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The REGyY-20S proteasome is an ubiquitin- and ATP-
independent degradation system, targeting selective sub-
strates, possibly helping to regulate aging. The studies we
report here demonstrate that aging-associated REGy decline
predisposes to decreasing tau turnover, as in a tauopathy. The
REGY proteasome promotes degradation of human and mouse
tau, notably phosphorylated tau and toxic tau oligomers that
shuttle between the cytoplasm and nuclei. REGy-mediated
proteasomal degradation of tau was validated in 3- to
12-month-old REGy KO mice, REGy KO;PS19 mice, and PS19
mice with forebrain conditional neuron-specific overexpression
of REGy (REGy OE) and behavioral abnormalities. Coupled
with tau accumulation, we found with REGy-deficiency, neuron
loss, dendrite reduction, tau filament accumulation, and
microglial activation are much more prominent in the REGy
KO;PS19 than the PS19 model. Moreover, we observed that the
degenerative neuronal lesions and aberrant behaviors were
alleviated in REGy OE;PS19 mice. Memory and other behavior
analysis substantiate the role of REGy in prevention of
tauopathy-like symptoms. In addition, we investigated the
potential mechanism underlying aging-related REGy decline.
This study provides valuable insights into the novel regulatory
mechanisms and potential therapeutic targets for tau-related
neurodegenerative diseases.

Aberrant accumulation of filamentous tau lesions, which are
a characteristic feature of Alzheimer’s disease (AD) and
tauopathies, is the most common neuropathological manifes-
tation in several neurodegenerative diseases, such as progres-
sive supranuclear palsy, Pick’s disease, frontotemporal
dementia with parkinsonism linked to chromosome 17, and
corticobasal degeneration (1). The etiological factors associ-
ated with neurodegenerative dementia include vascular, in-
flammatory, and metabolic factors. The most substantial
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overall risk factor for neurodegenerative dementia is aging.
Aging of a population is associated with an increased incidence
of AD, which affects more than 35 million individuals world-
wide (2). The pathological features of AD are hyper-
phosphorylation of tau proteins in neuronal cells (leading to
the formation of neuron fibrillary tangles (NFTs) (3)) and
amyloid plaques (resulting from extracellular amyloid-beta
[AB] deposition (4)). NFTs are associated with neuronal
death and cognitive impairment (5).

Although tau is mainly an intraneuronal protein, autopsy
analysis of the brain of patients with AD has revealed that the
pathological impact of NFTs is stratified (6). The formation of
NFTs is initiated at the transentorhinal cortex and subse-
quently develops in the synaptic areas of the brain, such as the
hippocampus, or the new cortex (7). Previous studies have
reported the aging-dependent roles of nuclear tau in neuro-
degeneration (8, 9). Recent studies indicated that tau, not A,
may be the key etiological factor for the symptoms of AD (10)
and that tau deposits are a biomarker for monitoring AD (11),
as well as tauopathies. Although many Ap-targeted drugs in
AD treatment have failed to show efficacy, the FDA recently
approved one of the anti-Af antibodies to remove amyloid
plaque from AD brains (12). For the other major AD patho-
logical lesion, NFTs consisting of phosphorylated tau (p-tau)
(13), and related research of tau-targeted treatment aiming to
clear NFTs in AD brains also has appeared to be promising. It
remains a formidable task to ensure that these targeted ther-
apies have a demonstrated clinical efficacy.

The proteasome is reported to play an indispensable role in
maintaining protein homeostasis and mediating neuronal
apoptosis and synaptic plasticity (14—16). The accumulation of
misfolded tau proteins, such as phosphorylated tau and NFTs,
can impair the function of the 26S proteasome complex (3, 17),
which increases the susceptibility of neurons to degeneration
(18). REGy codes for REGy (also known as PA28y, PSME3, Ki
antigen, and the 11S family proteasome activator) (19), a
noncanonical proteasome activator mediating ubiquitin-
independent and ATP-independent protein degradation (20);
it has been reported to decrease polyglutamine-expanded
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REGy decline predisposes to tauopathy

androgen receptor aggregation and consequently alleviate
motor muscle atrophy and spinal and bulbar muscular atrophy
(21). The expression of REGy is upregulated in the neurons of
human and mouse brains (22). Recent single cell RNA-seq and
proteomic analyses have indicated that the expression of REGy
is markedly downregulated in aged individuals and patients
with AD (23, 24). Consistent with these reports, bioinformatics
analysis revealed that the expression of REGy is downregulated
in multiple tissues of patients with AD (25-27). The levels of
REGy were inversely correlated with those of tau. Thus, a
panel of mutant REGy derivative mice combined with the
P301S Tg tau (PS19) model (3) was generated to elucidate the
role of REGy in AD. The PS19 model mouse has a transgenic
human tau gene with a P to S change at position 301, a mu-
tation found in human tauopathy. The findings of this study
demonstrate that REGy downregulation accelerates tau
deposition and its effects, whereas the overexpression of REGy
ameliorates tau lesions in PS19 mice.

Results

Aging and age-related neurodegeneration conditions are
associated with REGy decline

Previously, we had reported that the depletion of REGy in
mice results in premature aging (28). Thus, in the present
study, we aimed to evaluate REGy expression patterns during
aging and in age-related disorders. To determine REGY pro-
files during physiological aging in mice, the REGy expression
levels were determined in mice aged 2 to 24 months (Figs. 14
and S1A). The levels of REGY progressively decreased starting

at the age of 5 months. Similar age-dependent reduction of
REGy was observed in the tauopathy model PS19. At 2 months
of age, the expression of REGy in PS19 mice was down-
regulated compared with that in the WT control (Figs. 14 and
S1A). Next, bioinformatics analysis was performed to deter-
mine REGYy expression in the publicly available Gene Expres-
sion Omnibus (GEO) datasets of the National Center for
Biotechnology Information database. The dataset comprised
the gene expression profiles of postmortem AD brains. In
particular, GSE1297 (26) (dataset 1) comprised 31 independent
microarray data of nine healthy controls and 22 patients with
AD, in which seven were severe cases. GSE159699 (27)
(dataset 2) comprised the lateral temporal lobe RNA-seq
analysis results of 12 patients with AD and 10 aged controls.
Compared with those in the healthy controls, the REGy mRNA
levels were significantly downregulated in patients with AD. In
particular, the REGy mRNA levels were markedly down-
regulated in the hippocampal interneurons of patients with AD
(Fig. 1B), with similar trends of REGy decline in brain cortex
and hippocampus in AD patients (Fig. S1B). To validate these
findings, postmortem AD samples obtained from the Associ-
ation of Human Brain Bank of China were subjected to
immunohistochemical (IHC) analysis (29, 30). The expression
of REGy in the hippocampus of all five AD cases was markedly
lower than that in the hippocampus of age-matched healthy
controls (Fig. 1C). The staining of the same regions with anti-
p-tau (AT8) antibodies revealed that the tau levels in AD
specimens were significantly higher than those in healthy
control specimens (Fig. 1D). This indicated that the levels of
REGY were inversely correlated with those of tau in the AD
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Figure 1. Aging and age-related neural degeneration are associated with REGy decline. A, hippocampal tissues of WT and PS19 mice aged 2, 5,7, 9, or
12 months were subjected to Western blotting. Quantitative analysis of REGy expression in the hippocampus of young and aged WT and PS19 mice by one-
way ANOVA. Data are represented as mean + SD, *p = 0.0232, *p = 0.0122, **p = 0.0086, ***p < 0.001. B, Gene Expression Omnibus dataset analysis revealed
that the REGy mRNA levels in Alzheimer’s disease (AD) tissues were downregulated compared with those in the healthy control tissues. Scatter plot of REGy
expression in healthy and AD samples in the GSE159699 (left) and GSE1297 (right) datasets. Gene expression is represented as log, (FPKM+1). C and
D, immunohistochemical staining of phospho-tau and REGy in the hippocampal CA1 tissues of patients with AD and healthy controls. The scale bar
represents 500 um. The scale bar represents 50 um in magnified images. Quantification of REGy and phospho-tau immunostaining is shown on the right
side of each panel. Data are represented as mean + SEM (n = 5, two-tailed t test, ***p < 0.001).
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brain lesions. These results suggest a potential role for REGy
in age-related dementia.

