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KEY WORDS Abstract  Alzheimer’s disease (AD) is the major form of dementia in the elderly and is closely related
to the toxic effects of microglia sustained activation. In AD, sustained microglial activation triggers

Alzheimer’s disease;

impaired synaptic pruning, neuroinflammation, neurotoxicity, and cognitive deficits. Accumulating evi-

IT/[?ODSL’I heavy chain 9; dence has demonstrated that aberrant expression of deubiquitinating enzymes is associated with regu-
Microglia; lating microglia function. Here, we use RNA sequencing to identify a deubiquitinase YODI as a
Inflammation; regulator of microglial function and AD pathology. Further study showed that YOD1 knockout signifi-
Cognitive dysfunction; cantly improved the migration, phagocytosis, and inflammatory response of microglia, thereby improving
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Neurotoxicity;
Synaptic function

the cognitive impairment of AD model mice. Through LC—MS/MS analysis combined with Co-IP, we
found that Myosin heavy chain 9 (MYH9), a key regulator maintaining microglia homeostasis, is an in-

teracting protein of YODI1. Mechanistically, YODI1 binds to MYH9 and maintains its stability by
removing the K48 ubiquitin chain from MYH9, thereby mediating the microglia polarization signaling
pathway to mediate microglia homeostasis. Taken together, our study reveals a specific role of microglial
YODI in mediating microglia homeostasis and AD pathology, which provides a potential strategy for

targeting microglia to treat AD.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder and closely related to the toxic effects of microglia
activation. Microglia are the most important immune cells in the
central nervous system (CNS) and play an important role in the
development, homeostasis, and disease of the CNS'*2. In recent
years, genome-wide association studies (GWAS) have identified
more than 25 genes strongly associated with AD, many of them
are associated with neuroinflammation or specifically expressed in
microglia®. The latest report also suggests that the pathogenic
capacity of AD inflammation caused by microglia may exceed the
currently generally accepted hypothesis of A and tau proteins”.
Imbalances in microglial homeostasis promote the release of in-
flammatory factors and the deposition of amyloid plaques, thereby
impairing neuronal function and adversely affecting AD devel-
opment™®. In addition, imbalanced microglia abnormally label
and excessively phagocytose neurons, while inhibiting the syn-
aptic degeneration process caused by microglial phagocytosis
alleviates neuronal cell damage’®. Therefore, targeting proteins
that regulate microglial homeostasis is crucial in the early stages
of AD and can serve as important potential therapeutic targets.
Ubiquitination is a covalently reversible post-translational
modification that participates in almost all cellular life activities,
including cell signal transduction, cell fate determination,
inflammation, immunity, and other pathophysiological processes’.
Generally, ubiquitinating modification regulates the degradation
and functions of substrate proteins. Deubiquitination is catalyzed
by deubiquitinase enzymes (DUBs), which mainly interact with
ubiquitinated target proteins to cleave or remove the ubiquitin
chain of the target protein, thereby reversing the degradation of
the target protein'’. In AD, a large number of studies have found
that disease-related neurofibrillary tangles and amyloid deposition
are regulated by E3 ubiquitin ligases and DUBs. For example,
inhibiting the function of USP10 significantly alleviates Tau
deposition and cognitive decline''. Knockout of the deubiquiti-
nase USP25 can significantly reduce amyloid plaque deposition in
the brain tissue of AD model mice, thereby reversing synaptic
function and cognitive function'>'?. In the brains of 5 x FAD
transgenic AD model mice, the deficiency of the E3 ubiquitin
ligase Pelil led to a significant enhancement of A@ clearance by
microglia, thereby inhibiting the deposition of AS in the brain'*.
However, current research mainly focuses on the regulation of
toxic protein degradation and neuronal cell function regulated by
DUBs, while the DUB-involved mechanisms in regulating

microglia homeostasis and inflammation in AD pathogenesis
remain not fully understood.

Our study mainly focuses on the role and function of DUBs in
microglia during AD pathology. To find the key DUBs that
regulate microglial function, we stimulated microglia with
20 pumol/L A4, for 24 h and then performed RNA sequencing.
The RNA-seq analysis indicated the potential involvement of a
DUB, YODI, in AB4,-challenged microglia. YOD1 is a member
of the ovarian tumor protease family in DUBs and has been
implicated in the regulation of ubiquitination in various dis-
eases''®. For example, YODI1 inhibits the progression of head
and neck squamous cell carcinoma by inhibiting the ubiquitination
and degradation of TRIM33'7. YODI has been reported to be
involved in the ER stress response induced by the mislocalization
of unfolded proteins in mammalian cells'®. In addition, YODI is
associated with depression by regulating the IL-1 signaling
pathway triggered by TRAF6/P62'?. However, it is currently un-
clear whether YOD1 is involved in AD pathology.

The present study aimed to evaluate the role of YOD1 in AD
and then explore the underlying molecular mechanism. In the
present study, we showed that the deficiency of YODI1 inhibited
the migration and phagocytosis of inflammatory microglia and
promoted the transformation of microglia into M2 type. Mecha-
nistically, we found that YODI1 may target MYH9, a key protein
that maintains cell morphology, polarization, and phagocytosis, to
regulate microglial function. The results of this study highlight the
promise of YODI1 as a microglia-targeted therapy for AD.

2. Materials and methods

2.1.  General reagents

AB4;  (NH,—DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAII
GLMVGGVVIA—COOH) was purchased from Ontores Bio-
technologies (Zhejiang, China). JC-1 assay Kit (C2006), ROS
assay Kit (S0033S), RIPA lysis buffer (PO013B), and MTT
(ST316) were ordered from Beyotime Institute of Biotechnology
(Shanghai, China). FITC-AB4, was obtained from GL Biochem
(D8150, Shanghai, China). Penicillin/Streptomycin and Opti-
MEM were ordered from Gibco (Carlsbad, CA, USA). Dimethyl
sulfoxide (DMSO), Dulbecco’s modified Eagle’s medium
(DMEM), and BSA (10711454001) were procured from Sigma
(St. Louis, MO, USA). Annexin V-FITC/PI Apoptosis Detection
Kit (556570) was obtained from BD Biosciences (San Diego, CA,
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USA). Western Blot Marker (C520010) was bought from Sangon
Biotech (Shanghai, China), and ECL Enhanced Chemiluminescent
(P10300) was ordered from NCM Biotech (Suzhou, China). PVDF
membrane (1620177) was bought from Bio-Rad. The antibodies
used in this study are shown in Supporting Information Table S1.
The primers used in this study are summarized in Supporting
Information Table S2. A summary of AAV Vectors used in this
study is listed in Supporting Information Table S3. The sources of
RNA-seq analysis software are summarized in Supporting
Information Table S4.

