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ABSTRACT: Alzheimer’s disease (AD) is marked by extracellular beta-amyloid (Ap) plaques and intracellular
Tau tangles, leading to progressive cognitive decline and neuronal dysfunction. Impaired autophagy, a process
by which a cell breaks down and destroys damaged or abnormal proteins and other substances, contributes to
AD progression. This study investigated Nuclear Receptor Subfamily 1 Group D Member 1 (NR1D1) as a
potential therapeutic target for modulating autophagy. We show that NR1D1 depletion significantly enhances
autophagic flux and mitophagy in human cell lines as well as wildtype and AD Caenorhabditis elegans (C.
elegans) models. Our findings revealed that NR1D1 knockdown increased autophagy markers and activated the
proteins Sirtuin 1 (SIRT1) and CTSB cathepsin B (Cathepsin B), both linked to autophagy function. In 5 familial
AD mutations (5xFAD) mice, Nr1d1 knockdown restored the expression level of autophagy markers. C. elegans
experiments revealed that depletion of the worm ortholog of NR1D1, nhr-85, improved neuronal mitophagy,
enhanced associative memory in amyloid-p models, and extended lifespan. These findings suggest NR1D1 as a
promising therapeutic target for improving cellular autophagy mechanisms in AD.
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INTRODUCTION

Nuclear receptor subfamily 1 group D member 1
(NR1D1), also known as Rev-erba, is a member of the
nuclear receptor family that is highly expressed in
multiple organs of humans and other mammals [1, 2].
NR1D1 plays a role in numerous mechanisms in the

human body, including circadian rhythm, metabolism,
inflammation, apoptosis, and autophagy [3-8].
Autophagy, a cellular process that degrades and recycles
damaged organelles, misfolded proteins, and other
cellular debris through lysosomal pathways plays
important roles in various diseases and aging. Nrldl
knockout has been shown to markedly increase
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autophagy, including mitochondrial autophagy, in certain
cancers. Loss of NR1D1 hereby led to energy
dyshomeostasis and increased oxidative stress [9, 10].
Additionally, activation of NR1D1 has been found to
inhibit autophagy, thereby reducing cancer cell
proliferation and migration [11]. Combined, previous
studies suggest that NR1D1 serves as a significant
upstream regulator of autophagy, however, the precise
mechanisms by which NR1D1 regulates autophagy
remain unclear and warrant further investigation.

Alzheimer's disease (AD) is a neurodegenerative
disorder characterized by amyloid plaques and tau tangles
[12, 13]. Autophagy declines with aging and in AD,
contributing to the accumulation of pathological proteins,
such as Amyloid B (AB) and tau [14-16]. Enhancing
autophagy has been shown to decrease AD symptoms,
whereas  compromised autophagy  exacerbates
amyloidosis and tau pathology during AD progression
[17, 18]. Additionally, mitochondrial damage and
associated energy metabolism dyshomeostasis are
hallmarks of AD and hold promise as novel therapeutic
targets for AD [19, 20]. We recently reported that
mitophagy, mitochondrial-specific autophagy, is impaired
in AD, resulting in an accumulation of damaged
mitochondria in the AD brain [21, 22]. Drugs specifically
targeting mitophagy have been demonstrated to alleviate
AD-related pathologies and to improve memory and
learning abilities of AD animal models [21, 22]. Overall,
targeting autophagy and mitophagy represents a
promising strategy for AD treatment.

In this study, we examined the potential of NR1D1 as
a target for future AD-drugs, based on its negative
association with autophagy. We demonstrated that
NR1D1 knockdown led to enhanced autophagy in both
cells and C. elegans. This finding prompted us to
investigate NR1D1 as a regulatory target for autophagy in
diseases characterized by autophagy defects, such as AD.
Maintaining a balance between autophagy and mitophagy
is crucial in daily life; however, in autophagy-deficient
and AD-affected conditions, enhancing autophagy by
modulating NR1D1 may provide a novel therapeutic
approach for AD and other autophagy-related disorders.

