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Abstract

INTRODUCTION: Aging is one of the risk factors for the early onset of Alzheimer’s
disease (AD). We previously discovered that the age-dependent increase in Ubiquitin
Conjugating Enzyme E2 N (UBE2N) plays a role in the accumulation of misfolded pro-
teins through K63 ubiquitination, which has been linked to AD pathogenesis. However,
the impact of UBE2N on amyloid pathology and clearance has remained unknown.
RESULTS: We observed the elevated UBE2N during the amyloid beta (AB) generation
in the brains of 5xXFAD, APP/PS1 mice, and patients with AD, in comparison to healthy
individuals. UBE2N overexpression exacerbated amyloid deposition in 5xFAD mice and
senescent monkeys, whereas knocking down UBE2N via CRISPR/Cas9 reduced AS
generation and cognitive deficiency. Moreover, pharmacological inhibition of UBE2N
ameliorated AB pathology and subsequent transcript defects in 5XFAD mice.
DISCUSSION: We have discovered that age-dependent expression of UBE2N is a crit-
ical regulator of AD pathology. Our findings suggest that UBE2N could serve as a
potential pharmacological target for the advancement of AD therapeutics.
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Highlights

* Ubiquitin Conjugating Enzyme E2 N (UBE2N) level was elevated during amyloid beta
(AB) deposition in AD mouse and patients’ brains.

* UBE2N exacerbated AS generation in the AD mouse and senescent monkey.

* Druginhibition of UBE2N ameliorated AS pathology and cognitive deficiency.
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1 | BACKGROUND

Aging is a time-dependent physiological process characterized by func-
tional decline, and it represents a significant risk factor for various
noninfectious diseases, including Alzheimer’s disease (AD).12 With the
increasing aging population and the growing burden of health care
for individuals with AD, research on this disease is expanding rapidly.
AD is known to be associated with aging and is characterized by the
presence of amyloid plaques and neurofibrillary tangles (NFTs), which
are the major pathological hallmarks in the brain.»3* Although exten-
sive research has focused on the biochemical mechanisms underlying
the pathogenic events induced by misfolded amyloid beta (AB) and
tau proteins, the exact cause of AD remains an open question. Stud-
ies have suggested a relationship between the ubiquitin-proteasome
system (UPS) and AB generation,>® particularly the abnormal bind-
ing of ubiquitin to AB, which can interfere with its clearance pathway.
For example, Ayadi et al. found that ubiquilin-1 regulates amyloid pre-
cursor protein maturation and degradation by stimulating Ké63-linked
polyubiquitination.” Duggan et al. described a coupling of ubiquitin
conjungation to ER degradation (CUE) ubiquitin-binding domain in
PS1, which mediates non-covalent binding to K63-linked polyubiqui-
tin chains-® Paine et al. showed the immunocytochemistry presence
of Ké3-linked polyubiquitin in a fraction of the NFTs in AD cortex,
suggesting an active involvement of autophagy in the mechanism of
AD.? Bellia et al. also identified that the N-terminal domain of the A8
peptide interacts with the C-terminal tail of the K63-Ub, through its
D1, E3, and R5 residues,'© and that the folding stability of ubiquitin
chains unexpectedly decreases with increasing chain length, result-
ing in the formation of amyloid-like fibrils.!? Moreover, Puangmalai
et al. demonstrated that the lysine 63-linked ubiquitination of tau
oligomers contributes to the pathogenesis of AD,'2 and a mutant form
of K63 ubiquitin also promotes the formation of tau- and superoxide
dismutase 1 (SOD1)-positive inclusions selectively.13

The age-dependent accumulation of pathological proteins is
believed to be a result of impaired cellular capacity to clear misfolded
proteins.14-16 Misfolded proteins are initially ubiquitinated and then
targeted for degradation by the UPS or autophagy. We previously
identified a role for the age-dependent elevated Ubiquitin Conju-
gating Enzyme E2 N(UBE2N) and impaired proteasome activity in
senescent monkey synaptosomes,'’” which could contribute to the
accumulation of misfolded Huntington’s disease protein huntingtin
(HTT) through preferential K63 ubiquitination. In addition, in mouse
brain, age-dependent expression of UBE2N is also associated with
impaired UPS activity and cytoplasmic accumulation of mutant TAR
DNA-binding protein 43 (TDP-43).18 However, the impact of UBE2N
on AB pathology and clearance has remained unknown. In our cur-
rent study, we observed the elevated levels of UBE2N during AB
generation in the brains of 5xFAD mice, APP/PS1 mice, and patients
with AD. Overexpression of UBE2N exacerbated Aj deposition in the
brains of 5xFAD mice and senescent monkeys, whereas deletion of
UBE2N by CRISPR/Cas9 reduced AS generation and cognitive deficits,
through the K48-linked ubiquitination degradation. It is notable that
pharmacological inhibition of UBE2N ameliorated AS pathology in

RESEARCH IN CONTEXT

1. Systematic review: Aging is the most significant risk fac-
tor for the early onset of Alzheimer’s disease (AD). We
previously discovered that the age-dependent increase
in Ubiquitin Conjugating Enzyme E2 N (UBE2N) plays a
role in the accumulation of misfolded proteins through
K63 ubiquitination, which has been linked to AD patho-
genesis. However, the impact of UBE2N on amyloid
pathology and clearance has remained unknown. In the
current work, we detected the UBE2N level in AD mice
and patients’ brains, and then overexpressed UBE2N in
5xFAD mice and senescent monkey brain, or suppressed
UBE2N by CRISPR-Cas? or pharmacological inhibitor in
5xFAD mice.

2. Interpretation: We found elevated levels of UBE2N dur-
ing AB generation in the brains of 5xFAD mice, APP/PS1
mice, and AD patients. Overexpression of UBE2N exac-
erbated A deposition in the brains of 5xFAD mice and
senescent monkeys, whereas deletion of UBE2N reduced
AB generation and cognitive deficits. It is important to
note that pharmacological inhibition of UBE2N amelio-
rated AB pathology in 5XFAD mice. Thus, aging-related
increase in UBE2N, as a critical regulator of AD pathol-
ogy, could serve as a potential pharmacological target for
the development of AD drugs.

3. Future directions: The investigation of large animal mod-
els, closer to AD patients, would be highly valuable for
understanding novel pathogenic mechanisms and identi-
fying therapeutic targets. Lacking the large animal models
of AD presents challenges and limitations due to the
costly and time-consuming nature of such investigations.
In addition, the manner of administration and pharmaco-
logical side-effects of UBE2N inhibitors remained to be
understood. The species-related factors and the physio-
logical safety of the drug, likely contribute to neurodegen-

eration, need to be further identified.

5xFAD mice. Thus, we have identified UBE2N, an aging-related gene,
as a critical regulator of AD pathology, and our findings also suggest
that UBE2N could serve as a potential pharmacological target for
advancement of AD medications.