2.2.  Experimental mice and treatment

Two AD models were used in this study: the acute pathological
model induced by Afy, infusion in YOD1 knockout mice and the
chronic pathological model was constructed by AAV injection in
3 x Tg (APP Swedish, MAPT P301L and PSEN1 M146V) mice.
YOD1~/~ mice on a C57BL/6 background, C57BL/6 WT mice,
APP/PS1 mice, and 3 x Tg mice were obtained from Shanghai
Biomodel Organism Science & Technology Development Co.,
Ltd. (Shanghai, China). Mice were housed in a pathogen-free
room under the following housing conditions: 22 + 2 °C, 50%—
60% humidity, 12-h dark and 12-h light cycle, and fed a standard
rodent diet in Hangzhou Medical College Animal Research
Center. All animals received humane care according to the Na-
tional Institutes of Health (USA) guidelines. The experimental
protocol was approved by the Hangzhou Medical College Animal
Ethics Committee (2023-052).

2.2.1. AB-infused YODI knockout mouse model

YOD1™~ mice and WT mice (8 weeks, 22—24 g) were randomly
divided into four groups (n = 10 for each group): WT + sham,
AB  (ABs-infused WT mice), YOD1 ™/~ + sham, and
YODI™~ + AB4> (ABsr-infused YOD1 '~ mice). For the ste-
reotaxic brain injection operation, mice were anesthetized by
intraperitoneal injection of 1% pentobarbital (40 mg/kg), and the
mice’s head hair was shaved after anesthesia. The mouse was fixed
on the stereotaxic apparatus, and the head skin was cut with
scissors to expose the anterior and posterior fontanelles. Place the
microsyringe needle at bregma and return the coordinates to zero.
Injection coordinates of the hippocampal CAl region were
determined based on the Paxinos and Franklin atlas (—2.0 mm
posterior to bregma, £1.5 mm lateral to midline, 1.5 mm deep
from the dura). Subsequently, 5 pg/uL aggregated form of AB4,
(incubated at 37 °C for 7 days) was injected into the CA1 area of
the hippocampus on both sides of the mice. After injection, leave
the needle in place for another 5 min and slowly withdraw the
syringe needle. Sham surgery was performed on WT mice by
injecting equal amounts of solvent.

2.2.2.  AAV-injected 3 x Tg AD model

3 x Tg mice are currently the transgenic animal model closest to
the pathological characteristics of AD. The mice gradually
developed AD clinical pathological manifestations such as A
deposition, SP, and NFTS, as well as synaptic loss and neuronal
degeneration in the cortex and hippocampus. To study YODI in
AD microglia more specifically, we commissioned BrainVTA
(Wuhan, China) to construct AAV vectors that specifically
knockout YODI in microglia (YOD1-AAV): (rAAV-CX3CRI1-
DIO-mCherry-5'miR30-shRNA (YOD1)-3'miR30-WPREs) and

microglial Cre AAV (rAAV-CX3CR1-CRE-WPRE-hGH pA).
Then, two AAVs were mixed at a 1:1 ratio and injected into the
hippocampus of 3 x Tg AD model mice using a brain stereotaxic
injector. Behavioral testing was performed four weeks after the
virus injection.

2.3.  Behavioral tests

Similar to the previously described?’, the water maze test (MWM)
and novel object recognition (NOR) were performed to evaluate
the cognitive functions of mice in each group. Data collection and
quantitative analysis for all behavioral tests were performed using
an 1image automatic monitoring and processing system
(VisuTrack, Shanghai, China). Briefly, for MWM, the mice were
transferred to water containing a hidden platform. The time
required for the mice to find the platform was recorded and the
maximum time was limited to 60 s. Next, the platform was
removed from the water maze and the mice were allowed to swim
freely for 60 s to conduct a space exploration experiment. The
number of times the mice crossed the platform and the time spent
exploring the target quadrant were recorded. For NOR, mice were
placed in an experimental device with two identical objects A, and
the contact between the mice and the two objects was recorded for
5 min. After 24 h, one of the A objects was replaced with the B
object and it was recorded with a video device for 5 min. The
cognitive index (recognition index, RI) was calculated as Eq. (1):

RI (%) = New object/(New object + Old object) x 100 (€))

2.4.  Cell culture and transfection

NIH/3T3 cells (GNM 6) were purchased from the Shanghai
Institute of Biochemistry and Cell Biology (Shanghai, China).
BV2 cells (SNL-155) were purchased from Wuhan Shangen
Biotechnology Co., Ltd. (Wuhan, China). BV2 cells and NIH/3T3
cells were cultured in DMEM (Gibco) supplemented with 10%
FBS and 1% antibiotics (100 pg/mL streptomycin, 100 U/mL
penicillin). The cells were cultured at 37 °C and 5% CO,.

YODI1 and MYHY in BV2 cells were silenced using siRNAs
and the siRNA sequences for mouse YOD1 and MYH9 were
designed by Genepharma (Shanghai, China). Negative control
transfections included scrambled siRNA sequences. Cells were
transfected with siRNA using Lipofectamine 2000 (168019,
Thermo Fisher Scientific) according to the manufacturer’s proto-
col. Flag-YODI1, Flag-YODI-C155A, Flag-YODI1-CH262A,
Flag-YOD1-H337A, YODI1 mutl (no UBX-like domain), YOD1
mut2 (no otubain domain), YOD1 mut3 (no C2H2-type domain),
His-MYH9, HA-Ub, HA-K48 and HA-K63 were obtained from
Tsingke Biotechnology Co., Ltd. These plasmids were transfected
to cells using the Lipofectamine 8000 Transfection Reagent
(CO533FT, Beyotime Biotechnology).