REGy mediates ubiquitin-independent degradation of tau

To determine if REGy regulates the levels of tau and p-tau,
REGy knockdown SH-SY5Y cell lines were established by
transfecting cells with shRNA against REGy (sh-REGy or shR).
Control shRNA (shN)-transfected cells were used as controls
(31). The levels of tau (total tau/p-tau levels) were markedly
higher in shR-transfected SH-SY5Y cells (Figs. 24, left panel,
Fig. S1D) and si-REGy-transfected HT22 cells (Fig. 24, right
panel and Fig. S1D). However, transfection with shR and

REGy decline predisposes to tauopathy

si-REGy did not markedly affect the total MAPT or mapt
mRNA levels, respectively (Fig. S1, F and G). Next, embryonic
primary neuronal cells were isolated from the hippocampus of
four different genotypes of mice for in vitro studies. The
expression levels of human MAPT (in PS19 or P301S Tg, a
mutant human Tau-overproducing mouse line) and mouse
mapt (total tau/p-tau) were higher in the REGy knockdown
and REGy KO;PS19 neurons (Figs. 2B and S1E), and a similar
tendency displayed in mice brain hippocampus tissues
(Fig. S2A). The degradation dynamics of tau and p-tau in shR-
transfected and shN-transfected SH-SY5Y cells were analyzed
in the presence of cycloheximide, a protein synthesis inhibitor.
The decay of total tau (HT7) and p-tau (p-tau T231 and p-tau
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Figure 2. REGy mediates ubiquitin-independent degradation of tau. A, REGy was stably (using sh-REGy) knocked down in human neuroblastoma cells
(SH-SY5Y) or transiently (using si-REGy) knocked down in mouse hippocampal neuron cells (HT22), which resulted in tau upregulation. The transfected cells
were subjected to Western blotting. shN and NC indicate shRNA and siRNA controls, respectively. Quantitative analysis of relative protein expression
normalized to actin control by two-tailed t test from (A) were shown in (Fig. S1D). B, Western blotting analysis of tau and p-tau levels in embryonic primary
neuronal cells derived from the forebrain of REGy WT, REGy KO, REGy WT;PS19, and REGy KO;PS19 mice. Quantitative analyses of (A and B) were shown in
Fig. S1, D and E. G, time course assay of cycloheximide (Chx) (100 pg/ml)-treated shN-transfected or shR-transfected SH-SY5Y cells. The expression levels
were quantified using ImageJ) and plotted to indicate dynamic changes, two-way ANOVA of total tau levels with shN/shR (n = 4, F = 23.57325, **p =
0.004653) and Chx treatment time (n = 4, F = 12.64963, **p = 0.007282) as the principal factors and the p-T231 levels with shN/shR (n = 4, F = 22.95905,
**p = 0.00492) and Chx treatment time (n = 4, F = 8.226565, *p = 0.018621) as the principal factors. Data are represented as mean + SEM. D, coimmu-
noprecipitation and Western blotting analyses revealed that exogenously expressed tau interacted with REGy. Cotransfection of tau and REGy containing
Flag and GFP tags into the 293T cell line. E, in vitro proteolytic analyses were performed with purified REGy, 20S proteasome, and in vitro translated tau for
3 h. F, REGy-20S system degrades tau oligomers. Immunofluorescent staining of tau oligomers was performed in shN-transfected and shR-transfected
SH-SY5Y cells before (serum starved for 12 h) and after okadaic acid (OA) (40 nM for 24 h) induction. Nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI; blue). The scale bar represents 20 pm. Quantitative results were analyzed by Wilcoxon test, n = 164, *p = 0.0485, ***p < 0.001.
Data are represented as mean + SEM. DAPI, 4 ,6-diamidino-2-phenylindole.
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S396) proteins in shR-transfected cells was markedly slower
than that in the shN-transfected cells (Figs. 2C and S2F). This
suggested that REGy regulates the stability of tau and p-tau in
these cells. Since identified REGy substrate proteins must
interact with the REGy activator, the physical interaction be-
tween REGy and tau proteins was examined using reciprocal
coimmunoprecipitation assays with anti-REGy, anti-total tau,
or antihemagglutinin (HA)/GFP antibodies. Endogenous and
exogenously expressed REGy interacted with tau in cultured
cells or hippocampus tissues of PS19 mice (Figs. 2D and S2, B
and C). To determine the direct role of the REGy-20S system
in the degradation of tau and a mimic-phosphorylated tau,
cell-free proteolysis was performed with purified proteins
in vitro. Translated tau and tauS396E (a phosphorylation-
mimetic mutant) were not significantly degraded upon incu-
bation with 20S proteasome or REGy (Fig. 2E; lanes 2 and 3).
However, the combination of REGy and 20S proteasome
effectively degraded tau and tauS396E (Fig. 2E; lane 4). Soluble
oligomers of tau protein are reportedly more toxic than the
p-tau aggregates (32). We wondered if REGy may also regulate
the levels of soluble tau oligomers. Okadaic acid (OA), an
efficient selective inhibitor of protein phosphatase 2A (PP2A)
and protein phosphatase type 1 (PP1), was used to allow the
accumulation of tau oligomers that can be recognized by a
specific antibody (anti-Tau, T22) (33). The levels of soluble tau
oligomers in OA-treated shR-transfected SH-SY5Y cells were
10% higher than those in OA-treated shN-transfected
SH-SY5Y cells. This indicated that REGy degrades soluble tau
oligomers (Fig. 2F). These findings indicate that REGy is
directly involved in the degradation of multiple tau species in
cells, as well as in a cell-free system.