2 | METHODS
2.1 | Human brain specimens

Healthy and AD human brain specimens were obtained from the post-

mortem brains and peripheral tissues were obtained from the Brain
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Bank of Xiangya School of Medicine through the willed body donation
program. All brains were also assessed for optimal histological integrity
and Alzheimer’s-type neuropathology following a standard protocol
proposed by the China Human Brain Banking Consortium.1?2° The use
of postmortem human brains was approved by institutional ethics com-
mittees, in compliance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki). For specimen information, please
refer to Table S1.

2.2 | Animals

Cynomolgus monkeys were raised at Guangdong Landao Biotech-
nology Co. Ltd., an Association for Assessment and Accreditation of
Laboratory Animal Care-accredited facility. Monkey health was moni-
tored by veterinarians on a weekly basis, ensuring appropriate water,
temperature, humidity, home cage conditions, and a day/night cycle.
The 5xFAD, APP/PS1, and Cas9 mice were housed at the animal facility
at Jinan University. Age-matched littermate mice, with gender random-
ization, were utilized for this study. All animal-related protocols were
approved in advance by the Institutional Animal Care and Use Com-
mittee (IACUC) of Guangdong Landao Biotechnology Co. Ltd. and Jinan
University. This study strictly adhered to the “Guide for the Care and
Use of Laboratory Animals of the Institute of Laboratory Animal Sci-
ence (est. 2006)” and “The use of non-human primates in research
of the Institute of Laboratory Animal Science (est. 2006)” to ensure

personnel safety and meet animal welfare requirements.

2.3 | Ethics approval

All animal-related experiments followed the National Institutes of
Health (NIH) guide for the care and use of laboratory animals. Approval
from the local ethical committee of Jinan University for animal experi-

ments was obtained.

2.4 | Reagents

The primary antibodies used for western blotting, immunofluores-
cence, and immunohistochemistry were as follows: mouse anti-g-
Amyloid (6E10) (BioLegend, 803001), rabbit anti-3-Amyloid (1-42)
(D9A3A) (Cell Signaling Technology, 149745S), rabbit anti-Ké3 polyu-
biquitin (Cell Signaling Technology, 5621S), rabbit anti-K48 polyubig-
uitin (Cell Signaling Technology, 8081S), mouse anti-GAPDH (Gene-
Tex, GTX100118), mouse anti-B-Actin (Protein-tech, 66009-1-1g),
rabbit anti-LC3B (Cell Signaling Technology, 2775S), mouse anti-
UBC13 (4E11) (ThermoFisher, 37-1100), rabbit anti-UBC13 (Protein-
tech, 10243-1-AP), rabbit anti-NeuN (Abcam, ab177487), rabbit
anti-GFAP (Abcam, ab7260), rabbit anti-lbal /AIF-1 (E404W) (Cell
Signaling Technology, 17198S), mouse anti-Tau (Abcam, ab80579),
mouse anti-phospho-Tau (AT8, ThermoFisher, MN1020), rabbit anti-
PSD95 (Abcam, ab238135), rabbit anti-SNAP25 (Abcam, ab41455),
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and mouse anti-VCL/vinculin (Abcam, ab18058). Secondary antibod-
ies included goat anti-mouse IgG (Boster, BA1051), goat anti-rabbit
1gG (Boster, BA1055), Alexa Fluor 488 goat anti-mouse (Invitrogen,
A11001), donkey anti-mouse Alexa Fluor 594, donkey anti-rabbit Alexa
Fluor 488, and donkey anti-rabbit Alexa Fluor 594 antibodies from

Jackson Immuno Research.

2.5 | Virus and vectors

The hUBE2N expressing vector, encoding human UBE2N, was
generated previously using human cDNA and constructed in
adeno-associated viruses (pAAV) 2-multiple cloning site (MCS)
backbone for viral production at BamH1 and Xbal restriction
sites.1”18 To generate the AAV2-U6-gRNA-cytomegalovirus(CMV)-
red fluorescent protein (RFP) vector for mouse UBE2N in a
CRISPR/Cas9 knocking-down experiment, the following gRNAs
were expressed and based on PX552-RFP vector (Addgene, 60958):
Target-1: 5-GTAGGAAACCCAGCGTTTGCTGG-3’; and Target-2:
5’-TGGGGACCACTTATCTATGAAGG-3'. The polymerase chain reac-
tion (PCR) product was inserted into the pCR2.1-TOPO vector using
the TOPO TA Cloning Kit for target sequencing. The titers of AAV-
UBE2N and AAV-gE2N target viruses, as well as the control viruses
of AAV-green fluorescent protein (GFP) and AAV-gCtrl, were all
confirmed by determining the number of packaged vector genomes
using quantitative PCR.

2.6 | Method details

2.6.1 | Surgical procedure

The AAV2 viral injection into the monkey brain was performed fol-
lowing previously reported methods. In brief, each monkey was anes-
thetized with an intraperitoneal injection of 0.3-0.5 mg of atropine,
followed by 10-12 mg of ketamine and 15-20 mg of Pelltobarbi-
talumNatricum per kg body weight. The monkeys were secured on a
stereotaxic instrument (RWD Life Science, 68901). The precise posi-
tion for stereotaxic injection into the cortex was determined using MRI
prior to the injection. Ten microliters of the target viruses was injected
at different locations in the right brain, whereas the left brain was
injected with the control virus, with the same depth of needle insertion
calculated from preoperatively obtained MRI scans.

For injections into the mouse brain, the 5xFAD or 5xFAD;Cas?
crossing mice were anesthetized with intraperitoneal injection of 2.5%
Avertin. Their heads were positioned in a stereotaxic instrument (RWD
Life Science, 68801) equipped with a digital manipulator, a UMP3-1
Ultra pump, or a 10 pL Hamilton microsyringe. A 33 gauge needle
was inserted through a 1 mm drill hole in the scalp. Injections were
performed at the following stereotaxic coordinates: 2.0 mm poste-
rior to bregma, 2.0 mm lateral to midline, and 2.0 mm ventral to dura,
with the bregma set at zero. The microinjections were carried out

at a rate of 0.18 pL/min. The microsyringe was left in place for an
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additional 10 min before and after each injection. The target viruses
(0.5 pL) of AAV-UBE2N or AAV-E2N gRNA, and the control viruses of
AAV-GFP or AAV-control gRNA, were stereotactically injected into the
hippocampus of the individual littermate mice.

The ALZET Brain Infusion Kit was used for the prolonged admin-
istration of NSC697923 for 4 weeks (at a constant rate of 0.11 pL/h,
535 ng/100 uL NSC697923 or vehicle control). After the anestheti-
zation, a small incision was made in the mouse skin between the
scapulae to separate the connective tissue to form a pocket, and
a tiny osmotic pump was placed under the skin. The cannula was
inserted into the right hippocampus of the mouse with the same
stereotaxic coordinates. The skin incision was closed with sutures.
Pathological tests were performed 1 month after implanting the can-
nulas, when treatment is concluded and the mice fully recovered from

surgery.