2.5.  Golgi staining

After the mice were deeply anesthetized, the hippocampus of the
mouse brain tissue was dissected, followed by Golgi staining
using the FD Fast Golgi Staining Kit according to the manufac-
turer’s protocol. The brain tissue was gently immersed in Golgi
stain mixed with equal volumes of solutions A and B in the dark at
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room temperature. After 48 h of soaking, fresh Golgi stain was
added to the samples and incubated for an additional 14 days at
room temperature in the dark according to the manufacturer’s
instructions. Next, the tissue was transferred to solution C and
incubated in the dark at room temperature for 7 days. The tissue
block was removed, the tissue was cut into 100—200 um thick
slices using a freezing microtome at —20 to —22 °C, and stained
with staining solution for 10 min at room temperature in the dark.
The slides were mounted on glycerol gelatin, and images of
dendritic spines were obtained using confocal laser microscopy
(HD25, Japan).

2.6.  Immunocytochemistry (ICC)

Appropriately treated BV2 cells were fixed with 4% para-
formaldehyde for 15 min and then permeabilized with 0.3% Triton
X-100 in PBS for 20 min at room temperature. Cells were then
blocked with 1% BSA for 1 h and incubated with primary anti-
bodies (1:100) overnight at 4 °C. The next day, cells were washed
three times with 1 x PBS and then incubated with Alexa Fluor 488
or Alexa Fluor 594 secondary antibodies (1:500; Cell Signaling
Technology) for 2 h at room temperature. The nuclei were coun-
terstained with DAPI (PO131, Beyotime). Images of the staining
were acquired using a Nikon A1l confocal microscope (HD25).

2.7. Immunofluorescence (IF)

For IF staining of mouse brain sections, mice were deeply anes-
thetized and transcardially perfused with 1 x PBS. After the brain
tissue was fixed in 4% PFA for about 24 h, it was dehydrated using
gradients of 20% sucrose and 30% sucrose solutions. Then, the
tissue was embedded in OCT and cut into 20 pm sections using a
cryostat (Leica CM3050, Leica, Germany). Brain sections were
permeabilized with 0.3% Triton X-100 in PBST buffer, followed
by blocking with 10% BSA for 1 h at room temperature. The brain
sections were incubated with the indicated primary antibodies
overnight at 4 °C and then stained with secondary antibodies.
Nuclei were counterstained with DAPI (Sigma, D6578), and the
images of the staining were acquired using a Nikon A1 confocal
microscope (HD2S).

2.8.  RNA isolation and quantitative real-time PCR

Total RNA was isolated from cultured cells and brain tissues using
TRIZOL Reagent (Thermo Fisher, 15596026) according to the
manufacturer’s instructions. For RT-PCR analysis, cDNA was
generated with a PrimeScript RT reagent Kit (Takara, RRO37A).
Real-time PCR was subsequently conducted using TB Green Pre-
mix Ex Taq II (Takara; RR820A) on CFX96 Touch Real-Time PCR
Detection System (CFX96, Bio-Rad, Singapore). Relative expres-
sion was calculated by the 2*2¢" method with GAPDH normaliza-
tion. Primers for genes were obtained from Thermo Fisher.

2.9.  Liquid chromatography-tandem mass spectrometry
(LC—MS/MS)

293T cells were transfected with Flag-YOD1- or Flag-NC and
proteins were harvested 24 h later. Protein use RIPA lysis buffer to
extract cellular proteins supplemented with protease inhibitors.
Use Flag-tagged affinity magnetic beads for immunoprecipitation.

The immunoprecipitates were washed three times with PBST
Buffer and separated by SDS-PAGE. Gels were excised separately
from the Flag-YOD1- or Flag-NC group. The excised gel samples
were analyzed by LC—MS/MS at Hangzhou Jingjie Biotech-
nology Co., Ltd. (Hangzhou, China).

2.10.  Transwell migration assay

To evaluate the effect of YODI on microglial migration, a
Transwell assay was performed using 8-pum-pore-diameter inserts
(14241, Labselect, China). Briefly, 1 x 10° BV2 cells were plated
in the upper chamber with 500 pL of blank medium (FBS-free
DMEM medium), and the chamber was then placed within the
bottom wells (12-well plate) containing 1.5 mL of 10% FBS me-
dium, followed by incubation for 24 h. The BV2 cells on the upper
membrane were removed with a cotton swab, and the cells on the
lower surface of the membrane were fixed with 100% methanol for
20 min. Then the cells were stained with crystal violet for 20 min
at room temperature. Images were acquired through crossed
polarizers under a Leica microscope (DMi8, Germany), and the
number of migrating cells was manually quantified.

2.11. Microglia phagocytosis assay

BV2 cells were seeded on coverslips in 12-well plates at a density
of 1 x 10* cells/well and cultured in an incubator with 5% CO, at
37 °C. After attaching, cells were transfected with Yod-1 inter-
ference plasmid or control plasmid with liposome 2000 for 24 h.
Then incubated with/without FITC-AS,, peptides in DMEM to
reach a final concentration of 20 pmol/L for 2 h. After incubation,
the medium containing FITC-A@ was removed, and the cells were
washed three times with 1 x PBS. BV2 cells were collected by
centrifugation at 1000 rpm for 5 min and resuspended in ice-cold
1 x PBS solution. The phagocytosed A content in BV2 cells was
analyzed by flow cytometry, and PBS solution (pH 4.4) was added
to the sample for 1 min incubation before flow cytometry analysis
to quench the cell surface-bound AB. In addition, we performed IF
observation of A phagocytosis by microglia, and the cells treated
similarly as above were fixed with 4% PFA for 15 min. Observe
and analyze the amount of green fluorescence inside microglia
using a Nikon A1 confocal microscope.

2.12.  Co-immunoprecipitation (Co-IP)

Proteins from transfected cells or brain tissues and cells were
lysed on ice using RIPA buffer (POO13B; Beyotime Biological
Technology, Shanghai, China) supplemented with protease
inhibitor cocktail (P1045, Beyotime). Half the volume of the
supernatant is retained as input, the remaining was incubated with
antibodies overnight at 4 °C, followed by the addition of protein
A/G beads for 2 h at room temperature. The immunocomplexes
were then washed with 500 pL of lysis buffer 3 times and
analyzed by Western blotting. Briefly, the protein concentration of
cells/tissue samples was assessed using a BCA protein assay kit
according to the manufacturer’s instructions.

