
Page 1/27

USP14 haploinsu�ciency ameliorates Alzheimer’s
disease-like pathology in APP/PS1 mice
Hua Xu 

Guangzhou Medical University
Xueheng Wu 

Guangzhou Medical University
Lu Liang 

Guangzhou Medical University
Haoyu Chen 

Guangzhou Medical University
Jia Xu 

Guangzhou Medical University
Wanyan Hu 

Guangzhou Medical University
Xinci Li 

Guangzhou Medical University
Qin Liu 

Guangzhou Medical University
Xuejun Wang 

University of South Dakota
Chang-E Zhang 

Guangzhou Medical University
Jinbao Liu  (  jliu@gzhmu.edu.cn )

Guangzhou Medical University https://orcid.org/0000-0003-2220-2407

Research

Keywords: Alzheimer’s disease (AD), USP14, Tau, Aβ, UPS

Posted Date: October 7th, 2020

DOI: https://doi.org/10.21203/rs.3.rs-84968/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-84968/v1
mailto:jliu@gzhmu.edu.cn
https://orcid.org/0000-0003-2220-2407
https://doi.org/10.21203/rs.3.rs-84968/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/27

Abstract
Background: Alzheimer's disease (AD) is the most common cause of dementia; its main pathological
features are neuro�brillary tangles (NFTs) consisting of hyperphosphorylated microtubule-associated
protein (Tau) in the cell and extracellular beta-amyloid protein (Aβ)-based senile plaques (SP). The
ubiquitin-proteasome system (UPS) is the main pathway for protein degradation in cells. Proteasome
malfunction exists in AD patients and may promote the progression of the disease. USP14 is a
deubiquitinating enzyme associated with the 19S proteasome. Functional inhibition of USP14 was
shown to enhance proteasome proteolytic function, but no reported study has investigated the impact of
genetic inhibition of USP14 on AD.

Methods: Mice with heterozygous knockout of the Usp14 gene (USP14+/-) were generated and cross-bred
with the APP/PS1 transgenic mice, the resultant offspring littermates were subjected to basal survival
and growth analyses, and comparison of AD-like pathologies as detected with biochemical and
histopathological methods and of cognitive function as assessed with the Morris water maze tests.

Results:USP14 mRNA and protein levels in USP14+/- mice were decreased by ~50% compared with
USP14+/+mice. The increases of total, K48 or K63 linked ubiquitinated proteins in APP/PS1 mouse brains
were abolished in APP/PS1::USP14+/- mice. The increases in Aβ deposition and AD-associated
phosphorylated Tau, senile plagues and neuro�brillary tangles, as well as spatial learning and memory
decline induced by APP/PS1 were signi�cantly attenuated in APP/PS1 mice.

Conclusions: This study demonstrates that global knocking down USP14 protein expression by 50% is
tolerable by mice and exhibits marked protection against AD-like pathologies in a widely used AD mouse
model, favoring the exploration of moderate inhibition ofUSP14 as a potentially novel and viable therapy
against AD.

Background
Alzheimer's disease (AD) is a progressive neurodegenerative disease that is characterized by irreversible
progressive cognitive de�cits and extensive brain damage. Its main pathological features include
neuro�brillary tangles (NFTs) consisting of the hyperphosphorylation of the microtubule-associated
protein (Tau) in the cell and extracellular beta-amyloid protein (A-beta) based senile plaques (SP)[1, 2].

The ubiquitin-proteasome system (UPS) is the most important proteolytic pathway in eukaryotic cells. In
UPS-mediated proteolysis, ubiquitination marks the substrate for degradation by the 26S proteasome,
confers the substrate selectivity of this protein degradation mechanism, and has long been assumed as
the rate-limiting step. However, recent advances in cell biology have revealed that the functionality of the
26S proteasome is highly regulated and can dictate the fate and degradation e�ciency of a ubiquitinated
substrate upon its arrival at the proteasome [3, 4]. By selective degradation of normal but no longer
needed proteins, the UPS regulates cell cycle progression, cell survival, proliferation, apoptosis and other
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key cellular pathways[5, 6]. By targeted degradation of terminally misfolded proteins, the UPS plays a
pivotal role in protein quality control in the cell.

UPS impairment can occur in various conditions. The activity of proteasomes is reduced with aging
process in vitro [7]. Proteasome function in AD patients’ brains was impaired [8]. Reduction of
proteasomal chymotrypsin-like activities was observed in the brain including hippocampus of AD animal
models [9]. It is believed that the UPS can degrade APP proteins in the brain [10], and reduce the
accumulation of extracellular amyloid proteins by regulating the production and the degradation of Aβ
[11, 12]. Biochemical and morphological examinations of the brain of AD patients showed that
phosphorylated Tau oligomer proteins accumulated on both sides of the synapse where ubiquitinated
proteins, proteasome components and related chaperone proteins were also enriched, implicating that
synaptic Tau protein aberrant aggregation may be an important mediator of proteotoxicity responsible for
synaptic malfunction in AD [13]. There is reported evidence that both phosphorylated and non-
phosphorylated Tau proteins are degraded by the non-ATP-dependent 20S proteasomes and the ATP-
dependent 26S proteasomes [14, 15]. Taken together, these prior reports strongly suggest that UPS
impairment may be a underlying cause for both Aβ deposition and Tau accumulation, two pathogenic
tenets of AD.

The 26S proteasome complex consists of a 20S core particle (CP) and the 19S regulatory particle (RP)
that caps the 20S at one or both ends. The 19S proteasome in mammals is associated with three
deubiquitinating enzymes (DUBs): RPN11(Regulatory particle non-ATPase 11), UCHL5 (Ubiquitin
carboxyl-terminal hydrolase isozyme L5) and USP14 (ubiquitin-speci�c protease 14). Among these
proteasomal DUBs, RPN11 is the stoichiometric DUB subunit of the 19S proteasome and its removal of
the ubiquitin (Ub) chain en bloc from a ubiquitinated protein is directly coupled to the subsequent
degradation of the substrate protein while recycling Ub. USP14 and UCHL5, however, are reversibly
associated with only a subset of 19S proteasomes and their deubiquitination may impact on UPS-
mediated protein degradation in a manner different from RPN11 and from each other[16].