The REGy proteasome primarily targets phosphorylated
nuclear tau for degradation

To elucidate the mechanism underlying REGy proteasome-
mediated turnover of phosphorylated tau, phosphorylation-
mimetic (S396E and T231E) and phosphorylation-defective
(S396A and T231A) mutant tau constructs were generated.
Kinetic studies performed in the presence of cycloheximide
revealed that the degradation of phosphorylation-mimetic tau
mutants (S396E and T231E) in WT 293T cells was markedly
faster than that in REGy KO cells (34) (Figs. 34 and S2G). In
contrast, the decay rates of phosphorylation-defective tau
mutants (S396A and T231A) were similar in WT and REGy
KO 293T cells (Figs. 3B and S2H). This suggested that the
REGy proteasome primarily targets phosphorylated tau for
degradation. REGy, a nuclear protein, is thought to mediate
the degradation of nuclear proteins, as well as the degradation
of cytoplasmic proteins that shuttle between cytosol and nuclei
(35). Next, we investigated the effect of phosphorylation on the
cellular distribution of tau in SH-SY5Y cells. OA treatment
promoted the nuclear localization of tau in more than 90% of
the cells (Fig. 3C), suggesting a role of phosphorylation in the
nuclear translocation of tau. To test this, WT tau or
phosphorylation-mimetic/defective tau (with a single muta-
tion) constructs were generated and exogenously expressed in

4 Biol. Chem. (2022) 298(11) 102571

WT or REGy-deficient cells. The nuclear translocation of WT
human tau in REGy-deficient cells was approximately 50%
more than that in WT controls (Fig. 3D). The expression of
phosphorylation-mimetic tau enhanced the nuclear trans-
location of tau by approximately 90%. In contrast, transfection
with phosphorylation-defective tau did not affect its nuclear
translocation (Figs. 3, E and F and S2E). Consistent with the
immunostaining results, the expression of WT tau or
phosphorylation-mimetic ~ tau  (but not that of
phosphorylation-defective tau) in REGy-deficient cells was
upregulated compared with that in control cells (Fig. S2D).
These findings suggest the nuclear translocation of phos-
phorylated tau may explain the reason for REGy primarily
mediating the degradation of nuclear tau.

Gain or loss of REGy function differentially regulates tau
accumulation in vivo

To investigate REGy-mediated regulation of tau in vivo,
transgenic mice with forebrain neuron-specific overexpression
of REGy were generated after crossing REGy knock-in allele
(KI) mice with Camk2a-cre mice (Fig. S3A). REGy KI mice
were obtained without any changes in the brain REGy level
compared to the REGy WT; thus, either mouse group could be
used as REGy normal controls. Thus REGy KI and REGy WT
mice were used as control mice for REGy KO and REGy OE
mice. Similarly, the mice in the PS19 group, REGy KLPS19,
and REGy WT;PS19 were used as the control group against
REGy KO;PS19 and REGy OE;PS19 mice. REGy KI and REGy
WT mice were crossed with PS19 mice to generate Con-
tro;PS19 mice with the same REGy levels. Quantitative real-
time PCR (qRT-PCR) analysis revealed that the REGy levels
were highest in the hippocampus and cortex of Camk2a-cre
mice with homozygous REGy KI (Homo-REGy OE). However,
the REGy level in the cerebellum of Camk2a-cre mice with
heterozygous REGy KI (Hetero-REGy OE) or Homo-REGy OE
mice were not upregulated compared with that in the cere-
bellum of the controls (Fig. S3, B—D). This was consistent with
the expectation that Camk2a-cre drives REGy expression in
forebrain neurons. To validate the conditional expression of
the Flag-REGy KI allele, homogenized forebrain tissues (REGy
OE mice forebrain tissues) were immunoprecipitated with
anti-Flag antibodies. Mass spectrum analysis revealed the
expression of exogenous REGYy alleles in the mouse brain
(Fig. S3E). IHC analysis with anti-Flag (left and middle panels)
or anti-REGy (right panel) antibodies revealed the differential
expression of REGy in the hippocampus of REGy-over-
expressing and normal control mice (Fig. S3F). Next, the REGy
KO or REGy OE mice were crossed with PS19 mice to
generate REGy KO;PS19 or REGy OE;PS19 mice, respectively.
To examine the effects of REGy levels on various tau species
in vivo, the hippocampal tissues of mice aged 8 and 10 months
from the six different genotypes were analyzed by Western
blotting analysis with p-tau—specific antibodies. The total tau
(HT7) and p-tau (pS396 and pT231) levels in both REGy KO
and REGy KO;PS19 (human tau species with slower migration)
mice were significantly higher compared with those in Control
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Figure 3. REGy primarily targets nuclear phosphorylated tau for degradation. A, hemagglutinin (HA)-tagged tau (S396E) was transfected into WT and
REGy KO 293T cells for 24 h, treated with cycloheximide (Chx) (100 pg/ml) for the indicated duration, and subjected to Western blotting. Quantitative results
of HA-tau (S396E) stability were plotted to indicate the dynamic changes. Two-way ANOVA of the HA-tau (S396E) group results with WT/REGy KO 293T cells
(n =6, F=13.86929, *p = 0.020401) and Chx treatment time (n = 6, F = 17.53975, **p = 0.008414) as the principal factors. B, the 293T cells were transfected
with phosphorylation-defective mutant HA-tau (S396A) and treated as in (A). Quantitative results of HA-tau (S396A) stability were plotted to indicate the
dynamic changes. Two-way ANOVA of the HA-tau (S396A) group results with WT/REGy KO 293T cells (n = 6, F = 3.082835, p = 0.15397) and Chx treatment
time (n = 6, F = 30.49188, **p = 0.002961) as the principal factors. C, immunofluorescent staining of p-tau 5396 in SH-SY5Y cells before (serum-starved for
12 h) and after OA (40 nM for 24 h)-induced tau phosphorylation. Nuclei were stained with DAPI (blue). The scale bar represents 20 pm. Quantitative results
were calculated by Wilcoxon test, n = 198, ***p < 0.001. Data are represented as mean + SEM. D-F, HA-tau, HA-tau (5396A), and HA-tau (S396E) were
separately transfected into control shRNA-transfected (shN) and sh-REGy-transfected (shR) SH-SY5Y cells. The cells were then stained with anti-HA (red)
antibodies and DAPI (blue). The scale bar represents 20 pm. At least 200 cells of each sample were analyzed in triplicate with Wilcoxon test. Data are
represented as mean = SEM. ***p < 0.001. All data are representative of three independent repeats. DAPI, 4 ,6-diamidino-2-phenylindole.

or Control;PS19 (Fig. 4, A and D). Increased p-5202/T205 (AT180) or AT8 antibodies was markedly upregulated in REGy
(AT8) staining intensity was only observed in REGy KO;PS19  KO;PS19 but downregulated in REGy OE;PS19 mice (Figs. 4F
mice (Fig. 44) but not in Control;PS19 mice. This suggested and S3G). These findings were consistent with those of
that REGy depletion promotes tau hyperphosphorylation in  Western blotting analysis (Fig. 4, A—D) and demonstrate the
PS19 mice. In contrast, the hippocampus of REGy OE;PS19 effects of REGy on tau protein levels.