2.13.  Western blotting

Samples with the same concentration of proteins were separated
by 10% SDS-PAGE gels and later transferred to the PVDF
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Figure1 YODI was up-regulated in the brains of AD models. (A) RNA-seq analysis of BV2 cells treated with A8 for 24 h (n = 3 mice/group).
(B) Bioinformatics analysis of DUBs (deubiquitinating enzymes) in RNA-seq. Among them, the expression of Otud7b, Yodl, Usp22, Usp36 and
Usp353 increased significantly compared with the control group. (C) qPCR analysis of Otud7b, Yodl, Usp22, Usp36 and Usp53 mRNA expression
in AB induced BV2 cells. (D) qPCR analysis of Otud7b, Yodl, Usp22, Usp36, and Usp53 mRNA expression in 3 x Tg AD models (n = 6
samples/group for C and D panels). (E) Western blot analysis of YOD1 in AB induced BV2 cells. (F) Western blot analysis of YOD1 in AB
infusion model mice. (G) Western blot analysis of YODI in 3 x Tg AD model mice. (H, I) ICC analysis of YODI in A@ induced BV2 cells
(n = 5 images/group). (J, K) IF analysis of YODI in 3 x Tg AD model mice. Data are mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2  Hippocampal injection of microglial AAV-YODI improved cognitive deficits in 3 x Tg mice. (A) Schematic diagram of AAV virus

injection into the hippocampus. (B) Behavioral experimental procedures and time points after AAV-YOD1 injection. (C) Representative trajectory
curve of place navigation test and spatial probe test. (D, E) Time required for mice to find the platform hidden under the water in the Place
navigation test (Escape latency). (F) The average number of times mice in each group crossed the platform within 60 s after removing the
platform. (G) Time spent in the target quadrant where the platform is located after the platform is removed. (H) Representative images of novel
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membrane at 260 mA for 90 min. The PVDF membranes con-
taining protein bands were blocked with 3% BSA for 1 h at room
temperature, and the membranes were incubated with selective
primary antibodies overnight at 4 °C. In the following day,
horseradish peroxidase (HRP)-conjugated secondary antibody was
incubated for another 2 h at room temperature. The specific pro-
tein bands were analyzed using the Bio-Rad Gel Doc XR docu-
mentation system (Chemidoc MP, Bio-Rad, Singaporean) and
quantified using Image J software.

2.14.  Statistical analysis

All the data are presented as mean + standard error of mean
(SEM). Each experiment was carried out in triplicates. For the
MWM test, escape latency times in the hidden platform trial were
analyzed via two-way ANOVA of repeated measures. Statistical
differences were analyzed by one-way ANOVA in combination
with post hoc Tukey’s test (¢ = 0.05) to assess the difference
between any two groups by using GraphPad Prism 8.0 statistical
software (GraphPad Software, Inc., San Diego, CA, USA).

3. Results

3.1.  YODI is up-regulated in AB-induced microglia and AD
model mice

By conducting RNA sequencing analysis of A@-induced microglia
(Fig. 1A), we observed abnormal expressions of DUB genes in
microglia stimulated by AB. Among them, Otud7b, Yodl, Usp22,
Usp36, and Usp53 are the top five genes with significant over-
expression levels compared with the control group (Fig. 1B).
Next, we used qPCR to detect the expression of these five genes in
AQ-induced microglia and 3 x Tg mice. The results find that
compared with the control group, the expression of Yodl was the
most significant (Fig. 1C and D). Next, we treated BV2 cells with
different concentrations of AB (5—20 pumol/L) and tested the
expression changes of YOD1. Western blot results show that the
expression of YOD1 was increased in a dose-dependent manner in
BV2 cells after A@ treatment (Fig. 1E). To further confirm that
YODI1 is involved in the pathology of AD, we selected hippo-
campus brain tissues of different AD model mice for Western blot
analysis. Results show that the protein level of YODI1 was
significantly increased in AB infusion model mice (Fig. 1F) and
3 x Tg model mice (Fig. 1G). The effect of YOD1 in BV2 cells
and brain tissue sections was further analyzed by immunofluo-
rescence staining, and the results show that YOD1 was highly
expressed in AB-induced BV2 cells (Fig. 1H and I) and 3 x Tg
model mice (Fig. 1J and K). The above results suggest that
microglia YOD1 was up-regulated in the brains of AD models.

3.2.  Microglial YODI deficiency alleviates cognitive
impairment in 3 X Tg mice

To determine the role of YODI1 in AD, AAV targeting microglia-
specific YOD1 knockout (AAV-YODI1) was injected into the
hippocampus of age- and sex-matched wild-type (WT) and 3 x Tg

mice (Fig. 2A). Here, we injected AAV into the mouse hippo-
campus at two points to ensure that the injected virus covered the
whole hippocampus. As expected, the fluorescence imaging sys-
tem detected that AAV could completely cover the hippocampus
and be successfully expressed (Supporting Information Fig. STA).
Furthermore, we double-stained the YOD1 with microglia marker
IBA1 and found that YODI1 in microglia was successfully
knocked down (Fig. S1B). Three weeks after injection, Morris
water maze (MWM) and novel object recognition assay (NOR)
were performed to assess learning and memory abilities (Fig. 2B).
The movement trajectories of each group of mice in the MWM
test (Fig. 2C) shows that the average escape latency of microglia
YOD1 knockdown mice was significantly lower than that of
3 x Tg mice (Fig. 2D and E). After removing the platform, mice
in the YOD1 knockout group crossed the platform more times and
stayed in the target quadrant longer than mice in the 3 x Tg model
(Fig. 2F and G). We further validated our results using the NOR
test (Fig. 2H). Results show that compared with the 3 x Tg group,
the YOD1 knockout group mice increased the number of times to
explore new object (Fig. 2I), the total latency to touch novel object
was reduced (Fig. 2J) and the time they spent exploring new object
increased (Fig. 2K). These data demonstrate that knockdown of
microglia YOD1 significantly improves cognitive impairment in
3 x Tg model mice.