The association of USP14 with the proteasome is through the binding of its N-terminal ubiquitin-like
domain (UBL) to the T2 site of RPN1 in the lid of the 19S proteasome.The binding of USP14 to the
proteasome drastically increases USP14 DUB activity. This DUB activity resides in the USP domain at the
C-terminus of USP14. Like RPN11, USP14 removes Ub chains en bloc from substrates; in other words,
USP14’s DUB activity breaks the isopeptidyl bond between a Ub chain and the substrate protein, giving
rise to the deubiquitinated substrate protein molecule and the Ub chain, and the latter will be cleaved to
individual Ub molecules by other DUBs. However, there are at least two major differences between USP14
and RNP11. First, RPN11-mediated deubiquitination is rigorously coupled to the commitment of the
substrate protein to subsequent proteasomal degradation and is ATP-dependent, but USP14-mediated
DUB activity is not linked to ATP binding and does not necessarily commit the substrate protein to
subsequent degradation; second, USP14 seems to exert DUB activity only toward a substrate that is multi-
ubiquitinated; and this theory posits that USP14 binds to one Ub chain and then removes other Ub chains
on the same substrate protein molecule [17]. In terms of the effect of USP14-mediated DUB activity on
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proteasomal degradation of its substrate proteins, published biochemical and cell biology studies have
painted a rather muddy picture; both inhibitory and facilitative effects have been reported, seemingly to
be substrate-dependent [16–19]. Small molecular inhibitors of USP14 DUB activity, IU1 and its derivatives
IU1-47, were shown to promote proteasomal degradation of many proteotoxic proteins within cultured
cells, including those associated with neurodegenerative diseases such as TDP-43 (TAR DNA-binding
protein 43), ATXN3 (Ataxin 3), prion protein, and Tau [20–22], suggesting that USP14 inhibition may be
explored as a therapeutic strategy for neurodegenerative diseases. However, tests using IU1 in animal
models have yielded mixed results. Consistent with promotion of proteasomal degradation of damaged
proteins by USP14 inhibition, IU1 and exosomal miR124, both suppress USP14, were shown to protect
against cerebral ischemia/reperfusion injury in mice [23, 24], but USP14 inhibition was also shown to
induce cell death and effectively treat malignancies in animal models [25, 26]. Moreover, the axJ mouse
that is homozygous for an apparently loss-of-function mutation of Usp14 and with a reduction of USP14
protein by 95%, shows severe neuromuscular abnormalities at 2–3 weeks and dies between 6–10 weeks
of age [27]. Hence, we hypothesize that severe inhibition of USP14 (i.e., nearly 100%) is detrimental to at
least the neuromuscular system whereas a moderate inhibition of USP14 might be benign and bene�t the
treatment of disease with increased proteotoxic stress via facilitating proteasomal degradation of the
disease-causing proteins.

We conducted the present study to test this hypothesis. We created a new mouse model of USP-targeting
allele and found homozygous USP14 knockout is mostly embryonic lethal but heterozygotes are viable
and fertile and show no gross abnormalities. More interestingly, we were able to demonstrate that the
USP14 heterozygous knockout or USP14 haploinsu�ciency displays a protective effect on the AD-like
pathology and cognitive decline in the APP/PS1 mouse model.

Materials And Methods
Study Design

The objective of our study was to determine whether USP14 plays a role in late-stage AD pathological
characteristics and cognitive decline. We crossbred APP/PS1 transgenic mice, a widely used AD-like
mouse model, with our newly created USP14+/− mice and aged the offspring to 12 months of age. The
APP/PS1::USP14+/− mice were compared to APP/PS1, WT, and USP14+/− mice in terms of behavioral,
neuropathological, and biochemical end points. Operators were blinded to mouse genotype for all
outcome measures. We used power analysis for the Morris water test, the outcome measure with the
highest variability, to compare cognitive behavior between 12-month-old APP/PS1::USP14+/− mice and
APP/PS1 littermates and determined that we needed a minimum of 10 mice per group to achieve a
statistical power of 80% for the α = 0.05. To improve the rigor of the study, we included WT (n = 13),
APP/PS1 (n = 9), APP/PS1::USP14+/− (n = 8), and USP14+/− (n = 12) for behavioral tests and n = 3 to 6
mice per group for biochemical and immunohistochemical tests.

Generation of USP14+/- mice and APP/PS1 mice
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The mice with heterozygous knockout of the Usp14 gene in the C57BL/6J inbred background (Usp14+/−

mice) were generated through a contract to Shanghai Biomodel Organism Science &Technology
Development Co., Ltd (Shanghai, China), using the CRISPR/Cas9 technology. In the knockout allele, the
exon 5 of the Usp14 gene is deleted.

APPswe/PS1dE9 mice (AKA, APP/PS1 mice)[28], USP14+/−, and wild type (WT) C57BL/6J breeder mice
were obtained from Shanghai Biomodel Organism Science &Technology Development Co., Ltd (Shanghai,
China). WT, APP/PS1, USP14+/−, and APP/PS1::USP14+/− littermates resulting from crossbreeding
between hemizygous APP/PS1 mice and USP14+/− mice were used in this study.

The protocol for the care and use of all animals in this study was in accordance with the Guangdong
Animal Center for the ethical treatment of animals and approved by the Institutional Animal Care and Use
Committee of Guangzhou Medical University (SYXK2016-0168, Guangzhou, China). All mice were
maintained in a temperature- and humidity-controlled room (22 ± 2 °C) and on a 12-h/12-h light/dark
cycle. All animals had access to standard laboratory diet and drinking water ad libitum, and newborn
mice were breastfed, and only males were used for this study to reduce gender-speci�c variability in the
behavioral tests.