METHOD AND MATERIAL
C.elegans: Short-term memory assay

Chemotaxis to volatile compounds were performed at
20 °C, on agar plates as described previously [21, 23].
First, around 200-300 synchronized day-1 worms were
collected and washed with M9 buffer 5 times, followed by
placing them on plain 6 cm NGM plates (without OP50)
with or without 1A for 120 mins. In the 1A conditioning
group, 10 pl pure TA was placed inside the lid in the

middle. 30 mins before transferring the worms, assay
plates were prepared. 20 pl of 20 mM NaN3 was added to
‘IA” and ‘T’/’trap’ points, respectively. Left at room
temperature (20-22 °C) for 30 mins, the assay plates were
dry enough for testing. Then the ‘IA’ area was covered
with a 0.5x0.5 cm piece of Parafilm. After 120 mins,
worms were collected by M9 buffer, followed by placing
the worms on the ‘source point’ area (quickly dried worms
via tissue paper). 4 ul of diluted IA (1/50) was added to
the Parafilm. The testing plates then were quickly sealed
by parafilm. After training for 120 mins, the number of
worms in regions of ‘source point/S’, ‘IA’, and ‘T’ were
counted. The chemotaxis index was (#'1A” - #°T°)/(# 1A’
+ # ‘T° + #°S°), where ‘#” denotes numbers. Better
memory performance correlates with a smaller score.

C.elegans: Lifespan assay

The lifespan assay was conducted at 20°C using 6 cm
diameter NGM plates with a lawn of OP50, as previously
described [21]. The different strains of worms
(Supplement Table 3) were divided into two groups from
egg stage: control and nhr-85 RNAI. Synchronous
animals were generated through bleaching-defined
conditions. Day-0 worms (L4 stage) were transferred to 6
cm plates with FUDR treatment, approximately 30-35 per
technical repeat. Three technical repeats were conducted
per biological repeat. In total, two biological repeats were
performed on three different days. In first 8 days after the
adult stage of worms, the plates were renewed every 4
days to maintain consistent drug exposure. Daily
assessments were conducted to categorize worms as either
alive or deceased. Worms were classified as dead if they
exhibited a cessation of pharyngeal pumping and were
unresponsive to touch. Instances where worms died due
to gonad extrusion, internal bagging, or crawling along
the plate's periphery were annotated as censored.
Censored cases were assigned a weight of '0" in the
calculations for mortality.

Evaluation of neuronal mitophagy inducers using a C.
elegans mitophagy reporter strain

To evaluate mitophagy activity in wildtype and
Alzheimer's animal models, a previously described pan-
neuronal mitophagy reporter strain of C. elegans
(neuronal mt-Rosella) was used and crossed with TU3401
strain [21]. These worms express a pan-neuronal mt-
Rosella biosensor, which is a fusion protein composed of
a variant of GFP, sensitive to the acidic environment of
the lysosomal lumen, and the Discosoma red fluorescent
protein (DsRed) pH-insensitive [24]. Mitophagy activity
event were calculated as the ratio between the number of
pixels for GFP and DsRed (GFP/DsRed). Thus, lower
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values of the ratio correlate with lower mitophagy
activity, and vice versa. For all nematode experiments,
RNAI bacteria were administered from egg stage
onwards. The images of the worms were taken on day 1
by using a Fluorescence microscope (Nikon TI-BDTV2
inverted microscope).

Cell culture

YFP-Parkin HeLa (YPH) and HeLa monomeric Keima
(mt-Keima) cells were a gift from Prof. Hanming Shen
and Dr. Lu Guang at the National University of Singapore
(Singapore). U20S WT cell was a gift from Dr. Nuo Sun.
Microtubule-associated protein 1 light chain 3 (LC3)
fused to mRFP and EGFP U20S cell line was a gift from
Prof. Anna Simonson at the University of Oslo (Norway).
U20S Cells were cultured and maintained in DMEM with
4.5¢9/L glucose with L-gln, without sodium pyruvate (cat.
No 41965062, Gibco, United States), and supplemented
with 10% FBS (cat. No 10270106, Gibco, United States)
and 1% Penicilin-Streptomycin (P&S) in the humidified
incubator (37°C, 5% CO2). The culture medium was
changed every 2 to 3 days. Cells were used for future
experiments when they reach 80 to 90% confluence.