3.3.  Microglial YODI deficiency improves microglial function
and neuron damage in 3 x Tg mice

Excessive activation of microglia leads to an imbalance in their
homeostasis and produces a large amount of cytotoxic mole-
cules”'. To further investigate the impact of YODI on microglial
activation, we analyzed the expression levels of IBA1 (microglial
marker) in the hippocampus of different groups of mice. Results
show that YOD1 knockdown significantly reduced the number of
IBAl-positive cells, indicating that YODI1 knockdown signifi-
cantly inhibited microglial activation (Fig. 3A and B). Microglia
have the function of synaptic remodeling, and learning and
memory functions are highly dependent on synaptic plasticity. We
next examined synaptic plasticity. IF staining of mouse hippo-
campus showed that the number of cells expressing neurite
cytoskeletal microtubule-associated protein 2 (MAP2) in the
YODI1 knockout group was significantly increased compared with
the 3 x Tg group (Fig. 3C and D). Excessive activation of
microglia causes damage to neuronal cells. Then, we used Golgi
staining to visualize synaptic spines and found that the number of
synaptic spines in microglia in 3 x Tg mice was significantly
increased after YOD1 knockout (Fig. 3G and H). We further
detected the effect of YOD1 knockdown on neuronal cell
apoptosis in animal models through IF staining and results show
that microglia YOD1 knockout reduced the loss of positive
NeuN + neurons in 3 x Tg mice (Fig. 3E and F). The regulating
actions of YOD1 on neuronal cell loss may result from two
possible mechanisms: A) YODI1 deletion mediates AB induced
neuronal cell damage and B) YOD1 deletion reduces neuronal cell
damage by acting on microglia. To preliminary verify the role of
YODI1 in neuronal cells, we knocked down YODI in PC12 cells

object recognition test. (I) A total number of object approaches was explored on the 2nd day. (J) Total time to explore new object B. (K) Total
latency of new object approaches. Data are mean £ SEM, n = 10 mice/group for C—K panels; *P < 0.05, **P < 0.01, ***P < 0.001.
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and then treated with Ag for 24 h. MTT results showed that YODI
knockdown did not significantly improve the cell viability of
PC12 cells (Supporting Information Fig. S2). To verify whether
microglia YOD1 can directly affect neuronal cell apoptosis, we
collected the microglia culture medium after YOD1 knockdown
and then used it to culture neuronal cells. Results show that YODI
can regulate neuronal apoptosis by acting on microglia (Supporting
Information Fig. S3). Therefore, we believe that YODI in microglia
participates in mediating the apoptosis of neuronal cells. To confirm
the effect of YOD1 on the expression of inflammatory factors,
we used Western blot to test the expression of TNF-« and IL-16 in
the hippocampus of mice. Results show that YOD1 knockdown
inhibited the expression of TNF-a and IL-18 in 3 x Tg mice
(Fig. 31—K). These results indicate that YOD1 is associated with
microglial function and neuron damage.

3.4. YODI regulate cognitive impairment in AQ infusion
YODI™™ mice

In order to further explore the role and mechanism of YODI in
AD, we commissioned Shanghai Southern Model Biology Com-
pany to construct YODI1 knockout (YOD1 ") mice (Supporting
Information Fig. S4A and S4B). After purification, we identified
positive mice by qPCR and Western blot (Fig. S4C and S4D), and
used brain stereotaxic AB4, (10 pg/mouse) was injected into the
hippocampus of mice to induce an acute model of microglia
activation and nerve cell damage, and the WT mice were infused
with the same amount of solvent. Behavioral testing was con-
ducted two weeks after modeling (Fig. 4A). The movement tra-
jectories of mice in each group in the MWM test are shown in
Fig. 4B and C. Compared with the WT group, the average escape
latency of mice injected with AB was significantly increased,
while the average escape latency was significantly decreased after
YODI1 was knocked out (Fig. 4D and E). Consistent with the
results in 3 x Tg mice, after removing the platform, mice in the
YOD1 7~ group stayed in the target quadrant longer (Fig. 4F) and
crossed the platform more times than A infusion model mice
(Fig. 4G). To further verify the effect of YODI on cognitive
impairment, we performed the NOR test. The movement trajec-
tories of mice in each group of mice in the NOR test are shown in
Fig. 4H and I. Compared with the WT group, the total number of
approaches to object A on the first day was significantly increased
in the YODI1 knockout group (Fig. 4J). On the second day, we
replaced one of the old objects A with a new object B and found
that the total approach and total latency of the new object B
(Fig. 4K and L) in the YOD1 ™~ group was significantly increased
compared with the A@ infusion model group. These data
demonstrate that knockdown of YODI1 significantly improves
cognitive impairment in A@ infusion model mice.

3.5.  YODI regulate AD-type pathology in A infusion YODI ™'~
mice

To further evaluate the effect of YOD1 knockout on the pathology
of A@ infusion model mice, we used IF and Golgi staining to

detect changes in microglia activation, synaptic plasticity, and
neuronal damage. Results showed that the number of microglia
was increased in Ap-infused mice, while YODI1 knockout
significantly reduced the number of activated microglia cells
(Fig. 5A and B). We further examined the apoptosis of neuronal
cells. We found that YODI1 knockout reversed the Ag-induced
decrease in the number of Neut-positive cells (Fig. 5A and C).
Similarly, Golgi staining results showed that YOD1 knockout
reversed the synaptic spine loss caused by AS infusion (Fig. SA
and D). Western blotting further verified that YODI knockout
significantly increased the protein level of MAP2 and postsynaptic
density protein 95 (PSD95) in AD model mice (Fig. SE—G). In
addition, compared with the Ag infusion group, YOD1/~Ag
mice reduced the expression of TNF-a and IL-18 (Fig. SH—J).
Together, these results indicated that YOD1 deficiency improves
AD-type pathology in A@ infusion model mice.