Genotype Detection

Mouse tails were clipped and DNA was extracted with an extraction kit (Takara Bio Inc, catalog #9170A),
and the genotype was detected using DNA polymerase chain reaction (PCR). The following primers were
used: 1. APP/PS1,internal positive control: 5’-CTA GGC CAC AGA ATT GAA AGA TCT-3’ (Forward), 5’-GTA
GGT GGA AAT TCT AGC ATC ATC C-3’(Reverse); PS1: 5’-AAT AGA GAA CGG CAG GAG CA-3’ (Forward), 5’-
GCC ATG AGG GCA CTA ATC AT-3’ (Reverse). 2. USP14:5’-TCC CAA AAT AAA TGT AAA GTC AAT-3’
(Forward),5’-AAG GTG GGT AGA GAA AAT AAA AGT-3’ (Reverse).

Morris Water Maze

The spatial memory was blindly evaluated by the Morris water maze test [29, 30]. Before each experiment,
the mice were brought to the site to allow them to be acclimatized. The temperature of the room and the
water was kept at 24 ± 2 °C. For spatial learning, the mice were trained to �nd a hidden platform for 6
consecutive days, 4 trials per day with a 20- to 30-second interval for each mouse from 3.00 to 8.00 p.m.
On each trial, the mouse started from one of the four middle quadrants facing the wall of the pool and
ended when the animal climbed on the platform. They were guided to the platform if they could not �nd
the platform within 60 s. Through these training sessions, mice acquired spatial memory about the
location of the safe platform. The swimming pathways and the latencies of the mice to �nd the hidden
platform were recorded each day. The pathway and the length that the mouse passed through the
previous platform quadrant were recorded by a video camera �xed to the ceiling of the room, 1.5 m from
the water surface. The camera was connected to a digital-tracking device attached to an IBM computer
loaded with the water maze software (Huaibei Zhenghua Biologic Apparatus Facilities). The spatial
memory was tested 48 h later after the last training. When the platform was withdrawn, the path, distance
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or time was recorded; the longer a mouse stayed in the target quadrant where previously the platform had
been located, the better it scored for the spatial memory (the distance and the time traveled in the target
quadrant and the escape latency were used to indicate the score).

Westernblot Analysis

Whole cell lysates and mouse cerebral cortex and hippocampal tissue homogenates were prepared in
RIPA buffer (1 × PBS,1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) supplemented with 10 mM β-
glycerophosphate, 1 mM sodiumorthovanadate,10 mM NaF,1 mM phenylmethylsulfonyl�uoride (PMSF),
and1 × Roche Complete Mini Protease Inhibitor Cocktail (Roche, Indianapolis,IN). SDS-PAGE,
transferring,and immunodetection were performed as previously described [31]. In brief, equal amounts of
total protein extracts were fractionated by12% SDS-PAGE and electrically transferred onto a
polyvinylidenedi�uoride (PVDF) membrane. Primary antibodies and appropriate horseradish peroxidase
(HRP)-conjugated secondary antibodies were used to detect the designated proteins.The bound
secondary antibodies on the PVDF membrane were reacted to the ECLdetection reagents (Santa Cruz, CA)
and detected via exposing to X-ray �lms (Kodak,USA).

Enzymelinked Immunosorbent Assay (ELISA)

The hippocampus tissue was homogenized in RIPA buffer (Beyotime Biotechnology) containing a
protease inhibitor cocktail (KeyGENBioTECH, catalog #KGP603), ultrasonicated, and centrifuged at
13000 g for 10 min. The supernatant was collected and total protein was measured with a Micro BCA
protein assay (Pierce). Aβ40 and Aβ42 were separately measured with ELISA Kits (R D system) by
following manufacturer’s instructions.

Quantitative reverse transcriptase (RT-) PCR (qRT-PCR)

Total RNA from brain tissues was isolated using the RNAiso Plus (Takara Bio Inc, catalog #9108). cDNA
was prepared from the RNA using the PrimeScript™ RT reagent Kit with gDNA Eraser (Takara Bio Inc,
catalog #RR047A). The real-time PCR ampli�cation was performed using the SYBR Green method with
SYBR Premix Ex TaqTM II (Takara Bio Inc, catalog #RR820A), and according to manufacturers’
instructions.

The following primers were used: APP: 5’- GCC AAC CAG CCA GTG ACC ATC-3 (forward), 5’-GCG ACG GTG
TGC CAG TGA AG-3’ (reverse); PS2: 5’-CTG GCA ACG GAG ACT GGA ACAC-3’(forward), 5’-TGA ACA CAG
CAA GCA GCA GGA G-3’ (reverse); USP14:5’- AAA CTT CTT CTA GTA TCC CAC C-3’ (forward); 5’- TGC TGA
AGA TAC TGC CCT T -3’ (reverse); MAPT(Tau):5’-ACT CTG CTC CAA GAC CAA − 3’ (forward), 5’- TCG GCT
GTA ATT CCT TCT G -3’(reverse);β-actin:5’- GCT GTG CTA TGT TGC TCT A -3’ (forward), 5’- CGT TGC CAA
TAG TGA TGA C -3’ (reverse). Results were normalized against the internal control using the ∆-
∆CTmethod.

Immunohistochemistry
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Mice were anesthetized and transcardially perfused rapidly with 50 ml normal saline solution, followed by
�xation in situ via perfusion for 20 min at 4 °C with Zamboni’s solution containing 4% paraformaldehyde,
15% saturated picric acid, and 24 mM NaH2PO4/ 126 mM Na2HPO4 (pH7.2). The brain was removed
from the skull of the �xed animals and post-�xed in the same Zamboni’s solution for another 24 h at 4 °C.
Then coronal slices (8–10 µm) were cut with a Vibratome (Leica, VT1000S, Germany).

