of microglial marker Iba1 (green) or astrocyte marker GFAP (green) with OTUD1 (red) in the hippocampus of
8-month-old 3×Tg mice and age-matched WTmice (scale bar= 50 μm). e A total of 11 cell groups were identified through analysis of brain cell
marker genes in single-cell sequencing. f Expression analysis of OTUD1 in brain tissue. g Representative Western blot bands of OTUD1 in BV2
cells after treatment with Aβ at different concentrations for 24 h. h Representative Western blot bands of OTUD1 in BV2 cells after incubation
of 20 μM Aβ at different time points. (n= 3 independent experiments; Mean ± SEM; *P < 0.05).
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Fig. 2 OTUD1 knockout improves cognitive disfunction and synaptic impairment in Aβ model mice. a Representative movement
trajectories of mice in the first day of the NORT. b Representative movement trajectories of mice in the second day of the NORT. c The total
number of approaches to object A on the first day of the NORT. d The number of approaches to object A on the second day of the NORT.
e The number of approaches to object B on the second day of the NORT. f Time at which the four groups of mice touched the novel object
B on the second day of NORT. g Representative swimming trajectories of mice on the fourth day of the MWM. h Representative swimming
trajectories of mice after hidden platform removal on the fifth day of MWM. i Time required for mice to find the hidden platform on the d
1–4 of MWM. j After the hidden platform was removed, the number of times in each group of mice passed through the platform
area within 60 s. k The time that the mice stayed in the target quadrant after the hidden platform was removed on the fifth day of the
MWM (n= 10 mice/group for A-K panels). l, m Western blot analysis of MAP2 and PSD95 in the hippocampus of WT, Aβ, OTUD1-/- and
OTUD1-/--Aβ (n= 3 independent experiments). (Mean ± SEM; *P < 0.05 or **P < 0.01 versus the WT group; #P < 0.05 or ##P < 0.01 versus the
Aβ group).
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Microglia-specific knockdown of OTUD1 reverses cognitive deficits
in AD mice
To further confirm the role of microglia OTUD1 in AD, we used an
adeno-associated virus (AAV) carrying a microglia-specific CX3CR1
promoter to specifically deliver OTUD1 siRNA into mouse microglia.
AAV-shOTUD1was injected into the hippocampus bilaterally in 3×Tg
mouse brains to knockdown OTUD1 in microglia, as confirmed via IF
(Figs. S3a, b). The 3×Tgmice are among themost widely used animal
models of spontaneous AD, with pathologicals, phenotypes such as
amyloid plaques, neuroinflammation, and cognitive impairment. We
performed behavioral tests including NORT and MWM, on these
mice after AAV injection. The results from NORT showed that
microglia-specific OTUD1 knockdown significantly increased the
total numbers of 3×Tg mice finding both old object and new object
(Fig. 4a–f). The MWM results also showed that OTUD1 knockdown in
microglia decreased the average time taken by 3×Tg mice to find
the hidden platform (Fig. 4g–i). After removing the platform,
microglial OTUD1-deficient 3×Tg mice crossed the hidden platform
more times (Fig. 4j) and remained in the target quadrant longer than
the 3×Tg mice (Fig. 4k). Western blotting analysis showed that the
synaptic-related protein MAP2 and PSD95 levels in 3×Tg mice were
significantly increased by AAV-shOTUD1 injection (Fig. 4l, m),
indicating an improvement in synaptic plasticity. We also evaluated
the neuroinflammation in these mice and found that OTUD1
deficiency in microglia significantly improved microglia activation
and inflammatory factor release (Figs. S4a–g) and reversed neuronal
apoptosis in 3×Tg mice (Figs. S4h,i). Overall, microglia-specific
OTUD1 knockdown significantly improves cognitive impairment and
neuroinflammation in 3×Tg mice.