3.6.  YODI deficiency inhibits microglial migration, phagocyte
function and inflammatory response

We examined the effect of YODI silencing on inflammation in
microglia. First, we screened the optimal conditions for YODI1
silencing in microglia (Fig. 6A). Next, AG was added to YODI1-
silenced microglia to induce inflammation, and samples were
collected for qPCR to detect the expression of inflammatory fac-
tors. Obtain results showed that A8 caused a significant increase in
MI-type pro-inflammatory factors and a significant decrease in
M2-type anti-inflammatory factors in microglia, a phenomenon
that could be improved by silencing YOD1 (Fig. 6B and C).

As the most important immune cells in the brain, microglia
modify neurons through phagocytosis and participate in the
regulation of neuronal regeneration and synaptic pruning®>*’.
So, we explored the effect of YODI1 on microglial phagocytosis.
Cells over-expressing or silencing YOD1 were treated with AS
for 24 h, and flow cytometry was used to detect the role of
YODI in regulating microglial phagocytosis. We found that the
phagocytic function of YODI1-silenced microglia was signifi-
cantly improved, while the phagocytosis of microglia was
reduced after YOD1 was over-expressed (Fig. 6D). To further
verify our results, we constructed FITC-Ag to replace AS in the
treatment of microglia. The obtained results show that the
fluorescence in microglia was significantly higher after YOD1
was silenced than in the FITC-AB group, while the fluorescence
intensity decreased after YOD1 was over-expressed (Fig. 6E and
F). The above results suggest that YODI1 can regulate the
phagocytosis function of microglia.

Over-activated microglia amplify inflammatory responses and
neuronal damage due to migration>**>, Wound scratch test results
show that YODI1 silencing inhibited Ag-induced microglial
migration, whereas overexpression of YOD1 promoted migration.
Similarly, the trans-well assay shows that YODI silencing
reduced microglial migration, which further confirmed the results
of the wound scratch assay (Fig. 6G—I). Taken together, these
findings confirm that YOD1 can participate in the regulation of
microglial function.

detects synaptic plasticity (MAP2) indicators in the hippocampus of mice. (D) Fluorescence quantification of MAP2 staining in panel A. (E) IF
staining detects neuronal cell (NeuN) apoptosis in the hippocampus of mouse. (F) Fluorescence quantification of NeuN staining in panel A (n = 5
images/group for A—F panels). (G) Golgi staining visualizing synaptic spines. (H) Analysis of synaptic spine density. (I) Western blot detects the
expression of inflammatory factors TNF-« and IL-18 in brain tissue (n = 3 samples/group). (J, K) Quantification of TNF-« and IL-18 in panel G,

respectively. Data are mean = SEM; **P < 0.01, ***P < 0.001.
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3.7.  MYH9 is a potential substrate of YODI

DUBs exert their biological functions by affecting the degradation
or function of substrate proteins”**’. To determine the substrate
proteins regulated by YOD1 in microglia, we transfected NIH/3T3
cells with empty Flag vector or Flag-YOD1 vector and performed
immunoprecipitation assay combined with liquid chromatography-
tandem mass spectrometry (LC—MS/MS) method to analyze po-
tential substrate proteins of YODI1 (Fig. 7A). To discover the
proteins that YOD1 may bind to, we performed relative quantifi-
cation of the two groups of proteins in the mass spectrometry and
obtained the top ten proteins with high YOD]1-binding affinity:
MYH9, RPLP2, EEFLA1, ACTB, HSP90AB1, HSPA1B, MYLS6,
TPM3, TUBAI1B, PKM (Supporting Information Fig. S5). Among
potential YOD1-binding proteins, MYH9 is highly associated with
microglial function in AD, and its role matches the effect of YOD1
in AD. MYH9 is a member of the myosin II subfamily and plays an
important regulatory role in maintaining cell morphology, polari-
zation, and phagocytosis in key cellular processes’*’. Studies
have found that inhibiting the expression of MYHO can inhibit the
activation of M1 pro-inflammatory microglia and exert a neuro-
protective effect’™'. In YOD1 mass spectrometry analysis, a total
of 21 MYHO peptides were detected, and the top five MYH9
secondary peptide maps are shown in Fig. S5B, and one repre-
sentative specific peptide among them is shown in Fig. 7B. Next,
we performed a preliminary verification of the mass spectrometry
results and found that MYH9 co-localized with YODI1 through
dual fluorescence staining (Fig. 7C). Further, Co-IP verification
found that the interaction between YOD1 and MYH9 was signif-
icantly increased in brain tissue (Fig. 7D), microglia cells
(Fig. 7E), and NIH/3T3 cells (Fig. 7F). Subsequently, we further
explored which domain of YODI1 binds to MYH9.YOD1 has three
domains: UBX-like domain (45-123aa), OTU domain (144-269aa),
and C2H2 type domain (313-337aa). To determine the interaction
domain between YOD1 and MYH9, we generated three YODI1
truncation mutants (Fig. 7G). By co-transfecting MYH9 and
mutated YOD1 plasmids in NIH/3T3 cells, it was determined that
when amino acids 313 to 317 are deleted, YODI failed to bind
MYH9, while YOD1 with mutations in other domains can still bind
to MYH9 and function (Fig. 7H).

3.8.  YODI regulates the deubiquitination of MYH9

YODI, as a deubiquitinase, can regulate substrate degradation and
stability’>. We then examined whether YODI1 could regulate
MYHO9 ubiquitination. To do this, we co-transfected HA-Ub, His-
MYH9, and Flag-YOD1 plasmids in NIH/3T3 cells respectively.
We then treated cells with MG132 to prevent proteasomal
degradation of MYHO protein. The results showed that YOD1 can
reduce the ubiquitination of MYH9 (Fig. 7I). Next, we further
explored the regulatory mechanism of MYH9 ubiquitination by
YODI1. We co-transfected His-MYH9, Flag-YOD1 and mutant
ubiquitin plasmids in NIH/3T3 cells respectively, retaining only
the K48 and K63 active sites. We then treated cells with MG132 to
prevent proteasomal degradation of MYH9 protein. We observed
that the HA-UbK48 plasmid was sufficient to reduce the ubig-
uitination of MYH9 in the presence of YODI1, with levels that
were significantly increased compared with WT HA-Ub (Fig. 7J).
In NIH/3T3 cells, Co-IP was used to confirm that the central OTU

region of MYHY affects the ubiquitination of MYH9 by YODI1
(Fig. 7K). DUB can catalyze the hydrolysis of the amide bond
between ubiquitin molecules and substrate proteins through active
sites such as cysteine and histidine. Therefore, we mutated the
three active sites of YOD1 (cysteine at position 155, histidine at
position 262, and histidine at position 337) (Fig. 7G). We found
that mutate YOD1 at H262A can no longer remove ubiquitin
molecules from MYH9 (Fig. 7L). These results indicate that his-
tidine at position H262 of YOD1 is involved in removing ubiquitin
molecules from MYHO, thereby preventing its degradation.