The immunohistochemical procedures were as follows [29]: Sections were permeabilized with 0.3% H2O2
in absolute methanol for 10 min to block endogenous peroxidase, and non-speci�csites were blocked
with 5% bovine serum albumin (BSA) for 30 min at room temperature, and incubated with primary
antibodies for 24 h at 4 °C. After washing with PBS, sections were subsequently incubated with biotin-
labeled secondary antibodies for 1 h at 37 °C. The immunoreaction was detected using horseradish
peroxidase-labeled streptavidin for 1 h at 37 °C and visualized with the DAB tetrachloride system for
brown color. A negative control for every antibody was used with PBS, then observed under a light
microscopy (Olympus BX60, Tokyo, Japan) and photographed. The IODs and plaque burden in each
image and were counted and measured using Image-Pro Plus v 6.0 software (Media Cybernetics Inc,
Bethesda, MD, USA).

Gallyas-Braak silver staining

Silver staining was performed as previously reported [32]. In brief, brain sections (10 µm) were mounted
on glass slides, hydrated through a series of alcohol solutions, then subject sequentially to the following
treatments:1) 0.3% KMnO4 10 min, then washed to water clari�cation; 2) 1% C2H2O4• 2H2O 2 min, and
La(NO3)3 solution (1.15 mM La(NO3)3•6H2O, 14.7 mM CH3COONa•3H2O) 1 h, then washed 3 × 5 min; 3)
alkaline AgI(0.1 M NaOH, 0.06 M KI, 1% AgNO3 35 ml) incubation 45minin at 37℃, avoided light, and the
1% acetic acid washing 3 × 1 min; 4) the developer solution ( :0.47 M Na2CO3; :25 mM NH4NO3,
11.77 mM AgNO3, 3.5 mM H6O39SiW12; : 25 mM NH4NO3, 11.77 mM AgNO3, 3.5 mM H6O39SiW12,
6.1 ml 40%HCHO; three solutions mixed equal parts, temporarily preparation and avoided light) incubated
30 min, then 1% acetic acid washed; 5) 0.5% AuCl3 30 s, and then washed 2 × 5 min; 6) 1% NaS3O3•5H2O
�xed 1 min, and washed 10 min. Then generally dehydrated, hyalinized, sealed, and then examined and
photographed using a microscope (Olympus BX60, Tokyo, Japan) equipped with a digital camera.The
IODs in each image were counted and measured using Image-Pro Plus v6.0 software (Media Cybernetics
Inc,Bethesda, MD, USA).

Thio�avin-S staining

Brain sections (10 µm thickness) mounted on glassslides were hydrated through a series of alcohol
solutions, soaked in 0.3% KMnO4 for 4 min, followed by a wash with 1% oxalicacid for 1 min [33]. Next,
the brain sections were incubated with 0.05% aqueous Thio�avine-S (SIGMA, catalog#T1892) dissolved
in 50% ethyl alcohol for 8 min at room temperature in dark, then washed in 50% ethyl alcohol twice and
subsequently in three exchanges of distilled water. The slides were then incubated in a high concentration
of phosphate buffer (411 mM NaCl, 8.1 mM KCl, 30 mM Na2HPO4, 5.2 mM KH2PO4, pH 7.2) at 4℃ for
30 min, washed, and �nally sealed in 10% glycerin with coverslips. The stained sections were stored in a
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dark box at 4 °C before they were observed with a �uorescence microscope (Leica, Germany) and
photographed.The plaque burden in each image were counted and measured using Image-Pro Plus v6.0
software (Media Cybernetics Inc, Bethesda, MD, USA).

Statistical analysis

Water maze data are expressed as mean ± SEM, others are expressed as mean ± SD. GraphPad Prism 7.0
software (GraphPad Software) was used for statistical analysis. Differences between two groups were
evaluated for statistical signi�cance using two-tailed Student’s t-test. A difference among 3 or more
groups, one-way ANOVA or when appropriate, 2-way ANOVA, followed by the Holm-Sidak test for pair-wise
comparisons were performed. P value < 0.05 was considered statistically signi�cant.

Result
Reduction of USP14 mRNA and protein levels in brain tissue of USP14+/− mice

Ataxia (axJ) mice with 95% reduction of USP14 proteins die within 2 months after birth [27]. Breeding
between USP14+/− mice yielded the live birth of USP14−/− offspring at a frequency that is drastically
lower than the Mendelian ratio, indicating that the overwhelming majority of homozygous global USP14
knockout embryos do not survive to term. The few USP14−/− embryos that survived to birth showed
growth retardation and died within a few months. We then performed a comprehensive baseline
characterization on the USP14+/− mice which are viable and fertile. qRT-PCR and Western blot analyses
respectively showed that USP14 mRNA and protein levels were reduced by approximately 50% in the
cerebral cortex of USP14+/− mice compared to wild-type mice (Fig. 1A ~ 1C). USP14+/− mice do not show
any gross abnormalities in growth and general wellbeing or increased mortality compared with littermate
WT mice (Fig. 1D and 1E). These results not only demonstrate that the germ-line targeting of the Usp14
gene has succeeded but also indicate that the USP14+/− mice represent a valuable tool for studying the
role of USP14 down-regulation in pathophysiology.