2.6.2 | Recognition behavioral test

Three types of the recognition-associated behavioral tests were per-
formed as the following sequence: novel object recognition test,
T-maze test, and Morris water maze (MWM) test. There is a 1-day
interval between the different types of behavioral tests.

The novel object recognition (NOR) test was conducted in a square
cage measuring ~50 cm x 50 cm x 50 cm. During the training phase, the
mouse was given 10 min to explore two identical objects. On the test
day, one of the objects was replaced with a novel object. The mouse was
again allowed to explore the two objects for 10 min. The ratio of explor-
ing time, spent between the old object and the novel object on the test
day, was recorded for preference ratio calculation. During the whole
NOR test, each mouse was tested randomly. The interval between the
training phase and the test day is 24 h.

The T-maze test was performed using a T-shaped maze with three
arms. The training phase lasted for 6 days. The goal arms were baited
with reward food. The mice were placed in the maze for 3 min, three
times a day, to familiarize themselves with the maze and consume the
reward. On test day 7, one of the goal arms was blocked by a door, and
the mouse was allowed to run from the start arm and consume all of
the reward. Each mouse underwent 10 trials and the percentage of
correct choices per mouse was calculated. During the whole T-test,
each mouse was tested in random, with the minimum interval of
10 min.

The MWM test was conducted in a circular tank with a diameter of
120 cm, filled with opaque water maintained at 23°C. Four visual cues
with different shapes were placed around the tank to assist the mice.
The platform was submerged about 1.5 cm below the water surface
and located in the southwest quadrant. During the training phase, the
mice were placed in the other three quadrants randomly. The trials
were conducted twice a day for 6 days, with a minimum interval of 10
min between trials. The mice were given 60 s to find the platform, and
if they failed to find it within the allotted time, they were guided to

the platform. After reaching the platform, the mice were allowed to

stay on it for 15 s before being removed. The latency time to reach the
platform was recorded using EthoVision XT (NoldUS). On the probe
test day (day 7), the platform was removed, after which the time spent
and swimming speed in the target quadrant were recorded.

2.6.3 | Open field test

The open field test was conducted in an empty square cage measuring
~50 cm x 50 cm x 50 cm. The mice were placed in the cage randomly
and were given 10 min to explore the field in free. The total distance
and the velocity data were recorded and calculated by EthoVision XT
(NoldUs).

2.6.4 | Immunoprecipitation and western blotting
For immunoprecipitation, a total of 500 ug brain tissues in cold 1% NP-
40 buffer (50 mM Tris, pH 7.4, 50 mM NaCl, 0.1% Triton X-100, 1%
NP-40 with 1x protease inhibitors and 100 uM PMSF) were precleared
with protein A agarose beads (Sigma, P1406). Then the samples were
immunoprecipitated by anti-3-Amyloid (6E10) at 4°C overnight. Pro-
tein A agarose beads were added to capture the target proteins for 2 h
at 4°C. Ice-cold lysis buffer was used to wash beads three times. Pro-
teins from the compound and input were subjected to western blotting
and mass spectrometry. For western blotting, the brain tissues were
homogenized in a soluble fraction buffer (10 mM Tris, pH 7.4, 100 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 0.1% SDS, 1% Triton X-100) containing
protease inhibitors. The lysates were diluted in 1xSDS sample buffer
and sonicated for 10 s after incubation at 100°C for 5 min. The total
lysates (20 pg) were loaded onto a Tris-glycine gel and transferred to
a nitrocellulose membrane. The western blotting was developed using
the ECL Prime Chemiluminescence kit (GE Healthcare Amersham), and
the band intensity of the soluble or aggregated S-amyloid labeled by
antibodies (6E10, f-amyloid 1-42 or K63) was quantified by densito-
metry. Data were obtained from three independent western blotting
tests.

2.6.5 | Immunofluorescence and
immunohistochemistry

Mice were anesthetized with 5% chloral hydrate and perfused with
0.9% NaCl, followed by 4% paraformaldehyde (PFA). The brains were
removed and postfixed in 4% PFA overnight at 4°C. The brains were
then transferred to 30% sucrose for 48 h and cut into 20- or 40-um sec-
tions using a cryostat at —20°C. Sections were blocked in 4% donkey
serum with 0.2% Triton X-100 and 3% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) for 1 h. For immunofluorescent stain-
ing, 20 um sections were incubated with primary antibodies in the same
buffer at 4°C overnight. After washing with 1x PBS, the sections were

incubated with fluorescent secondary antibodies. For immunohisto-
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chemistry with DAB staining, 40 um sections were incubated with the
antibody for at least 48 h at 4°C after pre-blocking. A biotin/avidin
immuno-assay (Vector Laboratories) and DAB kit were used to visual-
ize the staining. Images were acquired using a Zeiss microscope (Carl
Zeiss Imaging, Imager A.2) with either a 10x or 20x lens (Plan-Neofluar
10x/0.3 or 20x/0.8) and a digital camera (Axiocam 506 color ZEISS)
with ZEN 2.3 software.

To quantify immunofluorescent signals and AB plaque load, we used
the method described previously.2! In brief, using Image J (NIH) soft-
ware and the Analyze tab, we chose the Set Measurements to select the
Area, Area Fraction, and Limit to Threshold options. We then defined
the region of interest (ROI) by outlining with the polygon function
located on the toolbar. To quantify the amount of positive immunola-
beling within the ROI, both “Area” (the total number of stained pixels
within the ROI) and “Percent area” (the proportion of the ROl with posi-
tive labeling) were obtained. The percent staining for the combined ROI
of the subregion in each section was calculated by adding the stained
areas divided by the sum of the total areas. When all images for a spe-
cific animal had been quantified, the total percent staining across all

sections was obtained, yielding the Ag load.

2.6.6 | Proteasome activity assay

2.6.7 | Total RNA extraction and RNA sequencing

Fresh mouse brains were isolated for the RNA sequencing (RNA-
Seq). Total RNA was extracted using TRIzol Reagent according to
the manufacturer’s protocol. The cDNA library was constructed, and
sequencing was performed by Shanghai SANGO Company. The NEB-
Next Ultra RNA library prep kit for [llumina (E7530L; NEB) was used
for sequencing following the manufacturer’s recommendations. After
cluster generation, the libraries were sequenced, and 150 bp paired-
end reads were generated using the lllumina platform. Clean reads
were obtained after discarding reads containing adapters, poly-N, or
low-quality raw data. High-quality reads were aligned to the exist-
ing reference genome. The differentially expressed genes (DEGs) were
chosen based on a fold-change > 1.5 and an adjusted p-value < 0.05.
The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis for differentially expressed genes in a group was carried
out using TBtools. The KEGG terms with a p-value < 0.01 and a
hit rate > 0.05 were considered significantly enriched. In addition,
principal component analysis and heat map visualization were also

performed using TBtools.