NR1D1-siRNA experiment in cell line

siRNA was obtained from OriGene (cat. No SR322830).
The siRNA or scrambled (Scr) control siRNA Oligo
Duplexes at 20nM and 40 nM were transfected using
Lipofectamine® RNAIMAX (cat. No 13778150,
Invitrogen, ThermoFisher, USA) following the standard
protocol. For each transfection, 6 pl of Lipofectamine®
RNAIMAX and 20-40 nM of the siRNA were added to
200 ul of Opti-MEM (cat. No 31985070, Invitrogen,
United States) and incubated for 10 minutes at room
temperature. The mixture was then added to the cells,
bringing the total volume to 1 ml, and incubated for 4-6
hours. Subsequently, 1 ml of 20% serum culture medium
was added to achieve a final serum concentration of 10%.
The medium was changed to normal 10% serum medium
after 24 hours. After 48 hours post-transfection, the cells
were collected for various experimental purposes.
Western blot analysis was employed to assess knock-
down efficiency.

Cell Viability

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl  tetrazolium
bromide (MTT) is a widely used chemical indicator for
cellular metabolic activity and cell viability based on the
ability of nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent cellular oxidoreductase enzymes
which reduce the yellow MTT to purple formazan in

living cells. The formazan redissolved in the
solubilization solution such as DMSO and provides a
colorimetric assay. In this study, MTT was used to detect
cell viability for both YPH and U20S cells. 3000-5000
cells were seeded and grown in each well of 96-well plates
overnight in a humidified 5% CO2 incubator at 37 °C.
Next day, the cells were knocked down using siRNA or
empty vector. After knockdown, cells were exposed to
MTT for 3 h. Then, all supernatant was removed, and the
formazan crystals were dissolved with DMSO (200 pL)
before measuring the absorbance at 550 nm.

Quantification of cellular mitophagy using HeLa mt-
Keima cells

The HelLa Parkin mt-Keima cells (25,000 cells/well) were
seeded in 35mm p-Dish (IB81156, ibidi, United States)
applying knockdown. After knockdown, the medium
would be treated with FCCP (30uM) or same volume
DMSO and followed by 6h incubation. Finally, cells were
imaged using confocal microscope (ZEISS, LSM780)
under excitation at 458nm for green and 586 nm for red
channel, respectively; and emission at 570-695 nm.
Images were then analyzed using Image J software.

Detection of Mitochondrial Membrane Potential in Live
Cells

The mitochondrial membrane potential in live cells was
assessed using TMRE (cat. No T669, Invitrogen,
ThermoFisher, USA), a cell-permeant fluorescent
indicator that selectively accumulates in active
mitochondria, emitting a bright fluorescent signal. YPH
cells were pretreated FCCP (20 uM for 6 hours) or same
volume of DMSO. Following treatment, cells were
stained with TMRE (100 pM) and Hoechst 33342 (2
pg/mL) for 15 minutes in the dark and wash two times.
After staining, cells were washed with warm medium and
imaged using a confocal microscope (ZEISS, LSM780) at
63x magnification. Simultaneously, cells were cultured in
96-well plates and subjected to the same treatment
protocol. Prior to measurement, PBS was used to replace
the culture medium to prevent interference from Phenol
Red. Fluorescence detection was performed using an
ELISA reader with an excitation peak at 549 nm and an
emission peak at 574 nm. Following this, PBS was
replaced with culture medium, and an MTT assay was
conducted to evaluate cell viability under different
conditions. The TMRE fluorescence values were
normalized against the MTT-derived cell viability values,
and the standardized results were subjected to statistical
analysis.
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Mitochondrial Morphometrics Analysis

Following knockdown in YPH cells, the cells were treated
with either FCCP (20 uM for 6 hours) or same volume of
DMSO. Cells were exposed to 200 nM Red MitoTracker
(cat. No M22425, Invitrogen, USA) and Hoechst 33342
(2 pg/mL) for 30 minutes. After staining, cells were
washed twice with PBS and immediately examined using
confocal microscopy (ZEISS, LSM780) at 63x
magnification. The relative red fluorescence intensity was
quantified using the ImageJ Mitochondria Analyzer.

Tracking of Acidic Lysosome

Following knockdown in YPH cells, the cells were treated
with either Baf-Al (100 nM for 2 hours) or same volume
of DMSO, EBSS 2 hours. Cells were exposed to 75 nM
Red LysoTracker (cat. No L7528, Invitrogen, USA) and
Hoechst 33342 (2 pg/mL) for 30 minutes. After staining,
cells were washed twice with PBS and immediately
examined using confocal microscopy (ZEISS, LSM780)
at 63x magnification. The relative red fluorescence
intensity was quantified using ImageJ.