USP14 haploinsu�ciency did not alter APP/PS1 mouse body weight and premature death

To test the effect of USP14 downregulation on AD, we crossbred USP14+/− mice with the APP/PS1
transgenic mice, which resulted in the following genotypes at the normal Mendelian ratio at birth: WT,
APP/PS1, USP14+/−, APP/PS1::USP14+/−. Monitoring the time course of body weight changes during
postnatal 48 weeks revealed no statistically signi�cant difference in body growth among the four
genotypes (Fig. 1D). And recording the premature death of these mice during postnatal 48 weeks
detected no increases in premature death in USP14+/−mice compared with the WT. Nonetheless, a
signi�cant increase in mouse premature death was observed in both APP/PS1 and APP/PS1::USP14+/−

groups but the difference between the two groups is not statistically signi�cant (Fig. 1E). We observed a
mortality of nearly 40% in both APP/PS1 mice and APP/PS1::USP14+/− mice by 6 months of age, similar
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to the APP/PS1 mouse mortality reported in the literature [34]. These �ndings indicate that the USP14
haploinsu�ciency does not mitigate the early mortality of this AD mouse model.
Impact of USP14 haploinsu�ciency on UPS function

Pharmacological inhibition of USP14 DUB activity was shown to promote UPS-mediated degradation of,
at least, a subset of proteins[35]. Our team has reported that the simultaneous inhibition of USP14 and
UCHL5 inhibits UPS proteolytic function and causes aberrant protein aggregation [36]. The K48-linked Ub
chain is the most important type of Ub moieties that target the protein for degradation by the 26S
proteasome. K63-Ub chains are the second largest class of Ub chains, participating in the regulation of
signaling pathways and also functioning as a recognition signal for multiple autophagy receptors to
guide the degradation of the modi�ed proteins through autophagy [6]. To examine the effect of UPS14
haploinsu�ciency on UPS functioning in mouse brains, we compared the steady state protein levels of
Usp14 and Ub conjugates in the cerebral cortex of 12-month-old mice (Fig. 2). Western blot analyses
detected comparable Usp14 protein levels between WT and APP/PS1 mice and a signi�cantly lower
Usp14 abundance in both USP14+/− and APP/PS1::USP14+/− mice compared with both WT and APP/PS1
mice. More interestingly, the total ubiquitinated proteins (Ub-prs), as well as K48-linked (K48-Ub) and K63-
linked Ub (K63-Ub) were all signi�cantly increased in APP/PS1 mice compared with WT mice, but the
increases were signi�cantly attenuated or even abolished when APP/PS1 was coupled with USP14+/−.
These results suggest that downregulation of USP14 improves the degradation of ubiquitinated proteins
in brain tissues, which is consistent with improvement of proteasomal proteolysis by USP14 inhibition.

Effect of USP14 haploinsu�ciency on APP and its related processing enzymes in APP/PS1 mice

APP is a transmembrane protein that can be hydrolyzed by the α-secretase pathway to produce soluble
non-toxic fragments. It can also be cleaved by the β-secretase (BACE1) pathway and then hydrolyzed by
γ-secretase (PS1, PS2) to produce fragments Aβ40 and Aβ42 containing 39 ~ 43 amino acid residues. It
has been reported that abnormal phosphorylation of APP at Thr668 site can increase the a�nity of APP
to beta-secretase (BACE1), resulting in increased production of Aβ [37]. Therefore, we performed Western
blot analyses for the total (APP) and Thr668-phosphorylated (pT668) APP, as well as BACE1, PS1, and
PS2 in the cerebral cortex of mice at 12 months of age. The results showed that the marked increases of
APP and pT668 in APP/PS1 mice were signi�cantly attenuated by the downregulation of USP14. BACE1
was not changed and PS1 was increased while PS2 was reduced in APP/PS1 mice, but USP14
haploinsu�ciency showed no discernible effects on any of them (Fig. 3A, B).

To determine whether the reduction of APP and p-Thr668-APP proteins by USP14 haploinsu�ciency and
the decreases of PS2 proteins in APP/PS1 mice resulted from a decrease in gene transcription, we
performed RT-qPCR analyses for APP using the RNA from the cerebral cortex. The results showed that
USP14 de�ciency had no effect on the mRNA level of APP (Fig. 3C), which is consistent with the notion
that the reduced APP protein content in APP/PS1::USP14+/− mice compared with the APP/PS1 mice is
attributable to increased APP protein degradation. Similarly, RT-qPCR results showed no signi�cant
difference in PS2 mRNA levels between APP/PS1 and control mice (Fig. 3D), indicating that
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overexpression of the mutant PS1 in the APP/PS2 mice may lead to excessive degradation of PS2
proteins.

Effect of USP14 haploinsu�ciency on Aβ level in APP/PS1 mice

Senile plaques (SP) caused by the aggregation of Aβ areone of the main pathological features in AD. The
APP/PS1 mice are a widely used transgenic mouse model of AD. To investigate whether downregulation
of USP14 affects Aβ levels in AD brains, hippocampal proteins were extracted from 12-month-old
APP/PS1 mice and the enzyme-linked immunosorbent assay (ELISA) was used to measure Aβ40 and
Aβ42 levels. Our results showed that the hippocampal content of Aβ40 and Aβ42 were signi�cantly lower
in APP/PS1::USP14+/− mice than in APP/PS1 mice although both were higher than those in WT or
USP14+/− mice (p < 0.001; Fig. 4A-B).

It has been reported that free Aβ is less toxic than aggregated Aβ, and only when forming amyloid
plaques, Aβ causes neurotoxic in�ammatory responses and oxidative stress. Hence, we also assessed Aβ
deposits in brain tissues using Thio�avin-S staining and Aβ (MOAB2) antibody immunohistochemical
staining. We found that, compared with the APP/PS1 group, the Aβ amyloid plaques in both the
cerebralcortex and the hippocampus of the APP/PS1::USP14+/− group were signi�cantly reduced (p < 
0.001; Fig. 4C, 4D). These results indicate that USP14 haploinsu�ciency can signi�cantly reduce Aβ
content and Aβ deposition in the cerebral cortex and hippocampus of the AD mice.