2.7 | Statistical analyses

Statistical significance was assessed using the two-tailed Student’s
t-test when comparing two groups. One-way analysis of variance
(ANOVA) was used to determine statistical significance when multiple

groups were analyzed. Data were presented as mean + SEM. Calcula-
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tions were performed using GraphPad Prism software (GraphPad Inc.).
A p-value < 0.05 was considered statistically significant.

2.8 | Data and materials availability

The key data supporting the findings of this study are presented within
the article and the Supplementary Information. The RNA sequenc-
ing metadata are available at https://doi.org/10.6084/m9.figshare.
24454177.

3 | RESULTS

3.1 | Elevation of UBE2N during AB deposition in
the brains of AD mouse and patients with AD

Although extensive research has demonstrated the contribution of
lysine 63-linked ubiquitination to the pathogenesis of AD, includ-
ing its role in facilitating the formation of tau- and SOD-1-positive
inclusions,'213 it remains unknown whether the age-dependent
elevation of UBE2N is associated with AD pathology.}”:18 Thus, first,
we compared the levels of UBE2N and K63 in hippocampal samples
from 5xXFAD-/- and 5xFAD+/- mouse littermates age 5-6 months.
We found that both UBE2N and K63 were enriched in 5xXFAD-+/- mice
with AB deposition (Figure 1A, B). Next, we examined whether the
association of UBE2N-mediated K63 is age dependent in APP/PS1+/-
mice. We observed a significant increase in the expression of UBE2N
and K63 from middle age (5- to 6-months-old) to old age (10 to
12-months-old) during AB generation (Figure 1C, D). The immunopre-
cipitation of APP verified the increased Ké3 labeling in the brains of
5xFAD+/- and APP/PS1+/- mice (Figure S1). Furthermore, we con-
firmed the upregulation of UBE2N and K63 levels in the hippocampus
of three AD patients compared to three non-AD control individuals,
with postmortem brain samples collected within 24 h (Figure 1E, F and
Table S1).

We also performed immunostaining of the mouse brains with
UBE2N antibodies. Although the commercially available antibody
to UBE2N reliably detected UBE2N on western blotting, its appli-
cation for immunofluorescent double-labeling in the brains of WT
mice did not yield robust and highly specific labeling. However, our
investigation revealed increased UBE2N labeling in neuronal cells
compared to glial cells in 5XFAD mice (Figure S2), which suggests that
the UBE2N increase occurs primarily in AD neurons. Tau pathology
is another important pathologic feature in AD. Although 5xFAD mice
did not exhibit obvious tau accumulation,?2 and we were unable to
observe the relationship between age-dependent increase UBE2N
and tau in 5xFAD mice, examination of tau transgenic mice express-
ing mutant tau (P301S) also revealed that UBE2N was increased
in the hippocampus of tau (301S) mice (Figure S3). Thus, UBE2N
is likely to be elevated during aging and under other pathological

conditions.
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FIGURE 1  Ubiquitin Conjugating Enzyme E2 N (UBE2N) expression is associated with amyloid beta (Ag) deposition in the brains of 5xFAD and
APP/PS1 mice and patients with Alzheimer's disease(AD). (A) Western blotting analysis of AB deposition, UBE2N, and Ké3 in the hippocampal
samples from three 5xFAD-/- and three 5XFAD+/- mice. The arrow indicates the aggregated or monomer AgB bands. (B) Quantitative
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3.2 | Overexpression of UBE2N promoted Ag
pathology and cognitive deficiency in 5xXFAD mice

Considering that UBE2N is an E2 conjugating enzyme that selectively
mediates the elongation of K63-linked polyubiquitin chains,23-2> and
that increased UBE2N has been implicated in various pathological
conditions, such as promoting the accumulation of misfolding mutant
HTT and TDP-43 proteins,'”1® we aimed to determine the mecha-
nism by which UBE2N affects AS pathology and clearance through
Ké63-polyubiquitin modification. We constructed AAV2 virus vectors
expressing UBE2N or GFP under the CMV promoter (Figure 2A) and
injected them into the hippocampus of 5- to 6-month-old 5xFAD
mice. After 1 month, we conducted a series of cognitive behavior
tests (Figure 2B, C, and S4A), including MWM, NOR, and T-maze. We
observed that compared to 5xFAD mice expressing AAV-GFP control,
the injection of AAV-UBE2N resulted in exacerbated spatial mem-
ory ability, as indicated by the increased latency time to platform.
Although UBE2N overexpression reduced the swimming performance
of 5xXFAD mice, track traces of mouse walking and the open field test
did not reveal any obvious motor function deficits (Figure S4B), con-
sistent with the notion that impaired recognition abilities could also
compromise the swimming abilities of the mice.2627 Western blot-
ting analysis revealed the increased accumulation of aggregated or
dimeric AB in the brains of 5xFAD mice with UBE2N overexpression
(Figure 2D, E). Immunofluorescent (Figure 3A, B) and immunohisto-
chemical (Figure 3C, D) staining confirmed the presence of more AB
aggregates, detected by 6E10 or AB 1-42 antibodies, in the hippocam-
pus of 5XFAD mice expressing AAV-UBE2N compared to AAV-GFP
control.

3.3 | Overexpressing UBE2N exacerbated AB
generation in the senescent monkey brain

The non-human primate (NHP) model of AD has been used fre-
quently to demonstrate that elderly animals develop early AD-like
pathologies, including the accumulation of AS plagues and hyper-
phosphorylated tau.2® For instance, studies have shown diminished

cognitive abilities in senescent monkeys,2?-31

along with decreased
brain volumes, increased cerebral AB burden, and cerebral glucose

hypometabolism.32-3¢ To confirm the involvement of UBE2N in Ag
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pathology in the NHP brain, we constructed the AAV-BRI-AB42 virus
vector, which expresses artificial AB42 under the (ubiquitin C) UBC
promoter (Figure 4A). We co-injected this vector with AAV-E2N into
the right-side cortex of 7- to 9-year-old WT cynomolgus monkeys,
while the opposite left-side cortex of same monkey was co-injected
with AAV-BRI-AB42 and AAV-GFP control. After 2 mo of virus expres-
sion, the overexpression of UBE2N led to a significant accumulation
of exogenous aggregated AS or BRI-AB42, but without generation
of the endogenous monomer Aj bands, compared to the GFP con-
trol (Figure 4B, C). Immunofluorescent staining of the monkey cortex
using 6E10 or AB 1-42 antibodies revealed that more AS aggregates
were generated in the hippocampus of the AAV-BRI-AB42 expressing
monkey cortex, when co-injected with AAV-E2N than with AAV-GFP
(Figure 4D, E). In addition, we injected AAV-E2N or AAV-GFP alone
into the right or left cortex of cynomolgus monkeys at different ages,
respectively, to exclude individual differences. Of interest, immuno-
histochemical staining with an antibody to A 1-42 showed that the
aggregated AB plaques were only enriched in the cortex of old-age
cynomolgus monkeys (21-23 years) injected with AAV-E2N, but not in
the middle-aged monkeys (7-9 years) or AAV-GFP controls (Figure 4F).
To confirm that overexpressing UBE2N exacerbates A accumulation
in the senescent monkey brain, we performed western blotting analy-
sis, and also found that the dimer A was increased significantly only in
the cortex of old-age monkeys with AAV-E2N, but not in middle-aged
monkeys or GFP control groups (Figure 4G, H).