Western blot analysis using materials from cell, mouse
brain and Human brain

Samples from cells and mouse brain were gathered and
lysed using 1x radioimmunoprecipitation assay (RIPA,
catalog no. 89901, Thermo Scientific, USA) buffer
containing protease and phosphatase inhibitors (catalog
no. 78445, Thermo Scientific, USA), incubate the
samples on the ice for 30 minutes. After centrifugation at
13,300 x RPM at 4°C for 30 minutes. The normalized
supernatant was collected and denatured at 95°C for 5
minutes with 4xLDS loading dye (catalog no. NP0O00S,
Invitrogen, USA). Protein concentration was determined
using the BSA method. NUPAGE 4-12% Bis-Tris Protein
Gel (catalog no. MP41G15, sigma-Aldrich, USA) was
utilized for protein separation, run at 150V for 45 minutes.
The transfer system was set at 250mA for 1~3 hours on a
PVDF membrane (for proteins ranging from 15 kDa to
350 kDa). To prevent non-specific binding, 5% BSA
dissolved in Tris-HCI buffer containing 0.1% Tween-20
was used for blocking.

Blots were then incubated with primary antibodies
and 24 hours later they were washed (three washes of 10
minutes each) and incubated with the secondary
antibodies conjugated to horseradish peroxidase (HRP)
for 2 hours. Afterwards, another three washes were
conducted. Immediately after the chemiluminescence was
detected using the ChemiDoc XRS System (Bio-Rad
Laboratories), and quantification was performed using
ImageJ. The primary antibodies and secondary antibodies

used for this experiment were in the following form.
Primary antibodies were used at a 1:1000 dilution, with
secondary antibodies used at a 1:5000 dilution (Table 1).

Table 1. The list of antiblodies.

mTOR Cell Signalling technology ~ 2983S
LAMP2 Cell Signalling technology ~ 34141S
ULK1 Cell Signalling technology ~ 6439S
SIRT1 Cell Signalling technology ~ 9475S
TFEB Cell Signalling technology ~ 37785S
HSP90 Cell Signalling technology ~ 4874S
Beclin-1 Cell Signalling technology ~ 3495S
NAMPT Cell Signalling technology 61122
ATG5 Cell Signalling technology ~ 12994S
GAPDH Cell Signalling technology  2118S
Cathepsin D Abcam ah6313
Cathepsin B Cell Signalling technology ~ 31718S
LC3B Cell Signalling technology ~ 43566S
beta Actin Invitrogen PA5-72633
p62 Cell Signalling technology ~ 39749S
NR1D1/Rev-Erba  Cell Signaling Technology 13418

Transgenic mice: Ethics

All animal procedures were approved by the Jinan
University Institutional Animal Care and Use Committee.
All animals were maintained at the Jinan University
Institutional Animal Care Facility under standard
conditions under 12h-12h light-dark cycle. All animal
procedures were approved by the Jinan University
Institutional Animal Care and Use Committee (IACUC-
20231115-02).

Virus information

All viral tools used in behavioral experiments of
hTau.P301S mice were provided and packaged in
BrainVTA (BrainVTA Co., Wuhan, China). The adeno-
associated viruses (AAVs), PT-9634 rAAV-CX3CR1-
EGFP-S'miR-30a-shRNA2(Nr1d1)-3'miR-30a-WPREs
and PT-2961 rAAV-CX3CR1-EGFP-5'miR-30a-
shRNA(scramble)-3'miR-30a-WPREs were packaged
into AAV2/6 serotypes with final titers at least 2 x 102
genome copies per milliliter.