OTUD1 positively regulates inflammation in microglia
BV2 cells were used to confirm the role of OTUD1 in regulating
inflammation. OTUD1 expression was silenced using OTUD1 siRNA
(siOTUD1) (Fig. S5a-S5b). Result from ELISA showed that OTUD1
deficiency reduced the release of the inflammatory cytokine TNF-α
(Fig. 5a). Real-time qPCR assay showed that OTUD1 deficiency
reduced the mRNA levels of inflammatory genes (Fig. 5b). In
contrast, overexpression of OTUD1 in BV2 cells (Fig. S5cd) was
found to exacerbate microglial inflammation (Fig. 5c, d). Microglia-
derived inflammatory cytokines possibly play key roles in AD

pathogenesis by inducing neuronal cell injuries [16]. To evaluate
the effects of microglia-derived inflammatory factors on neuronal
cells, we collected conditioned media from BV2 cells in different
treatment groups (Fig. 5e). The conditioned medium of Aβ-treated
BV2 cells increased the apoptosis of PC12 cells, whereas that of
OTUD1-deficient BV2 cells failed to damage the PC12 cells
(Fig. 5f, g). Indeed, culture medium from OTUD1-overexpressing
BV2 cells aggravated the damage of PC12 cells (Fig. 5h, i). Taken
together, these results indicate that OTUD1 positively regulates
inflammation in microglial cells and then induces neuronal cell
damage.

OTUD1 directly interacts with C/EBPβ and up-regulates C/EBPβ
stability to promote inflammation in microglia
To determine the underlying molecular mechanisms of microglia
OTUD1, we characterized proteins that directly interact with
OTUD1 via LC-MS/MS analysis (Fig. 6a). Among potential OTUD1-
binding proteins, C/EBPβ, a member of the C/EBP family, aroused
our interest (Fig. 6b), as C/EBPβ plays a key role in regulating
microglia-mediated neuroinflammation [20]. Co-IP assays con-
firmed the combination of endogenous OTUD1 and C/EBPβ in
hippocampus tissues of Aβ-injected mice (Fig. 6c) and Aβ-
challenged BV2 cells (Fig. 6d). Using NIH3T3 tool cells transfected
with both OTUD1 and C/EBPβ plasmids, we further validated the
exogenous OTUD1-C/EBPβ interation (Fig. 6e). C/EBPβ has
three domains: transactivation domain (TAD), regulatory domain
(RD), and basic leucine zipper (bZIP) [21, 22]. We constructed 3
mutants of C/EBPβ (Fig. 6f) and co-transfected Flag-OTUD1 and
mutant His-C/EBPβ plasmids into NIH3T3 cells, respectively. We
found that OTUD1 failed to bind to C/EBPβ when RD is deleted,
indicating that OTUD1 binds to the regulatory domain of C/EBPβ
(Fig. 6g).
We further explored if OTUD1-C/EBPβ interaction effected

C/EBPβ stability or function. Knockdown of OTUD1 in BV2 cells
reduced C/EBPβ protein levels, whereas overexpression of
OTUD1 increased C/EBPβ protein levels (Fig. 7a, b). Similarly,
C/EBPβ protein levels in hippocampal tissue of OTUD1 knockout
mice injected with Aβ were significantly lower than that in Aβ-
infused WT mice (Fig. 7c). The results were further confirmed in
3×Tg mice injected with AAV-shOTUD1 (Fig. 7d). These data