Tau pathology was found in cynomolgus monkeys at the age of
36 years.3” We did not observe that AAV-E2N could increase phos-
phorylated tau in the cynomolgus monkeys at 21-23 years of age
(Figure S5). This suggests that a longer aging process may be nec-
essary for the development of tau pathology in the brains of these
monkeys.

3.4 | Deletion of UBE2N reduced AB generation
and cognitive deficiency in 5xFAD mice

Considering the current observation that overexpressing UBE2N exac-
erbates AS generation and cognitive deficiency, we hypothesized that
suppressing endogenous UBE2N levels could ameliorate AD pathology
through the UPS clearance of amyloid. Most studies have reported

the role of K48-polyubiquitin chain signaling in proteasome-mediated

representation of band intensity for the aggregated A smear bands of 6E10, A3 1-42, UBE2N, or K63. Data were obtained from three
independent western blotting analyses of 5XFAD-/- and 5xFAD+/- hippocampal tissues. Data are presented as mean + SEM and analyzed using
unpaired Student’s t-test (n = 3 mice per group, 5- to 6- months-old, ****: p < 0.0001; **: p < 0.01). (C) Western blotting analysis of A3, UBE2N, and
K63 in three APP-/- mice and three age-dependent APP+/- mice. The middle APP+/- represents 5- to 6-month-old mice, whereas old APP+/-
indicates 10- to 12-month-old mice. The arrow indicates the aggregated or monomer Aj3 bands. (D) Quantitative representation of band intensity
for the aggregated AS smear bands of 6E10, A 1-42, UBE2N, or K63. Data obtained were from three independent western blotting analyses

of APP-/-, middle APP+/-, and APP+/- mouse hippocampus tissues. Data are presented as mean + SEM and analyzed using one-way ANOVA with
Tukey'’s test. (n = 3 mice per group, ****: p < 0.0001; ***: p < 0.001; *: p < 0.05; ns: not significant) (E) Western blotting analysis of A3, UBE2N, and
K63 in three AD patients and three non-AD control individuals. The arrow indicates the aggregated or monomer AB bands. (F) Quantitative
representation of band intensity for the aggregated AB smear bands of 6E10, AB1-42, UBE2N, or K63. Data were obtained from three independent
Western blotting analyses of tissues of AD patients and non-AD control individuals. Data are presented as mean + SEM and analyzed using

unpaired Student’s t-test (n = 3 samples per group, **: p < 0.01).
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FIGURE 2 Overexpression of UBE2N promotes AS generation and cognitive deficiency in 5xFAD mice. (A) Construction of adeno-associated
virus (AAV)2 virus vectors expressing UBE2N or green fluorescnet protein (GFP) under the cytomegalovirus (CMV) promoter. (B) Morris water
maze (MWM) test results showed the latency time to reach the platform, a measure of spatial memory, in 5xFAD mice injected with AAV-E2N as
compared to mice expressing AAV-GFP (h = 8 mice per group, 5- to 6-months-old). (C) The swimming speed and the frequency to platform number
in the MWM probe test of 5xFAD mice with overexpression of AAV-E2N compared to AAV-GFP control. The preference ratio in the novel object
recognition test, and the accuracy result in T-maze as measures of memory ability between AAV-E2N- and AAV-GFP- injected 5xFAD mice. Data
are presented as mean + SEM and analyzed using unpaired Student’s t-test (n = 8 mice per group, 5- to 6-months-old, ***: p < 0.001, **: p < 0.01, *:
p < 0.05). (D) Western blotting analyses of 6E10, AB 1-42, UBE2N, and K63 in two 5xFAD mice injected with AAV-E2N or AAV-GFP control. The
arrow indicates the aggregated or monomer AB bands. (E) Quantitative representation of band intensity for 6E10, Ag 1-42, UBE2N, and K63. Data
were obtained from 5xFAD mouse hippocampus injected with AAV-E2N and AAV-GFP control. Data are presented as mean + SEM and analyzed
using unpaired Student’s t-test (n = 4 mice per group, 5-6 months old, **: p < 0.01).
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FIGURE 3 Overexpression of UBE2N exacerbates Aj pathology in 5XFAD mice. (A) Immunofluorescent staining of the hippocampus in 5xFAD
mice injected with AAV-E2N or AAV-GFP control. AB aggregates (red color) were detected using 6E10 or A 1-42 antibodies, and the nuclei were
stained with DAPI (blue color). Scale bars: 100 um. (B) Quantification of amyloid plaques stained by 6E10 or A 1-42 antibodies in the
hippocampus of 5xFAD mice expressing AAV-E2N or AAV-GFP. Data presented as mean + SEM, analyzed using unpaired Student’s t-test (h =4
mice per group, 5- to 6-months-old, ***: p < 0.001). (C) Immunohistochemical staining with the antibody to Ag 1-42 indicating Ag plaques in the
hippocampus of 5xFAD mice injected with AAV-E2N or AAV-GFP control. Scale bar: 100 pm (D) Quantitative analysis of the AB plaques (the
average optical density). Five random fields (20X) in each slice from three animals in each group were used to generate data. The data are
presented as mean + SEM and analyzed using unpaired Student’s t-test (**: p < 0.01).

protein degradation, whereas Ké3-polyubiquitin conjugates are
involved in a non-UPS pathway.?® In this study, we used guide RNA
sequences to target mouse UBE2N located in exon 2 or exon 3 sites,
while the scramble sequences without any target genes as a control.
These sequences were inserted into the AAV2-PX552-RFP vector to
express E2N gRNAs under the U6 promoter, and the RFP fluorescent

protein under the CMV promoter (Figure 5A). We then injected
the E2N gRNAs virus into the hippocampus of 5- to 6-month-old
5xFAD/Cas9 mice, which express Cas9 by crossing 5xFAD mice
with the transgenic Cas? mice. Immunofluorescent double staining
verified the efficient infection of neuronal and glial cells in the viral