mice exhibited significantly lower expression of total tau

(HT7) and p-tau (detected using p-T212/S214 [AT100]) and

ATS than that of Control;PS19 mice (Fig. 4, B-D). Tau is REGy deficiency promotes neurodegeneration

reported to accumulate with aging in the neurons of the hip- To evaluate the effect of REGy levels on brain atrophy and
pocampus and is concomitantly downregulated in tau cytoarchitecture in PS19 models, computer-assisted image
immune-reactive CA3 mossy fibers (3). The results of this analysis of brain size and the number of neurons in CA1 re-
study were consistent with this observation (see arrow heads in  gions in mice belonging to the six different genotypes was
Fig. 4E). Comparison of the tau staining revealed the levels of performed. The size of the whole brain and hippocampus was
nuclear tau in REGy KO;PS19 and REGy OE;PS19 mice not remarkably different among Control, REGy KO, and REGy
(Fig. 4G). Our findings of higher levels in the KO were OE mice aged 10 months. In contrast, Contro;,PS19 mice
consistent with the observation in cultured cells treated with  exhibited marked brain atrophy, while ventricular dilation was
OA (Fig. 3C) or expression of phosphorylation-mimetic tau observed in age-matched REGy KO;PS19 mice. These patho-
(Fig. 3F). IHC analysis revealed that p-tau stained with T231 logical changes were alleviated in REGy OE;PS19 mice
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Figure 4. Gain or loss of REGy function differentially regulates tau accumulation in vivo. A-C, overexpressing REGy in the neurons downregulated the
tau and p-tau levels in the hippocampal tissues of mice with or without REGy depletion. The hippocampal tissues of Control, REGy KO, REGy overexpressing
(OE), Control;PS19, REGy KO;PS19, and REGy OE;PS19 mice aged 8 and 10 months were subjected to Western blotting analysis. And the quantitative analysis of
relative protein expression normalized to actin control by two-tailed t test from (A-C) were shown in (D). Data are represented as mean + SD.
E, immunohistochemical staining by AT8 in the hippocampal tissues of REGy KO;PS19 and REGy OE;PS19 mice aged 10 months. Arrows indicate the mossy
fibers. The scale bar represents 20 pm. F, immunohistochemical staining by AT180 and AT8 (neurofibrillary tangles [NFTs]) in the hippocampal tissues of
Control;PS19, REGy KO;PS19, and REGy OE;PS19 mice aged 10 months. Background hippocampus scale bar is 500 pm. Magnified images indicate the CA1
regions. The scale bar represents 50 um. Quantitative immunohistochemical analysis results of NFTs (including AT8, AT100, and AT180) in the CA1 area of
different groups by one-way ANOVA, n = 15, **p = 0.0011, ***p < 0.001. Data are represented as mean + SD. G, respective CA1 region from (F) was magnified to
show p-tau nuclear expression in REGy-deficient mice. The scale bar represents 10 um. Quantitative results of nuclear p-tau (AT8 and AT180 included)
expression in the CA1 regions of different groups by one-way ANOVA, n = 19, **p = 0.0038, ***p < 0.001. Data are represented as mean + SD.

(Fig. 5A). Nissl staining analysis of the neuron layer thickness
in the hippocampus revealed an increased neuron degenera-
tion in PS19 (Control;PS19) mice aged 10 months that was
further exacerbated (thinner) in REGy KO;PS19 mice but
significantly alleviated in REGy OE;PS19 mice (Fig. 54, lower
panel). The density of neurons in PS19 and REGy KO mice
appeared to be less than that in Control and REGy OE mice.
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To determine the neuronal loss in the CA1 regions, the brains
of the different mouse genotypes were stained with anti-NeuN
antibodies. Quantitative analysis of CA1 regions revealed 69%
and 44% of control neurons in REGy KO and REGy KO;PS19
mice, respectively (Fig. 5B). Mice with compound mutations in
REGy and tau (REGy KO;PS19) exhibited more than 50% loss
in CAl neurons, which was significantly alleviated in REGy
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Figure 5. REGy overexpression mitigates REGy deficiency-mediated neurodegeneration. A, nissl staining of the whole brains of mice aged 10 months.
The scale bar represents 50 um. The magnified images indicate the CA1 regions (squares). The scale bar represents 20 pm. Quantitative analysis of the area
of whole brain and the hippocampus was performed with computerized scanning. Two-way ANOVA of whole brain area and hippocampus area with REGy
and PS19 as the principal factors, **p = 0.0093, ***p < 0.001. Data are represented as mean + SD. B, hippocampal regions of different groups were stained
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OE;PS19 mice (Fig. 5B). We found similar changes in dentate
gyrus regions of corresponding mice (Fig. S3, H and I). Gliosis
is associated with tau lesions and/or neuronal loss in tauo-
pathies (36, 37). Hence, mouse brains from different genotypes
were stained using anti-glial fibrillary acidic protein (GFAP)
antibodies. GFAP signals were observed throughout the whole
brain of PS19 mice. We also found increased GFAP staining in
the white and gray matter of the hippocampus and other brain
regions in REGy KO;PS19 (Fig. 5C). The levels of GFAP were
significantly attenuated in REGy OE;PS19 (Fig. 5C). This
suggested a reduction in astrogliosis, which may be due to
attenuated tau lesions and neuron loss. Consistent with these
observations, Gallyas—Braak silver staining revealed that the
number of NFTs (red arrow heads) in REGy KO;PS19 mice
was more than that in Control;PS19 or REGy OE;PS19 mice
(Fig. 5D). Loss of synapse formation is reported to be an early
marker in the PS19 tauopathy model (3). Golgi staining was
performed to analyze the dendritic spines in the cortex. The
results of all animals in each genotype were averaged.
Compared to Control mice, the number of dendritic spines
was lower in REGy KO mice and further decreased in REGy
KO;PS19 mice (Fig. 5E). The dendrite abnormality in REGy
KO;PS19 mice was alleviated with increased spine density in
REGy OE;PS19 mice (Fig. 5E). These results suggest that loss
of REGY potentiates neurodegenerative phenotypes in PS19,
and these changes can be alleviated by restoring REGy
function.