Surgery and viral injections

For the 7-month-old 5xFAD mice, the mice were first
anesthetized with 10% ethyl urethane, 2% chloral hydrate,
and 1.7 mg/mL xylazine in a 0.9% NaCl mixture (0.09
ml/10 g body weight, i.p.). Then the mice were mounted
in a stereotaxic holder (item: 71000, RWD, Shenzhen,
China). The experimental mice skulls were adjusted to be
parallel to the reference panel. A dental drill was used to
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make a craniotomy (~0.5 mm diameter) above the target
areas. 0.5 pL was microinjected (coordinates were AP:
~0.2 mm from the posterior transverse sinus as measured
4 mm lateral to the midsagittal sinus, ML: 0,2 mm from
midsagittal sinus, depth: ~1-1.5 mm). 15 days were

required to be adequate for the AAV expression. After
virus injection for 2 months, the 9-month-old mice were
applied to the sacrifice and tissue collection.
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Figure 1. NR1D1 as a Negative Regulator of Autophagy. (A) Western blot detection of NR1D1, p62, LC3B, and Actin
protein expression levels in YFP-Parkin-HeLa (YPH) cells treated with empty vector (EV) or NR1D1 siRNA (20nM and
40nM) with or without Baf-Al treatment, showing the knockdown efficiency of NR1D1 siRNA and its impact on
autophagy-related proteins. Data are pooled from 3 biological replicates (n=3). (B, C) Quantification of NR1D1 (B) and
LC3B II (C) protein levels in cells treated with EV or NR1D1 siRNA at different concentrations in YPH cells treated with
EV or NR1D1 siRNA (20nM and 40nM) with or without Baf-Al treatment. (D) MTT assay in HeLa cells treated with EV
or NR1D1 siRNA in YPH to detect the cell viabiliy. Data are pooled from 3 biological replicates and each repeat contains
5-6 technical repeats (n=17). (E) Schematic representation of autophagosome and autolysosome formation, highlighting
the fluorescence of GFP-mCherry-LC3B in neutral and acidic conditions. (F) Representative images of puncta in ptf-LC3B
cells treated with EV KD, EBSS, NR1D1 KD, or NR1D1 KD with Baf-Al. Data are pooled from 3 biological replicates
and each repeat contains 8 pictures per group. The result quantified the result by single cell per group (n=39-54). (G, H)
Quantification of the number of GFP+RFP+ puncta (G) and GFP- RFP+ puncta (H), representing specific autophagic
stages. Two-way ANOVA with Tukey’s multiple comparison test (B, C, G, H) and Kruskal-Wallis test with Dunn’s
multiple comparison test (D) were performed for statistical analysis, with significance levels denoted as follows: ns = not
significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. All data are presented as mean + SEM.
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ROSMAP single-nucleus RNA-seq data analysis

The analysis presented here utilized data from the
ROSMAP cohort, accessible through the AD Knowledge
Portal. We acknowledge their contributions to generating
and sharing the data used in this research. The details of
preprocessing, quality control, and cell type annotation
steps can be found in their recent paper [25]. We extracted
the raw data from the cell type objects available in the
synapse platform to perform differential analysis.

Statistical analyses

In the result section, relative expression level is the level
of genes/proteins in a group compared to the level in
designated WT (or other control). The Shapiro-Wilk test
(that determines normality when n>6) was used first to
determine whether the data deviated from Gaussian
distributions. We performed a Shapiro-Wilk test to check
for normal Gaussian distribution. If the data followed a
normal distribution, we used Tukey's multiple
comparisons tests for one-way/two-way ANOVA. If the
data did not follow a normal distribution, we used the
Kruskal-Walli’s test, followed by Dunn's multiple
comparisons. For smaller sample sizes (n<6), we
conducted non-parametric tests using the Wilcoxon test.
T-tests and one-way/two-way ANOVA were applied to
compare two independent groups and three or more
groups, respectively. The data are presented as the means
+ standard errors of the means (SEMs), and differences
were considered statistically significant when p < 0.05.

RESULTS
NR1D1 Inhibition Enhances Autophagic Flux

Previous studies have suggested a link between NR1D1
inhibition and activation of autophagy [11, 26]. To further
validate whether NR1D1 suppression activates autophagy
and enhances autophagic flux in human cells, we
employed a HelLa cell line overexpressing Parkin tagged
with yellow fluorescent protein (YFP), since HelLa cells
lack endogenous Parkin expression [27], and confirmed
our results in wildtype U20S cells. We performed siRNA-
mediated knockdown of NR1D1 using increasing
concentrations of the sSiRNA in both YPH and U20S cells,
to investigate the dose-dependent relationship between
NR1D1 expression and autophagy activation through
LC3B and sequestosome-1 (p62) detection using Western
Blotting (Fig. 1 A-C; Supplementary Fig. 1A-F). LC3B is
often used as a marker for autophagy. Upon autophagy
activation LC3B 1 is converted to LC3B Il via lipidation,
which facilitates the association of LC3B Il to the
autophagosome membrane where it facilitates