injected mouse brains (Figure 5B). Through TA cloning and sequencing,
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we verified the mouse UBE2N genome editing, evidenced by the
truncations of UBE2N DNA mediated by CRISPR/Cas9 targeting
(Figure S6). After 1 month, we conducted cognitive behavior tests,
including MWM (Figure 5C, D). We confirmed that the injection of
AAV-E2N gRNA partially alleviated the latency time to platform,
which attenuated the loss of spatial memory ability, compared to the
5xFAD/Cas9 mice expressing the non-target control. Western blotting
analysis also indicated a decrease in the aggregates or dimer A upon
knocking down UBE2N. Furthermore, the K48 ubiquitination level
was increased, while the K63 polyubiquitin was significantly inhibited,
without any alteration in the autophagy marker LC3 (Figure 6A, B).
The proteasome is a large multi-catalytic protease complex involved
in many highly regulated processes. It has three major catalytic
activities: a chymotrypsin-like activity, a trypsin-like activity, and a
post-glutamyl peptide hydrolyzing activity.2? Consequently, we found
that the chymotrypsin-like and post-glutamyl activities of UPS were
statistically increased by the injection of AAV-E2N gRNA compared
to AAV-control gRNA (Figure 6C). In addition, immunofluorescent
staining confirmed the clearance of AS aggregates in the hippocampus
of 5XFAD/Cas9 mice when expressing AAV-E2N gRNA (Figure 6D, E).

3.5 | Pharmacological inhibition of UBE2N
ameliorated Ag pathology in 5xFAD mouse

Given that the deletion of UBE2N can reduce Aj generation and cogni-
tive deficiency in the 5xXFAD mouse, finding a suitable small molecule,
pharmacological drug targeting UBE2N may provide a potential
strategy for AD therapeutic agents. NSC697923 is a potent UBE2N
inhibitor with limited application in human diseases, including its anti-
tumor activity.*0-*2 To explore the potential pharmacological influence
of this UBE2N inhibitor, NSC697923, on misfolded Aj plaque, we deliv-
ered it into the hippocampus of 5xXFAD mice using Alzet Pump infusion
for 4 weeks (Figure 7A). The matched 5xFAD littermates were strictly
treated with a vehicle solution containing DMSO for the same dura-
tion. After 4 weeks, western blotting analysis of three independent
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groups of 5xFAD littermates revealed that the administration of
NSC697923 effectively decreased AS dimers levels and suppressed
K63 ubiquitination, when compared to the vehicle control (Figure 7B,
C). Increased UPS clearance ability, represented by chymotrypsin-like
and post-glutamyl activities, was observed following the delivery of
NSC697923 into the hippocampus (Figure 7D). Immunohistochem-
ical staining with the AB 1-42 antibody also indicated a reduced
AB plaque area in the 5xFAD mouse treated with NSC697923
(Figure 7E, F).

To better illustrate the potential influence of UBE2N inhibitor on
AD pathology caused by AB, the transcript sequencing and clustering
of bulk RNA-seq was conducted to identify the DEGs in three age-
matched littermates: 5xFAD-/-, 5XFAD+/-, and NSC697923-treated
5xFAD+/- mice (Figure S7A, B). Individual transcript analysis of
subcluster 4 (green types and brackets) and subcluster 5 (blue types
and brackets), extracted from the heatmaps of DEGs, revealed that
the up- or down-regulated DEGs in 5xFAD+/- mice were reversed by
NSC697923 compared to 5xFAD-/- (Figure S7C). Because 5xFAD+/-
mice have been documented to exhibit decreased expression of
synaptic proteins,*3~4> we focused on whether NSC697923 could
reverse this defect. Indeed, RNAseq analysis revealed a decrease in
the expression of certain genes related to synaptic proteins, which
could be partially rescued by knocking down UBE2N (Figure S7D,
E). To support this finding, we performed western blotting analy-
sis of synaptic proteins PSD95 and SNAP25 and found that their
decrease in 5xFAD+/- mice could be reversed by NSC697923
(Figure 7G, H).

In summary, elevated UBE2N levels during age-dependent AS gen-
eration contribute to AD pathology. UBE2N overexpression exacer-
bates AB deposition in the 5XFAD mouse brain and the senescent
monkey brain, whereas deletion of UBE2N reduces Ag generation and
cognitive deficiency. Moreover, pharmacological inhibition of UBE2N
by NSC697923 ameliorates AS pathology in the 5XFAD mouse. There-
fore, age-dependent UBE2N appears to be a critical regulator of AD
pathology and a potential target for pharmacological interventions in
AD drug development (Figure 8).

FIGURE 4 Overexpression of UBE2N promotes AB generation in the senescent wild-type (WT) monkey brain. (A) Construction of
AAV-BRI-AB42 virus vector expressing AB42 under the ubiquitin C (UBC) promoter. (B) Western blotting analysis of A3, UBE2N, and K63 in the
cortex region of four WT cynomolgus monkeys after co-injection of AAV-E2N and AAV-AB42 into the right-side cortex, or co-injection of AAV-GFP
and AAV-AB42 into the opposite left-side cortex of the same monkey. The arrow indicates the aggregated or the exogenous BRI-AB-42 bands. (C)
Quantitative representation of band intensity for 6E10, A 1-42, UBE2N, and K63. Data were obtained from four independent western blotting
analyses of cortex tissues of WT monkeys injected with AAV-E2N or AAV-GFP. Data are presented as mean + SEM and analyzed using unpaired
Student’s t-test (n =4 WT monkeys per group, 7- to 9-years-old, **: p < 0.01; *: p < 0.05). (D) Immunofluorescent staining of WT cynomolgus
monkey cortex injected with AAV-E2N and -AB42, or AAV-GFP and -AB42 control. AB aggregates (red) were detected using 6E10 and A 1-42
antibodies, and the nuclei were stained with DAPI (blue). Scale bars: 100 pm. (E) Quantification of amyloid plaque load area with 6E10 and A 1-42
in the WT monkey cortex expressing AAV-E2N or AAV-GFP, in the right or left cortex respectively. Data are presented as mean + SEM and
analyzed using unpaired Student’s t-test (n = 4 WT monkeys per group, 7- to 9-years-old, **: p < 0.01). (F) Immunohistochemical staining with the
antibody to A3 1-42 revealing AB plaques in the hippocampus of old (21-23 years) cynomolgus monkeys after AAV-E2N injection into the right
cortex region, but not in the AAV-GFP control (left cortex) or in the AAV-E2N-injected middle-aged (7-9 years) cortex. The dotted line indicates
the injecting needle pathway. Scale bar: 500 pm. (G) Western blotting analysis of A3, UBE2N, and K63 in the middle (7-9 years) and old (21-23
years) age cortex region of 4 WT cynomolgus monkeys after overexpression of UBE2N or GFP control. The arrow indicates the endogenous AB-42
or monomer AB bands. (H) Quantitative representation of band intensity for A 1-42, UBE2N, and K63. Data were obtained from the cortex
tissues of four WT monkeys injected with AAV-UBE2N and AAV-GFP. Data are presented as mean + SEM and analyzed using one-way ANOVA
with Tukey'’s test (n = 4 monkeys per group, ***: p < 0.001; **: p < 0.01; *: p < 0.05; ns: not significant).
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FIGURE 5 Suppression of UBE2N reduces cognitive deficiency in the 5XFAD mouse. (A) The guide-RNA targets of the mouse UBE2N, which
are located in exon 2 or exon 3 sites and are constructed in the AAV2-PX552-red fluorescnet protein (RFP) vector to express E2N gRNA
(AAV-gE2N) under the U6 promoter. The RFP fluorescent protein is expressed under the CMV promoter. The scramble sequence of E2N serves as
the control (AAV-gCtrl). (B) Identification of different cell types infected by AAV-gE2N-RFP in FAD;Cas9 mice. Immunofluorescent staining of the
mouse hippocampus region injected with AAV-gCtrl or AAV-gE2N by antibodies to NeuN (green), GFAP (green), Ibal (green), and RFP (red). The
nuclei were stained with DAPI (blue). The results show the co-expression of NeuN, GFAP, and Iba1 with the guide-RNA in the neuronal and glial
cells. Scale bar: 20 um. (C) Morris water maze test results show the latency time to reach the platform as a readout of spatial memory in
5xFAD;Cas9 mice injected with AAV-gE2N compared to those expressing AAV-gCtrl (n = 8 mice per group, 5- to 6-months-old). (D) The swimming
speed and the frequency of platform number in the MWM probe test of 5xFAD;Cas9 mice following the injection of AAV-gE2N or AAV-gCtrl. The
preference ratio in the novel object recognition test, and the accuracy result in the T-maze test, which reflect memory ability, between AAV-gE2N-
and AAV-gCtrl- injected 5xFAD;Cas9 mice. The data are mean + SEM and were analyzed using an unpaired Student’s t-test (n = 8 mice per group,
5-to 6-months-old, ***: p < 0.001, **: p < 0.01, *: p < 0.05).