Restoring REGy expression alleviates tauopathy-associated
behavioral and cognitive impairments

Impaired learning and memory are the hallmarks of human
tauopathy. Previously, we had reported the effect of REGy
levels on the hippocampus-dependent spatial memory using
the Morris water maze test (38). Mice belonging to six
different genotypes without significant differences in swim-
ming speed or motor activity were screened out (Fig. S4, A and
B). The learning of 6-month-old and 9-month-old REGy
OE;PS19 mice was faster than that of Control;PS19 and REGy
KO;PS19 mice (Fig. S4C). The percentage of time spent in the
target quadrant and the number of times to the hidden plat-
form by REGy OE mice were significantly higher than those by
Control and REGy KO littermates. Similarly, the percentage of
time spent in the target quadrant and the number of visits to
the platform by REGy OE;PS19 mice were higher than those in
Control;PS19 and REGy KO;PS19 mice (Figs. 6A and S4E).
During the reversal probe trial in which the target platform
was switched to the opposite quadrant, the learning of latency
to reversal platform of REGy OE;PS19 mice was faster than

that of Control;PS19 and REGy KO;PS19 mice (Fig. S4D).
Moreover, Contro;PS19 and REGy KO mice spent an
increased amount of time in the primary platform target
quadrant and decreased amount of time in the reversal
quadrant (Fig. 6B). Spatial learning ability was examined using
the radial eight-arm maze task (39). Overexpression of REGy
decreased the number of errors in both REGy-deficient and
PS19 mice, including REGy KO;PS19 mice (Fig. 6C). These
results indicate that REGy is crucial for hippocampus-
dependent spatial memory. To further examine the effect of
REGy dysfunction on cognitive and noncognitive (such as
anxiety and motivation) impairments in Contro,PS19 mice,
novel object recognition (NOR) (to evaluate the hippocampus-
dependent short-term memory) and elevated plus maze (EPM)
tests were performed. In mice exhibiting a similar discrimi-
nation index for objects A and B, the novel object index (NOI)
was measured before and after switching object B to a different
object C. The NOIs of REGy OE;PS19 mice were significantly
higher than those of REGy KO;PS19 littermates (Fig. S4F).
EPM was used to investigate anxiety based on the natural
spontaneous exploratory behavior of mice in novel environ-
ments, as well as on their natural aversion for elevated and
open areas, and the tau mutant transgenic mice spent more
time in the open arms, indicating that their anxiety might be
lower (40). The anxiety levels in REGy OE;PS19 mice were
significantly higher than those in ControL,PS19 and REGy
KO;PS19 mice, indicating that REGy activity can prevent
anxiety behavior in the mouse models (Fig. 6D). In addition to
the beneficial effect of REGy overexpression on neurodegen-
erative phenotypes in PS19 mice (REGy OE;PS19 mice), the life
span of REGy OE;PS19 mice was significantly longer than that
of Control;PS19 and REGy KO;PS19 mice (Figs. 6E and S4G).
These results demonstrate that increased REGy activity alle-
viates tauopathy-induced cognitive deficits and promotes
prolonged survival of mice.

Potential mechanisms involved in aging-associated and
tauopathy-associated REGy reduction

To determine if the reduced REGy expression in aged and
AD/tauopathy brains (Fig. 1) resulted from dysregulation or
loss of neurons, transcriptional regulation of REGy in neuronal
cells was examined in vivo and in vitro. CCAAT enhancer-
binding protein-beta (C/EBPJ), a transcription factor that is
activated in response to inflammation regulates a panel of
factors, such as §-secretase and apolipoprotein E €4 (APOE4)
(41, 42) C/EBPS, is upregulated in the aged brain (43) and is
reportedly a factor that induces cognition defects in mice (44).
Transforming growth factor beta receptor (TGFBR), which is a

with anti-NeuN (red) antibodies and DAPI (blue); blue. Magnified images indicate the CA1 areas (in squares). The scale bar represents 20 um. Quantitative
analysis of NeuN expression relative to DAPI intensity. Two-way ANOVA of relative NeuN expression with REGy and PS19 as the principal factors,
*P(Control versus Controlps19) = 0.0346, *P(controlps19 versus REGy Kops1e) = 0.0168, ***p < 0.001. Data are represented as mean * SD. C, immunofluorescent staining
of GFAP (green) and NeuN (red) in the hippocampal CA1 region of mice aged 10 months. The scale bar represents 20 pm. Quantitative analysis of GFAP in
the CA1 region of different groups by two-tailed t test, ***p < 0.001. Data are represented as mean + SEM. D, the hippocampal tissues of Control, REGy KO,
REGy overexpressing (OE), Control;PS19, REGy KO;PS19, and REGy OE;PS19 mice aged 10 months were subjected to Gallyas-Braak silver staining. Background
hippocampus scale bar is 200 pm. Magnified images indicate the CA1 regions (squares). Red arrows indicate neurofibrillary tangles. The scale bar represents
50 um. E, the brain sections of transgenic mice were subjected to Golgi staining to examine the apical dendritic layer of the CA1 region. The scale bar
represents 10 um. Quantitative analysis of spine density in different groups by one-way ANOVA. Data are represented as mean + SD. *p < 0.05, **p < 0.01,
and ***p < 0.001. All data are representative of three independent repeats. DAPI, 4',6-diamidino-2-phenylindole.
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Figure 6. Restoration of REGy expression alleviates tauopathy-induced behavioral and cognitive impairments. A, swimming traces of 6-month-old
Control, REGy KO, REGy overexpressing (OE), Control;PS19, REGy KO;PS19, and REGy OE;PS19 mice and the percentage of time spent in the target quadrant
during the Morris water maze probe trials (solid bar graph; n = 10/group; mean + SD; *p = 0.026,***p < 0.001; two-way ANOVA with REGy and PS19 as the
principal factors). Open bar graph shows the number of times to platform (n = 10/group; Data are represented as mean + SD; *p = 0.0241, **p = 0.0051; two-
way ANOVA with REGy and PS19 as the principal factors). B, swimming traces of 9-month-old transgenic mice during the reversal probe trials. Quantitative
results on the right shows the percentage of time spent in the primary and reversal target quadrants by 9-month-old males Control (n = 12), REGy KO
(n = 11), REGy OE (n = 13), Control;PS19 (n = 13), REGy KO;PS19 (n = 11), and REGy OE;PS19 (n = 19) mice (mean = SD; *p (reGy Ko versus Contro) = 0.0305,
*D (Control;PS19 versus Control) = 0.0326 in the reversal quadrant; two-way ANOVA with REGy and PS19 as the principal factors). C, route taken by 9-month-old
males and the error ratio (mean percentage of repeat visits into the same arm) in the eight-arm radial maze. Control (n = 21), REGy KO (n = 26), REGy OE (n =
17), Control;PS19 (n = 22), REGy KO;PS19 (n = 17), and REGy OE;PS19 mice (n = 28) (mean % SD; *p(regy ko versus control) = 0.0202, *P(control:s19 versus Control) =
0.0463, **p(REGV KO;PS19 versus Control;PS19) = 0.0045, and **p(REGy OE;PS19 versus Control;PS19) = 0.0019; two-way ANOVA with REGY and PS19 as the principal faCtOI'S).
D, the number of entries to the closed arms in the elevated plus maze tests by transgenic mice aged 6, 9, or 11 months. Data are represented as mean + SD.
*p =0.0179, ***p < 0.001; two-way ANOVA with REGy and PS19 as the principal factors. E, Kaplan-Meier analysis of Control (n = 20), REGy KO (n = 23), REGy
OE (n = 19), Control;PS19 (n = 25), REGy KO;PS19 (n = 27), and REGy OE;PS19 (n = 22) mice. Survival rate curves were generated using the Kaplan-Meier
method and the p values (see Supplementary) were calculated using the two-tailed log-rank (Mantel-Cox) test.

transcription target of C/EBPP (45), mediates a signaling
pathway to repress transcription of REGy (46). Compared with
that in the hippocampal tissues of 24-month-old mice, the
REGy mRNA levels were downregulated and the Cebpb and
Tgfbr2 mRNA levels were upregulated in the hippocampal
tissues of 3-month-old mice (Fig. 7A). Furthermore, trans-
fection of CEBPB into SH-SY5Y cells upregulated the
expression of TGFBR2 and significantly downregulated the

SASBMB

REGy levels (Figs. 7B and S1C). These results suggest that age-
dependent reduction of REGy may result from dysregulation
of the C/EBP signaling pathway.