Effect of USP14 haploinsu�ciency on Tau proteins in the brain of APP/PS1 mice

The main function of Tau proteins is to promote microtubule assembly in the axon. Phosphorylation of
the Tau protein at multiple sites impairs its normal function and promotes its aggregation to form paired
helical �laments (PHFs), causing neuro�brillary tangles (NFTs) [38, 39]. In the APP/PS1 mice, the
increase of total Tau protein and hyperphosphorylation of multiple sites in Tau occur in the progression
of AD although the speci�c underlying mechanism is unclear [40]. To determine whether the total Tau
protein or phosphorylation levels of Tau in AD mice have changed and whether USP14 haploinsu�ciency
would alter these pathological features, we extracted RNA and total proteins from mouse hippocampal
tissues to assess changes in Tau expression and Tau protein phosphorylation. qRT-PCR showed no
signi�cant differences in Tau mRNA (Fig. 5A) among the four groups. Western blot analyses showed that,
compared with the WT or USP14+/−group, the APP/PS1 group displayed signi�cant increases in the total
Tau (Tau-5) and in the Ser214-, Ser262-, or Ser396-phosphorylated Tau, as well as a signi�cant decrease
in Tau-1(i.e., Ser195/198/199/202 dephosphorylated Tau); and these changes were discernibly
attenuated in the APP/PS1::USP14+/− group, compared with the APP/PS1 group (p < 0.05 or 0.01; Fig. 5B,
5C). No signi�cant differences in the phosphorylation of Thr231-Tau (Fig. 5B, C) were discerned among
the four groups. These results indicate that the increase in Tau protein is unlikely caused by increased
expression but more than likely by decreased degradation; the attenuated accumulation of
phosphorylated Tau in APP/PS1::USP14+/− mice is consistent with an improvement of proteasome
proteolytic function by USP14 inhibition.
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We then examined the distribution of Tau proteinsin the hippocampus using immunohistochemistry. Our
results showed that the immunostaining density for Ser195/198/199/202 dephosphorylated Tau (Tau-1)
was decreased and that for the Ser396-phosphorylated Tau was increased in the hippocampus of
APP/PS1 mice; and these AD-like alterations were discernibly less pronounced in APP/PS1::USP14+/−

mice (p < 0.05 or 0.01;Fig. 5D, 5E), consistent with the Western blot results. Taken together, AD-like Tau
changes in APP/PS1 mice were signi�cantly attenuated by USP14 haploinsu�ciency.

The effect of USP14 haploinsu�ciency on the senile plaques and neuro�brillary tangles in the brain of
APP/PS1 mice

We further examined brain pathology using the modi�ed Gallyas-Braak silver staining, a well-accepted
method for detection of extracellular senile plaques, intracellular neuro�brillary tangles, and
intracytoplasmic inclusions in glial cells in AD brain tissue [41]. The silver staining revealed striking senile
plaques and darkening and entangling of nerve �bers in the brain of APP/PS1 mice; and these
pathological changes were less severe in APP/PS1::USP14+/− mice (Fig. 6), indicating that USP14
downregulation ameliorates AD-like brain pathology in APP/PS1 mice.

Effects of USP14 haploinsu�ciency on spatial learning and memory in APP/PS1 mice

We performed Morris water maze tests to evaluate the spatial learning and memory of 12-month-old
APP/PS1 AD mice and the impact from USP14 haploinsu�ciency. We observed that the swimming speed
of each of the four groups did not differ signi�cantly within the 6 days of test (Fig. 7A), indicating that the
physical strength or exercise capacity of these mice is comparable. Over the 6-day training period, the
escape latency measured daily in WT and USP14+/− mice showed similarly a gradual decrease from day
1 to day 6 but the slope of this decrease trajectory was less steep in the APP/PS1 group than in WT mice,
and the slope of APP/PS1::USP14+/- mice fell in between those of APP/PS1 mice and WTmice (Fig. 6B).
Consequently, the escape latency of APP/PS1 mice measured at day 6 was signi�cantly prolonged
compared with that of WT or USP14+/−mice, but this prolongation was attenuated in the
APP/PS1::USP14+/− mice (Fig. 7B, 7C), indicating that the spatial learning ability is impaired in APP/PS1
mice and this impairment is improved by downregulation of USP14. The memory ability was measured
after the platform was withdrawn on the 8th day. The results showed that compared with the WT or
USP14+/− mice, the APP/PS1 mice showed a signi�cant reduction in the duration of residence and
traveling distance in the quadrant of the platform, in the number of times passing across the platform,
and in the distance traveled in the quadrant (p < 0.001); however, these reductions were signi�cantly less
pronounced in the APP/PS1::USP14+/− mice (p < 0.05; Fig. 7D-F), indicating that spatial memory is
impaired in APP/PS1 mice but the impairment is improved by reduction of USP14 expression. These
results indicate that USP14 haploinsu�ciency can improve the spatial learning and memory ability of
APP/PS1 mice.

Discussion



Page 12/27

Small molecular inhibitors of USP14 DUB activities were shown to promote proteasomal degradation of a
subset of proteins especially some of the pathogenic proteins in cultured cells at least [20, 21], making
USP14 inhibition an attractive potential strategy to treat diseases with increased proteotoxic stress such
as neurodegenerative diseases [19]. However, this strategy has rarely been tested in animal models. A
major concern that discourages such a strategy was that USP14 inhibition might harm the nervous
system because mice with a genetic mutation that leads to loss of 95% of USP14(e.g., axJ mice) develop
ataxia and show a markedly shortened lifespan [27]. Taking advantage of the newly created mouse
model of USP14 haploinsu�ciency, the present study demonstrates for the �rst time in animal models
that a loss of 50% of USP14 can signi�cantly attenuate the AD-like pathology (both senile plagues and
neuro�lament tangling) and the cognitive de�cit in a commonly used AD mouse model, probably through
facilitating the proteasomal degradation of APP and abnormal Tau proteins in the brain. These
discoveries also provide in vivo evidence that supports the promoting effect of USP14 inhibition on
proteasomal proteolytic function toward at least a subset of proteins. Hence, the �ndings of the present
study suggest that a well-controlled extent of USP14 inhibition may bene�t AD treatment.