Fig. 3 OTUD1 knockdown improves neuroinflammation in Aβ infused mice. a IHC staining for Iba1 (brown) in the hippocampus of mice
(scale bar= 50 μm). b Representative Western blot analysis of Iba1 in hippocampal tissue lysates of mice. c Representative Western blot
analysis of IL-1β and TNF-α in hippocampal tissue lysates of mice. d Representative Western blot analysis of Bax, Bcl2, and cleaved caspase3 in
hippocampal tissue lysates of mice. e Brain sections stained with neuronal nuclei (NeuN; scale bar= 200 μm; n= 3 independent experiments).
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Fig. 4 Microglia OTUD1 knockdown improves cognitive impairment and synaptic function in 3×Tg model mice. a Representative
movement trajectories on the first day of NORT. b Representative movement trajectories on the second day of NORT. c The total number of approaches
to object A on the first day of the NORT. d The number of approaches to old object A bymice on the second day of NORT. e The number of approaches
to new object B by mice on the second day of the NORT. f Statistical histogram of the Novel object recognition index. g Representative trajectories on
the fourth day of the MWM. h After removing the hidden platform, the representative trajectory of the mice on the fifth day of the MWMT. i Time
required for mice to find the hidden platform on the d1-4 of the MWM. j After the hidden platformwas removed, the number of times in each group of
mice across the platform area was within 60 s. k The time spent in the target quadrant on the fifth day of the MWM (n= 10 mice/group for A-J panels).
lWestern blot analysis of MAP2 and PSD95 in the hippocampus of WT-AAV-NC, 3×Tg-AAV-NC, and 3×Tg-AAV-shOTUD1mice.mQuantification analysis
ofMAP2 and PSD95 in L (n= 3 independent experiments for K-L panels). (Mean± SEM; *P< 0.05 or **P< 0.01 versus theWT group; #P< 0.05 or ##P< 0.01
versus the Aβ group).
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Fig. 5 Microglia OTUD1 inhibition reduces Aβ-induced inflammation and neuronal cell damage. a BV2 cells transfected with siOTUD1 were
exposed to 20 μM Aβ for 24 h, and TNF-α release was measured by ELISA assay. b RT-qPCR was used to determine the mRNA levels of Il6, Il1b,
and Tnfa. c BV2 cells transfected with Flag-OTUD1 were exposed to 20 μM Aβ for 24 h, and TNF-α release was measured via ELISA assay. d RT-
qPCR was used to determine the mRNA levels of Il6, Il1b, and Tnfa in BV2 cells. e BV2 cells transfected with siOTUD1 or Flag-OTUD1 were
stimulated with/without 20 µM Aβ for an additional 24 h, and conditioned culture supernatants were collected. f PC12 cells were divided into
four groups: NC, NC-Aβ, siOTUD1, and siOTUD1-Aβ; BV2 serum was added to stimulate PC12 cells for 24 h. Cell viability was determined by the
MTT assay. g The LDH assay was used to detect cell membrane damage. h PC12 cells were divided into four groups: Flag, Flag-Aβ, Flag-OTUD1,
and Flag-OTUD1-Aβ; BV2 serum was added to stimulate PC12 cells for 24 h. Cell viability was determined by the MTT assay. i Cell membrane
damage was tested by LDH assay. (n= 3 independent experiments; mean ± SEM; *P < 0.05 and **P < 0.01 vs. NC or Flag group; #P < 0.05 and
##P < 0.01 vs. NC-Aβ or Flag-Aβ group).
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Fig. 6 OTUD1 directly interacts with C/EBPβ. a Schematic illustration of the quantitative proteomic screen to identify proteins binding to
OTUD1. b MS/MS spectrum of the peptide showing VLELTAENER from C/EBPβ. c Co-IP analysis of OTUD1 and C/EBPβ in the hippocampus of
mice infused with or without Aβ. d Co-IP analysis of OTUD1 and C/EBPβ in microglia induced with or without Aβ. e Co-IP analysis of OTUD1
and C/EBPβ in NIH3T3 cells co-transfected with Flag-OTUD1 and HA-C/EBPβ plasmids. f Schematic representation of the C/EBPβ domain
deletion construct used in g. g Co-IP analysis of OTUD1 and C/EBPβ in NIH3T3 cells co-transfected with Flag-OTUD1 and His-C/EBPβ, Flag-
OTUD1 and His-C/EBPβ ΔTAD, Flag-OTUD1 and His-C/EBPβ ΔRD, Flag-OTUD1 and His-C/EBPβ ΔbZIP. C/EBPβ was detected by Western blot
using a Flag antibody. (n= 3 independent experiments).
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suggest that OTUD1 positively regulates C/EBPβ protein stability
in microglia. It has been reported that C/EBPβ activates NF-κB
p65 to induces the expression of inflammatory factor expres-
sions in microglia [23]. Therefore, we examined the effects of
OTUD1 on p65 phosphorylation and nuclear translocation. As

expected, the phosphorylation of p65 was reduced by OTUD1
knockdown, while overexpression of OTUD1 increased the p65
phosphorylation in Aβ-challenged BV2 cells (Fig. 7e, f). Similar
results were confirmed in Aβ infusion model and 3×Tg model
mice (Fig. 7g, h). Furthermore, OTUD1 knockdown prevented the