3.9. YODI regulates microglial function through
deubiquitinating MYH9

We first tested whether silencing or overexpression of YODI1
could regulate MYH9 expression in microglia. Western blot
analysis found that AS treatment increased the protein expression
of YODI1 and MYH9. After silencing YODI, the expression of
MYH9 was reduced (Fig. 8A); conversely, YOD1 overexpression
increased the expression of MYH9 (Fig. 8B). The results were
further confirmed in AB- infusion YOD1~'~ model mice (Fi 2. 8C)
and AAV-injected 3 x Tg model mice (Fig. 8D). These data
indicate that YOD1 regulated MYH9 protein stability in micro-
glia. To further confirm whether MYH9 mediates YOD1’s regu-
lation of microglial function. We co-transfected YODI1
overexpression and MYH9-silencing plasmids in microglia and
evaluated the changes in microglial inflammation, migration, and
phagocytosis. We confirmed that silencing MYH9 inhibited YODI1
overexpression-induced overexpression of inflammatory factors in
microglia (Fig. 8E and F). In addition, silencing MYH9 also
improved the phagocytosis function of microglia (Fig. 8G) and
reduced microglial migration (Fig. 8H—J). Taken together, we
speculate that YODI regulates microglial function in microglia
through MYHO.

4. Discussion

In this study, we found that the expression of YOD1 was up-
regulated in microglia and AD model mice. Specific knockdown
of microglia YOD1 significantly improves cognitive impairment
and neuropathology in AD model mice. Using mass spectrometry
combined with Co-IP analysis, MYH9 was identified as a key
substrate of YOD1 in microglia. Mechanistically, YOD1 regulates
K48-linked MYH9 deubiquitination through its active site H262,
inhibiting the proteasomal degradation of MYHO, thereby
enhancing MYH9 stability and protein levels to promote micro-
glial inflammation and AD pathology. Our data support that tar-
geting microglial YOD1 may be a potential treatment for AD.
During the pathogenesis of AD, microglia exert diversified
functions, including migration, phagocytosis, and production of
various cytokines and chemokines®”. Multiple studies have shown
that microglial dysfunction is closely related to the development
of AD***. Overactivated microglia can mistakenly label normal
neurons, causing synapses of normally functioning neurons to be
engulfed by microglia, causing synaptic degeneration®>*®. Acti-
vated microglia can lead to persistent inflammation, and the
migration of inflammatory microglia further worsens the inflam-
matory environment in the brain and causes neuronal cell damage.
A variety of DUBs have been explored to be involved in the
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Figure 6 YODI1 deficiency inhibits microglial migration, phagocytic function and inflammatory response. (A) Western blot detects the

silencing efficiency of YODI (n = 3 samples/group). (B) qPCR detection of the expression of M1-type pro-inflammatory factors. (C) gPCR
detection of the expression of M2-type anti-inflammatory factors (n = 4 samples/group for B and C panels). (D) Flow cytometry to detect
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cell counter of Image J software (n = 3 independent experiments for D—I panels). Data are mean + SEM; *P < 0.05, **P < 0.01, ***P < 0.001.

staining. (C) Fluorescence quantification of NeuN staining. (D) Quantification of synaptic spine density (» = 5 images/group for A—D panels).
(E) Western blot detects the expression of MAP2 and PSD95 in brain tissue. (F, G) Quantification of MAP2 and PSD95. (H) Western blot detects
the expression of inflammatory factors TNF-« and IL-1p in brain tissue. (I, J) Quantification of TNF-« and IL-18 in panel G, respectively (n = 3
samples/group for E—J panels). Data are mean £ SEM; **P < 0.01, ***P < 0.001.
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regulation of AD pathology’’. However, these studies mostly
focused on the function of DUBs in neuronal cells. In recent years,
some inflammation-related DUBs are gradually been discovered™.
For example, USP18 is identified as a regulatory molecule that
prevents aberrant activation of microglia®’. USP19 regulates
NLRP3 function through autophagy to suppress inflammation and
promote M2-like macrophage polarization. Deletion of A20 spe-
cifically in microglia renders mice hypersensitive to autoimmune
encephalomyelitis due to increased proinflammatory gene pro-
duction resulting from augmented activation of the NLRP3
inflammasome*’. These led to the identification of novel molec-
ular mechanisms of inflammation-related DUB function, allowing
the development of specific DUB inhibitors/agonists to treat dis-
eases’'. In this study, we found that deubiquitinase YODI1 is
highly expressed in microglia in different AD models. Knocking
out microglia YODI1 can significantly reduce the levels of
inflammatory cytokines, prevent abnormal migration and phago-
cytosis of microglia, and improve the pathology of AD. We also
used an AS-induced acute AD model to demonstrate that YOD1 is
also involved in Af-induced acute AD pathology. Together, the
role of YOD1 in improving AD pathology by affecting microglia
homeostasis has been confirmed.