Based on the findings of this study, we propose a model for
the role of the proteasome activator REGy in the regulation of
tau homeostasis. The REGy-20S system degrades tau species,
including tau oligomers. Genetic ablation of REGy promotes
tauopathies in PS19 models, whereas conditional activation of
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Figure 7. A schematic model for the pathway involved in the regulation of REGy and tau. A, Psme3 mRNA level was downregulated in the hippocampal
tissues of mice aged 24 months with a concomitant upregulation of Cebpb and Tgfbr2 mRNA levels. Hippocampal tissues of mice aged 24 and 3 months
were subjected to quantitative real-time PCR (qRT-PCR) analysis. Relative mRNA levels of these factors were compared between tissues from 3-month-old
and 24-month-old mice (mean + SEM; n = 3; ***p < 0.001; 3 m versus 24 m). B, transient expression of CEBPB upregulated the TGFBR2 mRNA levels and
downregulated the PSME3 mRNA levels in SH-SY5Y cells. SH-SY5Y cells transfected with CEBPB-encoding or control plasmid were subjected to gRT-PCR to
determine the levels of the indicated genes. Data are represented as mean + SEM from three independent experiments (**p < 0.01 and ***p < 0.001.
CEBPB-transfected group versus control-transfected group). All data are representative of three independent repeats. C, ChIP assays were performed to
substantiate in vivo binding of C/EBPP to the TGFR2 promoter in SH-SY5Y cell line, two pairs of primers in the binding enrichment locus were used (upper
and lower panels). D, ChIP assays were performed to substantiate in vivo binding of Smad3 to the REGy promoter in SH-SY5Y cell line with TGF@ or C/EBPB,
two pairs of primers (upper panel is for Smad3-binding region in REGy promoter, lower panel is ~2 Kb upstream of REGy promoter). £, a model depicting the
regulation of REGy and tau. Highly activated C/EBPP in senescent cells, such as those in AD, aging, and tauopathy are associated with a concomitant
upregulation of TGFBRs, especially TGFBR2. TGFf signaling may promote REGy downregulation. Lack of REGy promotes the accumulation of tau and p-tau,
which leads to tau hyperphosphorylation, formation of neurofibrillary tangles and tau oligomers, and neuron loss in neurodegenerative mouse models.
ChlIP, chromatin immunoprecipitation.

REGy expression in the forebrain neurons rescues tau lesion those in the brain hippocampus of 3-month-old mice, the
and aging-associated neurodegenerative phenotypes. With age, Cebpb and Tgfbr2 levels in 24-month-old mice were upregu-
C/EBP signaling activation leads to a decline in the levels of lated and the REGy levels were markedly downregulated in the
REGy in association with inflammation. Concomitantly, the brain (Fig. 7A). Therefore, age-related REGy reduction appears
loss of REGy promotes the nuclear translocation of tau, which to be regulated by C/EBPPB through the TGEFp signaling
may promote pathological function of tau other than pathway. The findings of this study may be clinically relevant
aggregates. for the development of new therapeutic strategies for neuro-
Overexpression of CEBPB in human neuroblastoma cells degenerative diseases, such as tauopathies and AD.
(SH-SY5Y cell) downregulated the REGy mRNA levels and
upregulated the TGFBR2 mRNA levels (Figs. 7B and S1C). . .
Moreover, binding of C/EBPB to the TGEBR2 locus has been ~Discussion
reported in the chromatin immunoprecipitation (ChIP) This study demonstrated that REGy plays a critical role in
sequencing database in human A549 cell line. ChIP assays the regulation of hippocampus-dependent learning and
performed in the SH-SY5Y cell line indicated that C/EBPBp memory in AD-like syndromes by directly targeting tau and
could be recruited to the TGFBR2 promoter in a neuronal cell p-tau for proteasome-mediated degradation. REGy deficiency
line (Fig. 7C). C/EBPB-induced activation of TGEFp signaling markedly upregulated the levels of phosphorylated tau in the
via promotion of TGFPR2 was evidenced by enriched Smad3 nuclei, promoted the accumulation of toxic tau oligomers, and
on REGy promoter, but not in regions further upstream, by consequently potentiated neurodegenerative tauopathy in
ChIP analyses in SH-SY5Y cell line (Fig. 7D). Compared with mouse models. This study presents proof-of-principle
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evidence for neuron-specific REGy expression-mediated
mitigation of the progression of tauopathy or AD-like symp-
toms. Mechanistic studies led to a proposed link between
aging-associated REGy downregulation and tau-related neu-
rodegeneration (Fig. 7E).

We found that aging and aging-associated degenerative
dementia were associated with downregulated REGy expres-
sion. This is consistent with the results of a previous study,
which reported that REGy deficiency promotes premature
aging in mice (28). The findings of this study are consistent
with those of a previous study (47). Additionally, this study
demonstrates that the mRNA and protein levels of REGy were
upregulated in the pyramidal neurons of healthy brain regions,
including the hippocampus (Allen Brain Institute https://
mouse.brain-map.org/ and the Human Protein Atlas Insti-
tute http://www.proteinatlas.org/). Previously, we had pro-
posed a mechanism through which REGy is downregulated by
C/EBP (43) via the TGFp (46) signaling pathway. However,
we do not exclude the possibility of additional factors
contributing to aging-associated REGy reduction.

To the best of our knowledge, this is the first study to report
the degradation of tau and p-tau proteins by the ubiquitin-
independent REGy-proteasome system. Various tau clear-
ance pathways have been previously reported. The major
intracellular degradation processes are ubiquitin-proteasome
system (UPS) and autophagy (48). These tau degradation
pathways can act on different forms of tau protein. Excessive
soluble neurotoxic tau proteins can be degraded through the
UPS (49), chaperon-mediated autophagy (50), and endosomal
microautophagy (51). Meanwhile, the intraneuronal insoluble
tau is degraded via macroautophagy (52). Based on our pre-
vious results, all the substrate proteins identified to be targeted
by the REGy-proteasome system are also regulated by UPS. In
most cases, UPS mediates signal-mediated acute degradation
of protein substrates, whereas the REGy-proteasome system
primarily maintains the steady state levels of these proteins.
We believe the ubiquitin-dependent and ubiquitin-
independent regulation of tau will be orchestrated in similar
fashion under normal conditions. However, both UPS and
autophagy pathways are impaired in several neurodegenerative
diseases (53, 54). This suggests the importance of the REGy
pathway in the maintenance of the homeostasis of key cellular
proteins including tau proteins. The identification of REGy-
mediated tau degradation provides additional therapeutic
targets for aging-associated neurodegeneration.