Fig. 7 OTUD1 regulates the stability of C/EBPβ. a BV2 cells transfected with OTUD1 siRNA were exposed to 20 µM Aβ for 24 h, and C/EBPβ
and OTUD1 were detected by Western blot. b BV2 cells transfected with Flag-OTUD1 overexpression plasmid were stimulated with 20 µM Aβ
for 24 h, and C/EBPβ and OTUD1 levels were determined via Western blot. c Western blot analysis of C/EBPβ and OTUD1 in the hippocampus
of WT, Aβ, OTUD1-/-, and OTUD1-/--Aβ mice. d Western blot analysis of C/EBPβ and OTUD1 in the hippocampus of WT-AAV-NC, 3×Tg-AAV-NC,
and 3×Tg-AAV-shOTUD1 mice. e BV2 cells transfected with OTUD1 siRNA and stimulated by Aβ. p65 and p-p65 levels were determined via
Western blot. f BV2 cells were transfected with OTUD1 overexpression plasmid and stimulated with Aβ. p65 and p-p65 levels were detected by
Western blot. gWestern blot analysis of p65 and p-p65 in the hippocampus of WT, Aβ, OTUD1-/- and OTUD1-/--Aβmice. hWestern blot analysis
of p65 and p-p65 in the hippocampus of WT-AAV-NC, 3×Tg-AAV-NC, and 3×Tg-AAV-shOTUD1 mice. i BV2 cells transfected with OTUD1 siRNA
were stimulated with Aβ for 2 h. ICC was used to detect the nuclear import of p65. (scale bar= 5 μm). j BV2 cells transfected with Flag-OTUD1
were stimulated with Aβ for 2 h. ICC was used to detect the nuclear import of p65 (scale bar= 5 μm). k The overexpression efficiency of
OTUD1 and the knockdown efficiency of C/EBPβ were measured by Western blot. l The expression levels of p65 and p-p65 were determined
by Western blot. m RT-qPCR was used to detect the mRNA levels of Il6, Il1b, and Tnfa in BV2 cells. (n= 3 independent experiments;
mean ± SEM; **P < 0.01 vs. Flag group; #P < 0.05 vs. Flag-OTUD1 group).
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nuclear translocation of p65, while OTUD1 overexpression
exacerbated it in Aβ-challenged BV2 cells (Fig. 7i, j and Fig. S6).
To further verify that OTUD1 regulates inflammation through
C/EBPβ, we used silenced C/EBPβ in BV2 cells overexpressing
OTUD1 (Fig. 7k). OTUD1 overexpression-induced p65

phosphorylation and inflammatory gene transcription were
significantly reversed by C/EBPβ knockdown (Fig. 7l, m). Taken
together, these results suggest that OTUD1 positively regulates
inflammation by directly binding to C/EBPβ and enhancing
C/EBPβ stability in microglia.
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OTUD1 regulates K48-linked deubiquitination of C/EBPβ at K253
via its active site cysteine 320
To further verify whether OTUD1 enhances C/EBPβ stability via
deubiquitination, we co-transfected Flag-OTUD1, His-C/EBPβ, and
HA-UB plasmids into BV2 and NIH3T3 cells. OTUD1 reduced the
ubiquitination of C/EBPβ (Fig. 8a, b). Similarly, OTUD1 deficiency
increased the ubiquitination of C/EBPβ in the mouse hippocampus
(Fig. 8c). K48- and K63-linked ubiquitination are the most classic
types of ubiquitination modifications [24]. We showed that OTUD1
deubiquitinated C/EBPβ in a K48-linked manner in both BV2 cells
and NIH3T3 cells (Fig. 8d, e). Cysteine at position 320 in OTUD1 is
the active site for its deubiquitination activity [8, 11]. We
constructed an OTUD1 plasmid with a cysteine 320 to serine
mutation (C320S). C320S mutation of OTUD1 did not remove the
ubiquitin molecules from C/EBPβ (Fig. 8f). Next, we predicted the
ubiquitinated lysine residues of C/EBPβ through the websites
(GPS-Uber, http://gpsuber.biocuckoo.cn/index.php; UbiqSite,
http://systbio.cau.edu.cn/ubiqsite/index.php), and the K253 site
have the highest predicted score (Fig. S7). Therefore, we
constructed the K253R variant plasmid of C/EBPβ (replacing lysine
with arginine at position 253). As shown in Fig. 8g, OTUD1 failed to
regulate the stability of C/EBPβ K253R mutant. Furthermore, the
ubiquitination level of C/EBPβ-K253R in NIH3T3 cells cannot be
reduced by OTUD1 (Fig. 8h). Similarly, OTUD1 could not promote
p65 phosphorylation and inflammatory gene expression in BV2
cells with C/EBPβ K253R mutation (Fig. 8i, j). Taken together, these
results suggest that OTUD1 promotes K48-linked deubiquitination
at K253 through its active site C320, thereby up-regulating C/EBPβ
stability and inflammatory response.