As we know, the role and function of DUB are closely related
to substrate proteins. As a deubiquitinase, YOD1 can affect the
stability or activation of target proteins by regulating their ubiq-
uitin levels. Here, we identified MYH9 as a substrate of YODI1
through LC—MS/MS analysis. MYH9 protein is a member of the
myosin II subfamily and plays an important regulatory role in the
remodeling of the membrane and cytoskeleton necessary for the
performance of functions that characterize activated microglia,
such as polarization, migration, and phagocytosis™”**>. MYH9 has
been shown to play an important role in microglial polarization.
M1 microglia are characterized by an amoeba shape, high
mobility, and strong phagocytic ability, producing pro-
inflammatory mediators such as IL-6, IL-18, and tumor necrosis
factor-a (TNF-w); in contrast, M2 microglia are characterized by a
typical elongated morphology, branching processes, and releasing
anti-inflammatory molecules, such as 1L-4, IL-10%%, Inhibiting
the expression of MYHO can inhibit the activation of M1 pro-
inflammatory microglia and exert a neuroprotective effect*®*’.
For example, high arginine inhibited MYH9 from changing the
spatial structure of the actin cytoskeleton on the surface of T cells,
promoting the growth of filopodia, inhibiting the migration and
proliferation of T cells, and alleviating the progression of
atherosclerosis*®. During phagocytic clearance, MYH9 is also
redistributed and co-localizes with cargo from ingested cellular
debris, promoting phagocytosis™’. In this study, we showed that
YODI can bind to MYH9 via its C2H2-type domain. After MYH9
is knocked down, YOD1’s regulation of microglial migration and

phagocytosis is weakened. In addition, the inflammatory response
and nerve cell damage in MYH9-knocked down microglia are
improved. It is suggested that MYH9 may serve as a direct sub-
strate of YODI1 to regulate the phagocytic, migration, and polar-
ization functions of microglia in AD.

YOD1 was reported as a specific DUB to hydrolyze the K48-
and K63-linked poly-ubiquitin chains from different substrate
proteins”’!. Here, we show that YODI removes K48-linked
polyubiquitin chains from MYH9, thereby blocking MYH9
degradation by the proteasome. MYH9 is widely distributed in
vascular endothelial cells, macrophages, fibroblasts, T cells, neu-
trophils, and other cells’>**. Research has confirmed that MYH? is
closely related to cell adhesion and migration, cytokinesis, trans-
port of organelles and particles, tumor metastasis, cardiovascular
and cerebrovascular processes, etc., indicating that MYH9 is a
functional protein closely related to physiological and pathological
processes. In recent years, some MYHO inhibitors have been
developed, such as blebbistatin, a specific inhibitor of MYHO,
which can dose-dependently block cell movement, inhibit the
metastasis and invasion of cancer cells, and reduce the occurrence
of glaucoma®*. However, potential toxicity and off-target effects
limit their applications. In this study, we promoted the degradation
of MYH9 protein by targeting the key regulator YODI1 to effec-
tively avoid off-target effects. Therefore, targeting YOD1 may
provide new strategies for the treatment of MYH9-related diseases.

A limitation of this study is that we did not use microglia-
specific YOD1 knockout mice to elucidate the role of YODI in
regulating migration, phagocytosis, and inflammation. However, we
achieved the purpose of specifically knocking out microglia YOD1
in 3 x Tg mice by injecting an AAV virus into the hippocampus of
3 x Tg mice, which also clarified our conclusion. However, the
function of YOD1 in other cells and its effect on Tau pathology still
need to be further explored. In addition, the other potential inter-
acting proteins that interact with YOD1 do not match the role of
YODI1 or have not been reported to be related to AD pathology. For
example: RPLP2 encodes 60S acidic ribosomal protein P2 protein,
regulates liver cancer cell proliferation” and its role in AD is still
unclear. The eEF1A1 protein is a novel prognostic biomarker and
potential therapeutic target for HCC patients>®. ACTB is one of the
nonmuscle cytoskeletal actins that are involved in cell motility,
structure, and integrity, which has been shown to regulate NO
production®’. MYL6 encodes myosin light chain polypeptide 6
protein, which is a hexameric ATPase cell movement protein®®. But
its function in AD is still unclear. Nevertheless, we cannot
completely rule out the possibility that other substrates mediate the
effects of YOD1, which is worth exploring in the future. Last but
not least, it would be a crucial step to explore how AQ stimulates
YODI1 expression, so further investigation on the transcription
regulation of YODI is needed in the future.

with FLAG (UBXL, OTUD, Znf) and the three key sites in the active center of the enzyme, cysteine at position 155, histidine at position 262 and
histidine at position 337 were designed. (H) Co-IP analysis of the binding region of MYH9 and YODI. (I) His-MYH9, HA-UB, and Flag-YOD1
overexpression plasmids were co-transfected into NIH/3T3 cells, and MYH9 ubiquitination was detected by immunoblotting using His-specific
antibodies. (J) Co-transfection of His-MYH9, HA-UB, HA-K48, HA-K63, and Flag-YOD1 overexpression plasmids into NIH/3T3 cells. YOD1-
regulated MYH9 ubiquitination pattern was detected by immunoblotting with His-specific antibodies. (K) Different segments of YODI1, His-
MYH9 and HA-UB overexpression plasmids were co-transfected into NIH/3T3 cells, and the effect of YODI1 segments on MYH9 ubiquitina-
tion was detected by Co-IP. (L) Overexpression plasmids of the active sites of His-MYH9, HA-UB and Flag-YOD1 were co-transfected into NIH/
3T3 cells. The active site of YOD1 regulating MYH9 ubiquitination was detected by immunoblotting using His-specific antibodies. n = 3 in-

dependent experiments for all panels.
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Figure 8 YODI1 improves AB-induced microglial migration, phagocytosis and inflammatory response by regulating MYH9. (A) Western blot

detects the effect of YODI silencing on MYHO protein levels in microglia. (B) Western blot detects the effect of YOD1 overexpression on MYH9
protein levels in microglia. (C) Western blot detects the effect of YOD1 knockout on MYH9 protein levels in brain tissue of AgB-infusion mode
mice. (D) Western blot detects the effect of YOD1 knockout on MYH9 protein levels in brain tissue of 3 x Tg model mice. (E, F) The expression
of inflammatory factors is reduced after MYHO9 knockdown in microglia. (G) Microglial phagocytosis function is reduced after MYH9 knockdown
in microglia. (H—J) The migration function of microglia is reduced after MYH9 knockdown in microglia. Data are man £ SEM, n = 3
independent experiments for all panels; *P < 0.05, **P < 0.01, ***P < 0.001.

5. Conclusions

We demonstrate that YOD1 deubiquitinates MYH9, enhances
microglial

MYH9 stability, and

regulates

phagocytosis, and inflammation regulation functions. These
findings deepen our understanding of the role of DUBs in
microglia and provide a basis for targeting YODI1 for AD

migration, therapy.
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