4 | DISCUSSION accumulation of misfolded proteins, leading to the formation of inclu-

sions in the brain of affected individuals.1#4¢-48 The dysfunction of the
Age-dependent neurodegenerative diseases, such as AD, Parkinson’s ubiquitin proteasome system (UPS) is implicated in various neurode-
disease (PD), and Huntington’s disease (HD), are characterized by the generative diseases, including AD, PD, and HD.*?°0 There is the closer

relationship between AB accumulation and impairment of the UPS



ZHANGET AL.

Alzheimer’s &Dementia® | sz

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

(A) FAD;Cas9 FAD;Cas9 (B) 5157 —= T T 10 *
o
Control E2N KD Control E2N KD (<D 1.0 1 % % 82
1 2 31 2 3 1 2 31 2 3 = el © © 04
- © 0.5 I 0 ®© oo
W, 4 N
_’
-180
Tk ns
-75 o i &3 0.84
-65 100 & 107 2 gpd e [[] Control
6E10 -45 75 = 054 < 0.4- [ E2N KD
& 9 0.2
o .
Ll 04 | 0-
- - 20s-beta-5 20s-beta-1
s 2z
3 s
iz
N 2E s < 800 [[] Control
s E EE 00 ] E2N KD
23 535 400
£E SE 200
GAPDH g = A
= o
O
FAD;Cas9/control gRNA ( E )
6E10 DAPI
: ’(-“\ *k
2 2 10
i ©
e N B
he]
: 3 6
%} 4 |
FAD;Cas9/E2N gRNA 3
o
2
6E10 2
2 0
A\
&L Q
o°°\ $~l~
Q/'l/

5 -

FIGURE 6 Suppression of UBE2N alleviates the AB pathology in 5XFAD mice. (A) Western blotting analysis of 6E10, UBE2N, K63, K48, and
LC3in two 5xFAD;Cas9 mice injected with AAV-gE2N or AAV-gCtrl. The arrow indicates the aggregated or monomer Aj bands. (B) Quantitative
representation of the band intensity of 6E10, UBE2N, K63, K48, and LC3. The data were obtained from the hippocampus of 5xFAD;Cas9 mice
injected with AAV-gE2N and AAV-gCtrl. The data are mean + SEM and were analyzed using an unpaired Student’s t-test (n = 4 mice per group, 5-
to 6-months-old, ***: p < 0.001; **: p < 0.01; *: p < 0.05; ns: not significant). (C) The chymotrypsin-like and post-glutamyl activities (hmol/min/mg
protein) in the hippocampus of 5xFAD;Cas9 mice injected with AAV-gE2N or AAV-gCtrl were determined for the 20s-beta-5 and 20s-beta-1 of
ubiquitin-proteasome system (UPS). The data are mean + SEM and were analyzed using an unpaired Student’s t-test (n = 4 mice per group, 5- to
6-months-old, *: p < 0.05; ns: not significant). (D) Immunofluorescent staining of the hippocampus region in 5xFAD;Cas9 mice by the injection of
AAV-gE2N or AAV-gCtrl. AB aggregates (green color) were detected by 6E10 or A 1-42 antibodies, whereas viral infection is indicated by RFP
expression (red color). The nuclei were stained with DAPI (blue color). Scale bars: 100 um. (E) The quantification of the amyloid plaque load area
stained by 6E10 antibody, in the hippocampus region of 5XFAD;Cas? mice expressing AAV-gE2N or AAV-gCtrl. The data are mean + SEM and
were analyzed using an unpaired Student’s t-test (n = 4 mice per group, 5- to 6-months-old, **: p < 0.01).

as an E2 conjugating enzyme, selectively mediates the elongation of
23-25

function in AD.2%>1 Numerous studies have highlighted the role of the
UPS in clearing intracellular AB.>%1951 During the process of clearance K63-linked polyubiquitin chains.

of misfolded proteins by the UPS, ubiquitin is covalently attached to The increased expression of UBE2N has been implicated in various

substrate lysine residues through a three-enzyme cascade involving E1 pathological conditions. To date, UBE2N has been mostly character-