For more than 3 decades, Tau proteins have been reported
to localize to the neuronal and non-neuronal cell cytoplasm, as
well as to the nucleus, (8). However, most studies have focused
on the role of tau in the physiological and pathological pro-
cesses in the context of the microtubules. Recent studies
considered nuclear tau as a molecular marker of cell aging and
aging-associated diseases, such as AD (8). Nuclear tau is
reportedly indispensable for cellular responses against cellular
injury and DNA damage (8, 55). Additionally, nuclear tau can
organize and protect the chromatin during cellular aging (8,
56). The functional nucleolar tau is mostly dephosphorylated.
Upon phosphorylation, tau dissociates from the DNA (55).
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The absence of functional tau due to mutation (such as P301L
and P301S) might impair the genome-protective functions of
tau and render the cells susceptible to chromosomal instability
(55). REGy deficiency or dysfunction also promotes genome
instability (57). The present study demonstrated that the
expression of tau is correlated with that of REGy. REGy
depletion promoted the accumulation of phosphorylated tau in
the nuclei, which suggested the correlation between REGy-
proteasome function and nuclear tau regulation. Future
studies should focus on the roles of REGy and nuclear tau in
inducing genome instability during the pathogenesis of
neurodegenerative diseases.

Previously, we had demonstrated that the accumulation of
GSK3p contributes to the development of brain disorders in
aged REGy KO mice (47). GSK3p is an important kinase
involved in the hyperphosphorylation of tau and the patho-
genesis of aging-associated dementia (58, 59). Therefore, the
loss of REGy function may regulate the pathogenesis of
neurodegenerative diseases at multiple levels. REGy over-
expression significantly mitigated the progression of neuro-
degenerative  disorders  (including AD-like cognitive
impairments), loss of neurons and dendritic spines, formation
of NFTs, and reduction of life span in mice.

Interestingly, REGy was reported to play an important role
in innate immune responses and inhibits the overactivation of
immunoproteasome and consequential development of auto-
immune diseases (60, 61). Our observation of microglial acti-
vation is evidenced by increased GFAP staining in the
hippocampus and other brain regions in REGy KO;PS19 in
mice, suggesting a potential role of REGy in the regulation of
immune responses in neural system. Detailed molecular
mechanisms by which REGy deficiency enhance microglial
activation need further analysis.

In summary, the findings of this study demonstrate that
REGy downregulation during aging or in age-related brain
disorders is associated with predisposition to tauopathies and
AD. REGy-mediated proteasomal degradation of tau, espe-
cially phosphorylated tau, is a novel mechanism for the regu-
lation of tau homeostasis. This may help to identify novel roles
of nuclear tau in addition to its role as a microtubule-
associated protein. Strategies to achieve REGy gain of
function may aid in the development of novel therapies for
tau-related neurodegenerative diseases.

Experimental procedures
Generation of transgenic mice

All animal experiments were conducted according to the
guidelines of the Institutional Animal Care and Use Com-
mittee of East China Normal University and human sample
experiments were conducted according to the guidelines of the
University Committee on Human Research Protection with
the ethical approval number: HR 016-2021. The animal ethical
committee approval number is m20200303. REGy KO mice
(C57BL/6] background) were generated as reported previously
(47). Mice with cre transgenes (Camk2a-cre) and conditional
REGy alleles with the R26-stop-FLAG reporter (conditional
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REGy KI) were maintained under the same conditions
described previously. Camk2a-cre mice and conditional REGy
KI mice were hybridized over 10 generations to obtain the
stable genotype. REGy OE;PS19 mice were originally from JAX
Laboratory with Prnp-MAPT*P301S mutation on a mixed B6;
C3-Tg background. PS19 mice were crossbred with REGy KO,
Camk2a-cre, and conditional REGy KI mice over 10 genera-
tions to obtain the stable C57BL/6] background offspring
Control;PS19, REGy KO;PS19, and REGy OE;PS19, respec-
tively. Male C57BL/6] mice aged 3 to 24 months were used
unless otherwise described. All animals were bred in the ani-
mal room under the following conditions: temperature, 20 to
25 °C; humidity, 40% to 70%; circadian cycle, 12 h light/dark
cycle; food and water supply, ad libitum.

Bioinformatics analysis

The PSME3 expression data were obtained from the GEO
database. The GSE159699 dataset included the RNA-seq data
of postmortem lateral temporal lobe of patients with AD (n =
12), aged healthy control (aged, n = 10), and young healthy
control (young, n = 8). Gene expression was normalized to
FPKM. PSME3 expression in the old (n = 10) and AD (n = 12)
datasets was comparatively analyzed. Additionally, the gene
expression data GSE1297, which is a microarray data of hip-
pocampal gene expression in healthy control and patients with
AD exhibiting varying severity, were downloaded. PSME3
expression in healthy control (n = 9) and severe AD (n = 7)
cases were analyzed. RNA-seq and microarray data were
separately analyzed using GEO query and Limma packages in
R http://www.r-project.org/ as described (26).

Cell culture

HEK 293T (WT and REGy knockout using TALENs), SH-
SY5Y (shN-transfected and shR-transfected), and HT22
(control and si-REGy-transfected) were used in this study
(31, 47, 62). si-REGy RNA sequences were shown in the
Table S1. All cells originally obtained from ATCC were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) or
DMEM/F-12 (1:1) supplemented with 15% fetal bovine serum
(HyClone), 100 IU/ml penicillin, and 100 mg/ml streptomycin
(Thermo Fisher Scientific) in a humidified incubator at 37 °C
and 5% CO,. Silencing RNA sequences were listed in the
Table S3.

Western blotting

Hippocampus and auditory cortex were dissected and sub-
jected to SDS-PAGE. The resolved proteins were transferred
to a nitrocellulose membrane and the protein signals were
detected using fluorescent secondary antibodies in the Image
Studio system, following routine protocols. Antibodies were
shown in the Table S2.

Immunostaining

Mice brain tissues were perfused with ice-cold PBS (1x) and
4% paraformaldehyde and fixed with 4% paraformaldehyde for
72 h at 4 °C. To terminate fixation, the brain tissues were
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incubated in a solution containing 4% acrylamide, 1 M glycine,
and 0.1% Triton-X 100 in 1x PBS for 48 h at room tempera-
ture. The tissues were washed with 1x PBS and sectioned into
10 pm thick sections using a freezing microtome (Leica
CM1950) in 1x PBS. The detailed staining process has been
described elsewhere (47). The images were captured using
Tissue Gnostics Tissue FAXS Plus ST (ZEISS) and THUNDER
Image System (Leica) microscope.