Consistent with the signi�cantly shorten lifespan of the axJ mice[27], USP14−/− mice die either during
embryonic phase or prematurely after birth, indicating that a complete loss of USP14 is lethal. However,
despite 50% reduction in both mRNA and protein levels of Usp14 in USP14+/− mice, these mice do not
show developmental or growth defects nor do they show abnormal neurological or cognitive phenotypes
by 12 months of age, the oldest mice ever tested. These �ndings indicate that globally inhibiting USP14
activity by 50% is tolerable by mice, offering an opportunity to test the impact of a partial loss of USP14
on increased proteotoxicity in mice. Although the Kaplan-Meier survival curves were indistinguishable
between APP/PS1::USP14+/− mice and APP/PS1 mice within at least the �rst 12 months of age, the
spatial learning and memory de�cits revealed by the Morris water maze tests were signi�cantly milder in
the APP/PS1::USP14+/− mice than in APP/PS1 mice at 12 months of age. This strongly suggests that
reducing USP14 to 50% of its normal level not only is tolerated by the AD mice but also effectively treats
their cognitive impairment. The improvement of neurological functions in AD mice by USP14
haploinsu�ciency was associated with signi�cantly less severe senile plagues and neuro�lament
entangles, indicate that USP14 inhibition probably suppresses directly the AD pathogenesis in the
APP/PS1 mice. Notably, the time of mouse death in both the APP/PS1 group and the APP/PS1::USP14+/−

group was all before 26 weeks of age, which is consistent with reported features of the APP/PS1 mice
and also indicate that the premature death of the APP/PS1 mice is not due to amyloid deposition. This is
because (1) amyloid deposition in this Ad mouse model is detectable between 4 to 6 months and
becomes more pronounced at 12 months [28] but the mortality does not further increase after 26 weeks.

As the main protein degradation pathway in the cell, the UPS regulates proteolysis of most cellular
proteins, both misfolded and native [6]. When UPS function is impaired, excessive or deleterious proteins
cannot be selectively removed and thereby accumulate in the cell, which affects virtually all cellular
processes and may contribute to the development of various diseases [42]. Ub-positive inclusion bodies
are present in neurodegenerative disease-affected brains and are considered an important marker of
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these diseases, including AD, Parkinson's disease, Huntington's disease, and amyotrophic lateral sclerosis
[43]. Therefore, it is very likely that the bene�cial effects of USP14 haploinsu�ciency on APP/PS1 mice
are through enhancing proteasomal proteolytic function and thereby increasing the degradation of
abnormal proteins. Indeed, increases of total, K48- and K63-linked ubiquitinated proteins in the cerebral
cortex of the AD mice were completely abolished by USP14 haploinsu�ciency; and total APP and T668-
phosphorylated APP proteins as well as the total Tau and most AD-linked phosphorylated Tau proteins in
the cerebral cortex of APP/PS1 mice were signi�cantly reduced by USP14 haploinsu�ciency.

Overexpression of both the mutant APP and PS1 is obviously the primary cause of pathology in the
APP/PS1 mice. Our data show that USP14 haploinsu�ciency does not affect the APP mRNA levels or the
protein levels of APP cleaving enzymes BACE1 and PS1 in the APP/PS1 mice; however, total APP and p-
Thr668-APP protein levels were signi�cantly lower in APP/PS1::USP14+/− mice compared with the
APP/PS1 mice, suggesting that increased degradation of the APP plays an important role in the
protection against AD-like pathology by USP14 haploinsu�ciency, which is further supported by
signi�cantly lower levels of Aβ40 and Aβ42 in APP/PS1::USP14+/− mice compared with the APP/PS1
mice. Aβ40 and Aβ42 are the metabolic products of APP and especially Aβ42 is susceptible to aberrant
aggregation, ultimately forming senile plagues in AD brains. Both immunohistochemical staining for Aβ
and the Th-S staining revealed the amyloid plagues in the AD mouse brains were signi�cantly reduced
USP14 haploinsu�ciency.

The Silver staining results further show attenuation of AD-associated NFTs by USP14 haploinsu�ciency.
This could conceivably result from reduced APP-based pathogenesis as discussed above. The main
reason for APP/PS1 mice to be an AD model is that they are based on the pathological feature of
increased Aβ production; and as the disease progresses, Tau hyperphosphorylation occurs in the brain of
APP/PS1 mice [40]. Another potential mechanism underlying the attenuation of AD-associated NFTs by
USP14+/− could be directly promoting the degradation of pathogenic Tau proteins as total Tau and AD-
pathogenic species of phosphorylated Tau proteins but not Tau mRNA in the AD mouse brain were all
signi�cantly reduced by USP14 haploinsu�ciency. Tau protein phosphorylation plays an important role in
regulating its function, affecting the binding of Tau to microtubules, and then regulating the stability and
assembly of microtubules themselves. Meanwhile, the highly phosphorylated Tau proteins also can
aggregate to form PHFs, which in turn form NFTs [44]; this process can also be spread in brain tissue by a
prion-like method to the whole brain [45]. In the brain of AD patients,Tau is phosphorylated at many sites;
the most common are Tyr18, Ser198/199/202, Thr205, Thr231, Ser214, Ser262, Ser396/404, Ser422,etc.
[38, 46]. It has been reported that Tau proteins are substrates for the UPS. Previous studies have shown
that inhibition of USP14 can promote the degradation of Tau protein and the decrease of Tau
phosphorylation level [20, 21, 47]. It has also been found that the inhibition of USP14 does not change the
protein level of Tau, and even increases the level of Tau [48, 49]. These reports are contradictory and may
be related to the degree of inhibition of USP14 activity and differences in experimental conditions. Hence,
the mechanism by which USP14 haploinsu�ciency reduces Tau proteins in AD brains remain to be
de�ned in the future.
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Conclusions
The present study shows that knocking down USP14 by 50% signi�cantly alleviate AD-like pathologies,
including amyloid deposition, NFTs, and recognitive decline,in a widely used AD mouse model. These
bene�cial effects from USP14 haploinsu�ciency are perhaps attributable to the facilitation of
proteasomal degradation of both mutant APP and the pathogenic Tau proteins in brain. These new in
vivo �ndings provide a strong experimental demonstration that favors the exploration of a USP14
inhibition-based pharmaceutical strategy for treating AD.
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Figures