DISCUSSION
In this study, OTUD1 levels were up-regulated in different AD
model mice, and OTUD1 was mainly expressed in microglia. Both
global OTUD1 knockout and specific knockdown of microglial
OTUD1 significantly alleviated neuroinflammation and AD pathol-
ogy in mice. Through mass spectrometry combined with Co-IP
analysis, C/EBPβ was identified as a key substrate of OTUD1 in
microglia. Mechanistically, OTUD1 deubiquitinates C/EBPβ at K253
in a K48-linked manner through its active site C320, resulting in
the reduced degradation of C/EBPβ and the enhanced protein
level of C/EBPβ, which activates NF-κB p65-mediated inflamma-
tion in microglia. Our data suggest targeting microglial OTUD1 as
a potential therapeutic strategy for AD.
Recently, several DUBs have emerged as key neuroinflammation

regulators [25, 26]. For example, USP25 alleviates neuroinflamma-
tion and rescues synaptic and cognitive functions in AD model
mice [27]. USP7 inhibition attenuates microglial activation and
neuronal damage, significantly ameliorating behavioral deficits in
dementia models [28]. USP19 regulates microglial M1/M2

polarization by deubiquitinating FOXO1 to activate inflammatory
signaling. USP18 is a key negative regulator of microglial
activation that exerts protective effects on microglial function by
regulating the interferon pathway. DUBs are involved in inflam-
matory AD pathogenesis. OTUD1 regulates the inflammatory
responses in different diseases and conditions [29], including
hypertension-induced kidney and heart damage [11, 12], viral
infections [7], colitis [8], and periodontitis [29]. OTUD1 is also been
associated with innate immune diseases and cancer [10, 30]. In
AD, neuroinflammation is mainly mediated by microglia [31, 32],
and downregulating the inflammatory responses of microglia is
beneficial for AD treatment. In this study, OTUD1 was mainly
expressed in microglia, and the knockdown of microglial OTUD1
in AD model mice reduced the inflammatory responses and
improved cognitive impairment. A limitation of this study is that
we did not use microglia-specific OTUD1 knockout 3xTG mice to
elucidate the roles of OTUD1 in AD. Nevertheless, we specifically
knocked down microglial OTUD1 in 3×Tg mice by injecting AAV
into the hippocampus of 3×Tg mice, which supports our
conclusions.
DUBs exert their effects and functions mainly by binding to

their substrates. For example, A20 regulates the NF-κB signaling
pathway and neuroinflammation by deubiquitinating TRAF6
[33, 34]. USP25 deficiency reverses neuroinflammation in AD
model mice by targeting WDFY1 and ATP6V0C [27]. USP11
activates the NF-κB inflammatory signaling pathway by deubiqui-
tinating p53 [35]. In this study, OTUD1 directly bound to C/EBPβ
and increased its protein stability. C/EBPβ is a key protein
regulating microglial activation [23, 36]. Cebpb transcript (encod-
ing C/EBPβ) is more abundant in the brains of aged AD model
mice than in those of aged WT mice [37]. Reduction in C/EBPβ
levels improves Tau pathology and cognitive dysfunction in AD
model mice [38]. Natural products that inhibit C/EBPβ expression
have significantly improved AD pathology. For example, patchouli
alcohol inhibits neuroinflammation and improves cognitive
deficits in AD model mice by inhibiting the activation of the C/
EBPβ/AEP pathway [39]. Troxerutin alleviates memory deficits in
mice by inhibiting C/EBPβ-mediated inflammatory responses [40].
Inhibition of C/EBPβ-NFκB p65 interaction by carnosic acid
ameliorates neuroinflammation and improves cognitive function
in AD models [23]. However, these natural inhibitors lack
specificity in inhibiting C/EBPβ, and small-molecule inhibitors
specifically targeting C/EBPβ have not yet been identified. Here,
OTUD1 knockout reduced the C/EBPβ levels in microglia, thereby
alleviating the inflammatory responses and AD pathology. There-
fore, targeting OTUD1 is a potential strategy to treat AD by
reducing C/EBPβ levels.
Both C/EBPβ stability and activity are regulated by post-

translational ubiquitinating modifications [41]. E3 ubiquitin ligases
regulate C/EBPβ in AD. For example, E3 ubiquitin ligase COP1