autophagosome formation and autophagy progression.
Additionally, we employed Bafilomycin Al (Baf-Al) to
block autophagosome-lysosome  fusion, enabling
assessment of autophagic flux [28]. Baf-Al treatment
prevents the degradation of autophagosomes by inhibiting
lysosomal acidification, allowing their accumulation to be
measured as an indicator of autophagic flux. Baf-Al
causes an accumulation of LC3B Ill-tagged
autophagosomes, enhancing the detection of LC3B Il as a
measure of autophagic flux. Following Baf-Al treatment,
LC3B-II and p62 levels, two key markers of autophagy
activity, increased continuously upon NR1D1 inhibition,
indicating enhanced autophagic flux and basal level of
macro-autophagy. As NR1D1 levels decreased, the
protein level of LC3B-Il was upregulated to varying
degrees, indicating autophagy activation. Furthermore,
we observed that reduced NR1D1 expression correlated
with decreased cell viability, suggesting that excessive
autophagy activation may lead to cell death (Fig. 1D;
Supplementary Fig. 1G).

To further validate our findings, we used U20S cells
stably expressing protein, tandem fluorescent-tagged LC3
(ptf-LC3B), expressing a fluorescent tagged LC3B
(mRFP-EGFP-LC3B) construct that enables monitoring
of autophagic activity by detecting the fluorescence shift
from yellow (both signals) to red fluorescence [29]. At
neutral pH, autophagosomes display both red and green
fluorescence due to the cytosolic localization of LC3B
tagged with mRFP and EGFP (appearing as yellow
puncta) (Fig. 1E). When autophagosomes fuse with the
lysosomes to form autolysosomes, the pH drops. Acidic
pH quenches the EGFP signal, and red-only signal
therefore corresponds to LC3B within the autolysosomes
(Fig. 1E). Starvation is known to induce autophagy.
Therefore, we starved the cells for 2 hours with Earle's
Balanced Salt Solution (EBSS) as a positive control for
autophagy induction. In addition, we treated the cells with
Baf-Al to inhibit lysosomal acidification and
autophagosome-lysosome fusion and hereby enabling the
detection of autophagic flux (Fig. 1F-H). Our results
showed that regardless of Baf-Al treatment, the number
of LC3B puncta with both green and red fluorescence
increased significantly, and even more than in response to
starvation. When quantifying the number of LC3B-red
only puncta, exemplifying autophagolysosomes, NR1D1
knockdown cells showed more red-only puncta than
controls, and fewer than following starvation. Based on
this finding of increased autophagosomes, but no change
in autophagolysosomes, we speculated whether NR1D1
might affect the lysosomal activity or acidity. To
determine the effect of NR1D1 deficiency on lysosomal
function we stained the cells with LysoTracker
(Supplementary Fig. 1H, ). LysoTracker is a fluorescent
dye that entries cell membranes and accumulates in low
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pH environments, specifically labeling lysosomes in live
cells [30]. We found that NR1D1 deficiency did not affect
the number of lysosomes detected with LysoTracker in

In conclusion, our findings demonstrate that NR1D1
inhibition enhances autophagic flux and autophagosome
formation but does not impair lysosomal function.

either U20S cells or YPH cells.
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Figure 2. Activation of Mitophagy Following NR1D1 Knockdown. (A) Schematic representation of the mt-
Keima reporter system for monitoring mitophagy, indicating the fluorescence shift from GFP (natural pH) to
RFP (acidic pH) in mitochondria entering autolysosomes. (B, C) Representative images and quantification of
mt-Keima YPH cells treated with EV or NR1D1 knockdown in the presence of vehicle (Veh) or FCCP. Data
are pooled from 3 biological replicates and each repeat contains 9 pictures per group (n=27). (D, E)
Representative images and quantification of TMRE staining in HeLa cells treated with EV or NR1D1 KD, with
or without FCCP, to assess mitochondrial membrane potential changes. Data are pooled from 3 biological
replicates and each repeat contains 6 technical repeats (n=18). (F, G) Representative images and mitochondrial
length quantification of MitoTracker staining in HeLa cells with NR1D1 KD and corresponding controls to
assess mitochondrial distribution and morphology. Data are pooled from 2 biological replicates and each repeat
contains 8 pictures per group(n=16). Kruskal-Wallis test with Dunn’s multiple comparison test (C, E, G) was