Figure 1

Baseline characterization of USP14+/- mice. (A) The qRT-PCR results of USP14 in WT and USP14+/-
mouse cortex; (B and C) Representative images (B) and pooled densitometry data (C) of Western blot
analyses for USP14 in WT and USP14+/- mouse cortex; ***p<0.001 vs. WT, n=3 mice). (D) Time course of
changes in mouse body weight during postnatal 48 weeks. (E) Kaplan-Meier survival analyses for mice of
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the indicated genotypes during postnatal 48 weeks. All premature death of the APP/PS1 mice took place
before reaching 26 weeks of age; the introduction of USP14+/- did not change the mortality of APP/PS1
mice; a cohort of 32 WT, 29 USP14+/-, 32 APP/PS1, and 34 USP14+/-::APP/PS1 mice were included.

Figure 2

Changes in protein abundance of USP14 and ubiquitinated proteins in the cerebral cortex of mice with the
indicated genotypes.Proteins were extracted from the cerebral cortex tissue samples from 12-month-old
mice and subjected to SDS-PAGE and Western blot analysis for the indicated proteins. Shown are the
representative images of Western blot analyses for USP14 (A), total ubiquitinated proteins (Ub-Prs, B),
K48-linked Ub conjugates (C), K63-linked Ub conjugates (D), as well as the pool densitometry data of
each of them (E).β-Actin was probed as loading control. N=6, *P<0.05, **P<0.01, and ***P<0.001 vs. WT
#P<0.05, ##P<0.01, and###P<0.001 vs. APP/PS1;1-way ANOVA followed by the Holm-Sidak test for pair-
wise comparisons.
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Figure 3

The effect of USP14 haploinsu�ciency on the expression of APP and APP processing enzymes in the
cerebral cortex of WT and APP/PS1 mice. Protein and RNA were extracted from the cerebral cortex tissue
samples of 12-month-old mice of the indicated genotypes. (A, B) Representative images (A) and pooled
densitometry data of Western blot analyses for the indicated proteins. (C, D) The RT-qPCR results of APP
(C) and PS2 (D) in cerebral cortex in each group. N=6, *P<0.05, ***P<0.001 vs. WT; #P<0.05, ###P<0.001
vs. APP/PS1; 1-way ANOVA followed by the Holm-Sidak test for pair-wise comparisons.



Page 23/27

Figure 4

Effects of USP14 haploinsu�ciency on Aβ deposition.(A and B) The content of Aβ40 (A) and Aβ42 (B) in
the hippocampal tissues of all genotypes of mice at 12 months as assessed with ELISA; ***P<0.001 vs.
WT; #P<0.05 vs. APP/PS1; n=3 mice/group. (C) Representative images of immunohistochemical staining
for Aβ (IHC(Aβ); left panel) and the thio�avin-s staining (Th-S) amyloid plagues (right panel) in the
cerebral cortex and hippocampus of mice with the indicated genotypes. Bar=200 μm, n=3). (D) Optical
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density analysis of the amyloid plaque area as illustrated in Panel C. ***P<0.001 vs. WT;###P<0.001 vs.
APP/PS1; n=3 mice/group.

Figure 5

Effects of USP14 haploinsu�ciency on Tau expression in the hippocampus. Hippocampal tissue
samples from 12-month-old mice of the indicated genotypes were used for extraction of total proteins or
RNAs or were subjected to �xation and subsequent immunohistochemistry staining. (A) qRT-PCR results
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of Tau mRNA levels. (B and C) Representative images (B) and pooled densitometry data (C) of the
Western blot analyses for total Tau proteins (Tau-5), Ser195/198/199/202- dephosphorylated Tau (Tau-
1), as well as Ser396-, Ser262-, Ser214-, or Thr231- phosphorylated Tau (pS396, pS262, pS214, or pT231,
respectively). *P<0.05, **P<0.01 vs. WT;#P<0.05, ##P<0.01 vs. APP/ PS1, n=6). (D and E) representative
images (D) and pooled optical density (E) of the immunohistochemical analyses for Tau-1 and pS396-
Tau in hippocampal tissues. Bar=200 μm; *P<0.05, **P<0.01 vs. WT; #P<0.05, ##P<0.01 vs. APP/ PS1;
n=3 mice/genotype.

Figure 6
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USP14 haploinsu�ciency ameliorates the senile plaques and neuro�brillary tangles in AD mice. (A)
Representative images of theGallyas-Braak silver staining of tissue sections from the cerebral cortex (left
panel) and the CA3 region of hippocampus (right panel). Scale Bar =50 μm. (B) Optical density analysis
of images as illustrated in Panel A. IOD value was **P<0.01, ***P<0.001 vs. WT; ##P<0.01 vs. APP/ PS1;
n=3 mice/group.

Figure 7
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USP14 haploinsu�ciency improves learning and memory impairment of aging APP/PS1 mice. Mice of
the indicated genotypes at 12 months of age were subjected to Morris water maze tests. (A) Comparison
of the average swimming speed among the 4 groups during the test. (B) Changes in the escape latency in
Morris water maze training; (C) Comparison of the escape latency and representative track of mice of
different genotypes on the sixth day of Morris water maze training. (D-F) The representative track and the
time in the platform quadrant (D), the number of crossing the platform (E) and the percentage of target
quadrant swimming distance to the total distance (F) in each group within 1min after withdraw the
platform on the eighth day. *P<0.05, ***P<0.001 vs. WT; #P<0.05, ###P<0.001 vs. APP/PS1; n = 15 WT,
15 USP14+/-, 12 APP/PS1, 10 APP/PS1::USP14+/- mice.
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