Nissl, Golgi, and Gallyas-Braak staining

Nissl staining was performed using the kit from Beyotime
Biotechnology (C0117), following the manufacturer’s in-
structions. The sections adjacent to the stained area were
selected to measure the size of the whole brain and the number
of neurons using the software Unbiased Stereology Tissue FAX
Plus ST (Tissue Gnostics). Golgi staining was performed with
the FD rapid Golgi stain kit (FD Neuro Technologies, Inc),
following a previously published protocol (63). Mice were
perfused following routine protocols. The sections were also
subjected to a modified Gallyas—Braak staining (64). The im-
ages were captured using Tissue Gnostics Tissue FAXS Plus
ST and fluorescence microscope (Olympus DP74).

In vitro degradation assay

REGY heptamers and 20S core proteins were purified as
described previously (20). The target protein tau and tau
(S396E) were translated using a translation kit with an
appreciate reaction system (Promega), following the manu-
facturer’s instructions. Degradation reaction conditions have
been described elsewhere (20). The reaction mixture was
incubated 30 °C for 3 h. All proteins were detected by Western
blotting.

Plasmids

The pcDNAS3.1-flag-REGy and pcDNA3.1-GFP-REGy con-
structs previously generated (34) were used in this study. Based
on the Homo sapiens tau sequence, pcDNA3.1-Flag-tau,
pcDNA3.1-GFP-tau, and PSG5-HA-tau constructs were
generated. The mutant constructs PSG5-HA-tau (T231A),
PSG5-HA-tau (T231E), PSG5-HA-tau (S396A), and PSG5-
HA-tau (S396E) were generated based on the primary
construct aforementioned. Primers were listed in Table S1 in
the supplementary.

gRT-PCR

Total RNA was extracted from cells and mouse brain tissues
using an RNA extraction reagent (Vazyme). The isolated RNA
was reverse transcribed into complementary DNA (cDNA)
using the Strand cDNA synthesis kit (Vazyme) in a 30 pl
reaction mixture. The cDNA was subjected to qRT-PCR using
ChamQ SYBR qPCR Master Mix (High ROX Premixed)
(Vazyme) and Quant Studio 3.0 (Thermo Scientific). Each
experiment was repeated in triplicates. The primer pairs used
for quantitative PCR were listed as shown in Table S1 in the
supplementary.
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Immunoprecipitation

The transfection of 293T cells was performed as described
previously. SH-SY5Y cells and the hippocampal tissues of PS19
mice were subjected to immunoprecipitation. Cells or tissues
were collected and lysed as previously described (34). The flag-
beads and protein A/G with antibodies were used to immune-
precipitate the specific proteins. Immunoprecipitates were
washed thrice with buffer. The samples were centrifuged and
the pellets were suspended in protein loading buffer with SDS
and subjected to Western blotting analysis. Antibodies used
were listed as shown in Table S2 in the supplementary.

ChlIP assay

ChIP assay was conducted according to a protocol from the
Cold Spring Harbor Laboratory published online at http://
cshprotocols.cshlp.org/. Primers and antibody used were lis-
ted as shown in Tables S1 and S2 in the supplementary.

Behavioral procedures
Open field test

Mouse activity in an open field was measured using the
TruScan system (Coulbourn Instruments). Briefly, mice were
placed in a 38 cm x 27 cm x 27 cm chamber with 50 lux illumi-
nation. The free locomotion of the mice for 15 min was tracked
using Truscan 2.1. Locomotion was recorded every 5 min.

Morris water maze test

All experiments were performed in a pool (80 cm in
diameter) filled with water at 24 to 26 °C to a depth of 1 to
2 cm over the platform. Mice aged 6 and 9 months were used
for the experiment. For training, a submerged platform was
placed in the center of a quadrant to enable the animal to
determine the location of the platform, which was the only
escape from the water. On day 6 (probe trial), the platform was
removed, and each mouse was placed into the pool from one
point. The route taken by the animal in the target quadrant
was monitored for 30 s. All sessions (acquisition phase, probe
trials, and reverse phase) were tracked using Ethovision XT14
software package (Noldus IT). Latency that monitors the time
to locate the hidden platform under the water and platform
crossing that indicates the number of times each mouse tries
to swim over the removed platform was quantified. A cued
platform was used to exclude the potential impact of motor
dysfunction in PS19 mice.

Eight-arm radial maze

The eight-arm radial maze test enables the identification of
mice that exhibit age-related AD progression (39). Before
training, these mice had limited to no access to food to ensure
that they were motivated to search for food in the maze during
the test. The baits were restricted to the food cups. During the
first 4 days of training, the food pellets (approximately 45 mg
in weight) were placed in the food cups (each eight-arm ter-
minal) and the central octagonal plate. The mice of the same
group were allowed to search for food together for 10 min. On
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day 5 (test day), the pellets in all eight-arm terminal cups were
placed in a single food cup. Every test was continued until all
eight food pellets had been consumed or until 10 min had
elapsed. The number of reference and working memory errors
was determined.

NOR

To examine the recognition memory of mice, each mouse
was allowed to move freely in an arena (27 cm length x 27 cm
width x 27 cm height) for 3 days. During the first 3 days, the
mice were allowed to adapt to the box for 10 min. On day 4,
every mouse was allowed to freely explore the arena with two
identical objects for 15 min and rest in the cage for 1 h after
exploration. One of the objects was replaced with a new object
with a similar material. The mouse was then allowed to freely
explore the arena for 5 min. The time spent exploring the
novel and familiar objects was recorded. The object was judged
to be explored when the mouse touched the object with the
nose, mouth, and front paw or when the nose, mouth, and
front paw were at a distance of <2 cm from the object. The
NOR index (NOI) was calculated as follows: NOI = new object
exploration time/(new object exploration time + old object
exploration time) x 100%. NOIs >50 and <50 indicate com-
plete and incomplete new object recognition, respectively (65).

EPM test

Noncognitive deficits, such as anxiety and motivation are
factors that may affect cognitive outcomes. The EPM apparatus
comprised a gray poly vinyl chloride ‘+’ maze with two open arms,
two enclosed arms, and a central platform linking the arms. The
apparatus was raised 40 cm above the floor. Each mouse was
placed at the central platform facing an enclosed arm and allowed
to freely explore for 5 min. Ethovision XT14 software package
(Noldus IT) was used to record the progress of this experiment.

Statistical analysis

Quantitative data of independent samples were analyzed
using GraphPad Prism 8.0 (GraphPad Software Inc) and rep-
resented as mean = SEM. The means (including behavioral and
image data) were compared using one-way ANOVA, two-way
ANOVA, and two-tailed ¢ test.

Data availability

All raw bioinformatics analysis data are available in the
Gene Expression Omnibus repository under accession code
GSE1297 and GSE159699. A version of the Alzheimer’s disease
(AD) genomics data can be visualized at http://www.alzdata.
org/. And protein expression in brain can be visualized at
https://mouse.brain-map.org/ and http://www.proteinatlas.
org/. All original data are available on request. All the other
data supporting the findings of this study are available in the
article and Inventory of Supporting Information files. Source
data are provided with this article.

Supporting information—This article contains supporting informa-
tion (46, 47, 62).
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