Fig. 8 OTUD1 regulates the expression of C/EBPβ through deubiquitination. a BV2 cells co-transfected with His-C/EBPβ, HA-UB, and Flag-
OTUD1 were exposed to MG132 for 6 h, and ubiquitinated C/EBPβ levels were determined via Western blot using a His-specific antibody.
b NIH3T3 cells co-transfected with His-C/EBPβ, HA-UB, and Flag-OTUD1 were exposed to MG132 for 6 h, and ubiquitinated C/EBPβ levels were
determined via Western blot using a His-specific antibody. c Brain tissue lysates from OTUD1-/- mice infused with or without Aβ were
immunoprecipitated with anti-C/EBPβ, and UB levels were determined via Western blot. d BV2 cells co-transfected with His-C/EBPβ, HA-UB,
HA-K48, HA-K63, and Flag-OTUD1 were exposed to MG132 for 6 h, ubiquitinated C/EBPβ levels were determined via Western blot using a His-
specific antibody. e NIH3T3 cells co-transfected with His-C/EBPβ, HA-UB, HA-K48, HA-K63, and Flag-OTUD1 were exposed to MG132,
ubiquitinated C/EBPβ levels were determined via Western blot using a His-specific antibody. f Schematic illustration of OTUD1 active site
deletion construct. NIH3T3 cells co-transfected with His-C/EBPβ, HA-UB, Flag-OTUD1, and Flag-OTUD1C320S were exposed to MG132 for 6 h,
ubiquitinated C/EBPβ levels were determined via Western blot using a His-specific antibody. g Schematic of the C/EBPβ ubiquitinated lysine
residue variant (K253R) construct. NIH3T3 cells co-transfected with His-C/EBPβ, His-C/EBPβ K253R, HA-UB, and Flag-OTUD1 were exposed to
MG132 for 6 h, then ubiquitinated C/EBPβ levels were determined via Western blot using a His-specific antibody. h Representative
immunoblots of OTUD1 and C/EBPβ in NIH3T3 cells co-transfected with Flag-OTUD1, His-C/EBPβ and His-C/EBPβ K253R. i Representative
immunoblots of p-p65 and p65 in BV2 cells co-transfected with Flag-OTUD1, His-C/EBPβ and His-C/EBPβ K253R. j RT-qPCR was used to
determine the mRNA levels of Il6, Il1b, and Tnfa in BV2 cells. (n= 3 independent experiments; mean ± SEM; **P < 0.01 vs. C/EBPβ group;
#P < 0.05 vs. C/EBPβ-OTUD1 group).
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inhibits neuroinflammation and alleviates Tau-driven AD pathol-
ogy by regulating C/EBPβ stability in mice [20]. Pellino 1 acts as a
direct E3 ubiquitin ligase of C/EBPβ and mediates its ubiquitina-
tion to induce C/EBPβ degradation in microglia [42]. E3 ubiquitin
ligases Nrdp1 and Mdm2 promote ubiquitination-mediated C/
EBPβ degradation [43]. However, only a few DUBs have been
reported to deubiquitinate C/EBPs. To date, only USP1 has been
found to enhance the stability of C/EBPβ by deubiquitinating it,
thereby accelerating adipogenesis and lipid accumulation [44].
Here, we identified OTUD1 as a new DUB regulating the
deubiquitination and stability of C/EBPβ. OTUD1 removes K48-
linked ubiquitin molecules from C/EBPβ via its active site C320.
Moreover, the lysine sites involved in ubiquitination modification
of C/EBPβ have not been reported. Previous studies have reported
that the K134 site on the RD motif of rat C/EBPβ is SUMOylated
[45]. Here, we identified a lysine residue (K253) on C/EBPβ as the
key site for OTUD1 deubiquitination. Our findings suggest that,
deubiquitination at K253 or K253R mutation increases C/EBPβ
protein stability in microglia and promotes microglial inflamma-
tory responses and AD pathology, underscoring the important
crucial impact of K253 ubiquitination on C/EBPβ protein stability.
In conclusion, our study highlights the critical role of microglial

OTUD1 in neuroinflammation and AD pathology, revealing a novel
mechanism of the microglial OTUD1–C/EBPβ axis in AD develop-
ment. Therefore, OTUD1-targeting interventions show potential
for AD treatment.
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