activating enzymes, E2 conjugating enzymes, and E3 ligases.”2 UBE2N, ized as a potential contributor in breast cancer, neuroblastoma, or
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FIGURE 7 Pharmacological inhibition of UBE2N by NSC697923 ameliorates Ag pathology in 5xFAD mice. (A) The chemical structure of
UBE2N inhibitor NSC697923 and the schematic diagram for its delivery into the hippocampus of 5xFAD mice through Alzet Pump infusion of
535 ng/100 pL UBE2N inhibitor (NSC, NSC697923+40% PEG300+0.9% NaCl) or the matched vehicle control (Veh, 2% DMSO+40%
PEG300+0.9% NaCl), at 0.11 uL/h for 4 weeks. (B) Western blotting analysis of A, UBE2N, and Ké3 in three independent experiments of 5xFAD
mice, administered with the UBE2N inhibitor NSC697923 (NSC) or vehicle control (DMSO). The arrow indicates the aggregated or monomer AB
bands. (C) Quantitative representation of the band intensity of the aggregated AB bands for 6E10, AB 1-42 or K63. The data were obtained from
the hippocampus of 5xFAD mice, administered with NSC697923 (NSC) or vehicle control (Veh). The data are mean + SEM and were analyzed
using unpaired Student’s t-test (n = 6 mice per group, 5 to 6-months-old, **: p < 0.01; ***p < 0.001). (D) The chymotrypsin-like and post-glutamy!
activities (nmol/min/mg protein) in the hippocampus of 5xFAD mice after delivering the UBE2N inhibitor NSC697923 (NSC) or vehicle control
(DMSO) for UPS activity. The data are mean + SEM and were obtained from three independent experiments, analyzed using an unpaired Student’s
t-test (n = 6 mice per group, 5- to 6-months-old, *: p < 0.05). (E) Immunohistochemical staining with the antibody to A 1-42 indicates the changed
AB plaques in the hippocampus of 5xFAD mice after delivering the UBE2N inhibitor NSC697923 (NSC), when compared to the vehicle control
(DMSO). The dotted line indicates the needle pathway of the pump administration. Scale bar: 200 pm. (F) Quantitative analysis of the Ag plaques
(the average optical density) of Panel E. Five random fields (20X) in each slice from three animals in each group were used to generate data. The
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B-cell lymphoma.#2>354 However, in the nervous system, UBE2N has striatum and hippocampus in methamphetamine-induced neurotoxi-
a closer relationship between the UPS and accumulated protein gener- city in rats.>®> Knockdown of a-synuclein exacerbates the glutamate
ation, and particularly interferes with the abnormal binding of ubiquitin neurotoxicity and stimulates UBE2N expression.”® Because UPS activ-
or its clearance pathway. For examples, UBE2N is upregulated in the ity declines with aging in various tissues,>” -0 we previously identified

data are presented as mean + SEM, analyzed using unpaired Student’s t-test (***: p < 0.001). (G) Western blotting analysis of PSD95 and SNAP25
in WT, vehicle- 5xFAD+/- (FAD+/-;Veh), and NSC697923- administered 5xFAD+/- (FAD+/-;NSC) mice, showing that the decreased expression of
PSD95 and SNAP25 in 5xFAD+/- mice was reversed by the UBE2N inhibitor NSC697923. (H) Quantitative analysis of the intensity of PSD95 and
SNAP25 bands. The data were obtained from the mouse hippocampus. The data are mean + SEM and were analyzed using unpaired Student’s
t-test (n = 4 mice per group, 5- to 6-months-old, *: p < 0.05; **: p < 0.01; ***: p < 0.001).
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FIGURE 8 A proposed model of the role of aging-related UBE2N as a regulator in AD pathology. UBE2N levels increase during age-dependent
AB generation in AD pathology. UBE2N overexpression exacerbates A deposition in the 5XFAD mouse and senescent monkey brains, whereas
UBE2N knockdown reduces AS generation and cognitive deficiency. Pharmacological inhibition of UBE2N using NSC697923 ameliorates AS
pathology in 5XFAD mouse. The age-dependent increase in UBE2N may worsen AD pathology and could potentially serve as a pharmacological
target for AD therapy.
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the age-dependent elevated UBE2N and impaired proteasome activity
in senescent monkey synaptosomes, which promote the accumulation
of misfolded mutant HTT through preferential K63 ubiquitination.”
In mouse brains, age-dependent increase in UBE2N is also associated
with impaired UPS activity and cytoplasmic accumulation of mutant
TDP-43.18

In the current study, we observed the increased UBE2N expression
during AB generation in the brains of 5XFAD mice, APP/PS1 mice, and
patients with AD. This finding supports the notion that age-dependent
accumulation of pathological proteins results from impaired cellu-
lar capacity to clear misfolded proteins.14-1¢ Consistently, we found
that UBE2N overexpression exacerbates AS deposition and cognitive
deficits in 5XFAD mouse brain, mediated by the Ké3-linked polyu-
biquitination. Conversely, suppressing UBE2N reduces AS generation
and improves cognitive behavior, through promoting UPS degrada-
tion in mouse brains. Of interest, we found that the elevated UBE2N
levels promote the generation of smaller A3 dimers in the senescent
monkey brain through K63 ubiquitin modification. This observation is
supported by accumulating data supporting the role of UBE2N in the
accumulation of misfolded proteins.323361-63

Despite the lack of obvious tauopathy in the AD mice (5xFAD and
APP) utilized in our study,22%* our investigation of TauP301S mice
revealed elevated levels of UBE2N in their brains. This finding aligns
with prior research indicating that Ké63-linked ubiquitination of tau
oligomers contributes to AD pathogenesis.1212 Old NHPs also exhibit
early AD-like pathologies, including AS plaque accumulation and cogni-
tive impairment.28 Diminished cognitive abilities with aging have been
demonstrated in several NHP species, including marmosets,®>¢¢ rhe-
sus macaques,??~31 and chimpanzees.®”¢¢ Although tauopathy was

37 we observed

found in very old cynomolgus monkeys (>30 years),
that overexpression of UBE2N selectively increased AB rather than
phosphorylated tau, suggesting that a longer aging process may be nec-
essary for the development of tau pathology in the primate brains.
In addition, given the roles of aging and neuroinflammation in the
development of neurodegenerative diseases, further investigations are
warranted to explore the potential association of UBE2N with the
neuroinflammation in the aged brain.

In our cynomolgus monkey, during the natural aging process, the
smaller generated AB dimer may have a potential conformation that
can be readily ubiquitinated at K63. UBE2N is expressed intracellularly,
so that it is plausible that increased levels of UBE2N may impede the
intracellular clearance of oligomerized AgB, potentially augmenting the
formation of extracellular amyloid plaques. However, further research
is necessary to explore whether soluble or oligomerized Ag is more
susceptible to elevation by an increase in UBE2N.

One of the interesting findings in our study is that the UBE2N
inhibitor NSC697923 can slow the development of pathology in AD
mice, which is also supported by gene-expression profiling analysis. In
5xFAD mice, which overexpress mutant forms of amyloid precursor
protein (or APP) and presenilin-1 (or PS1), changes in synaptic pro-
teins have been observed.*3-#> As for pharmacological inhibitors, the
E2N inhibitor NSC697923, delivered into the 5XFAD mice, showed

the reversal effects, supporting the involvement of synaptic proteins in

AD pathology. Our findings suggest that UBE2N inhibition could be an
effective drug for alleviating amyloid deposition in AD brain. However,
given its multifunctional roles and potential implications in tumors,*2>3
further characterization of the long-term effects and appropriate
dosage of UBE2N inhibitors in AD animal models is necessary for
validation as an effective anti-AD drug. Taken together, our studies
offer additional clues about UBE2N-mediated K63 ubiquitination in
the pathological role of AS deposition and generation, suggesting a
small molecule pharmacological strategy for AD development.
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