performed for statistical analysis, with significance levels denoted as: ns = not significant, * p < 0.05, ** p <
0.01, *** p < 0.001, **** p < 0.0001. Data are presented as mean = SEM.
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Activation of Mitophagy Following NR1D1
Knockdown
Mitophagy plays a crucial role in maintaining

mitochondrial quality control due to its involvement in
numerous diseases and mitochondria-related processes
[21, 31]. In this study, we aimed to further examine the
relationship  between NR1D1, mitophagy, and
mitochondrial homeostasis. First, we used HelLa cells
expressing mitochondrial target Keima (mtKeima) and
Parkin. mtKeima is a pH-sensitive fluorescent protein
detecting the pH statement of mitochondrial matrix, using
a mitochondrial targeting sequence from COX VIII.
mtKeima serves as a precise indicator of mitophagy by
detecting the delivery of mitochondria to acidic
lysosomes for degradation [32] (Fig. 2A). mtKeima's
excitation wavelength shifts from 458 nm at neutral pH to
586 nm in acidic conditions. While its emission
wavelength remains constant at 620 nm, the fluorescence
displayed will also change [32]. We applied Carbonyl
cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), a
mitochondrial uncoupler that decreases mitochondrial
membrane potential, to stimulate mitophagy. The results
revealed that NR1D1 knockdown enhanced mitophagy
both in basal and FCCP-stimulated conditions (Fig. 2B).
Since mitophagy has an essential role in mitochondrial
homeostasis, we assessed mitochondrial membrane
potential using Tetramethylrhodamine, ethyl ester
(TMRE) staining, a fluorescent probe that will enter the
mitochondria dependent on the membrane potential. We
found that knockdown of NR1D1 upregulated
mitochondrial membrane potential under FCCP
stimulation. Mitochondrial morphology analysis using
MitoTracker revealed that NR1D1 knockdown alone
induced mitochondrial fragmentation, potentially due to
hyper-activated mitophagy. We speculate that excessive
mitophagy may promote mitochondrial fission through
the enhanced degradation of mitochondria [31].
Additionally, NR1D1 acts as a nuclear receptor that
inhibits the function of DRP1, a key regulator of
mitochondrial fission. Inhibition of NR1D1 may activate
DRP1 [33], thereby further promoting mitochondrial
fission. However, during FCCP treatment, NR1D1
knockdown improved mitochondrial morphology. We
propose that under FCCP treatment, the number of
damaged mitochondria increases, and the activation of
mitophagy increased the recycling of damaged organelles.
Our results demonstrate that NR1D1 knockdown
enhances mitophagy, contributing to improved
mitochondrial homeostasis by promoting mitochondrial
recycling and maintaining mitochondrial membrane
potential. These findings highlight NR1D1 as a potential
regulator of mitophagy.

NR1D1 Inhibition Enhances Autophagic Flux via
SIRT1 and Cathepsin B

To explore the mechanism by which NR1D1 regulates
autophagy, we first utilized the STRING database to
predict protein-protein interactions between NR1D1 and
autophagy-related proteins (Fig. 3A; Supplementary
Table 1) (https://string-db.org/). Among these, we
focused on the five autophagy-related proteins showing
the strongest correlation with NR1D1 (HSP90AB1,
SIRT1, ATG5, NAMPT, GAPDH). Additionally, our
analysis of a previous study examining the effects of
NR1D1 knockout in U20S cells (GSE248721) revealed
that autophagy-related genes were altered (Fig. 3B; Fig.
S2. A; Supplementary Table 2). Western blot analysis was
performed on YPH cell extracts following NR1D1
knockdown, with and without Baf-Al treatment, to
examine the five autophagy-proteins along with
additional key autophagy markers (Fig. 3C). Our results
revealed that NR1D1 knockdown significantly increased
the expression of Sirtuin 1 (SIRT1) and pro-CTSB
cathepsin B (Cathepsin B) (Fig. 3D, E; Supplementaay
Fig. 2B-L). SIRT1 promotes autophagy mainly by
deacetylating and activating key autophagy-related
proteins [34, 35]. Cathepsin B contributes to autophagy
by degrading autophagic cargo within lysosomes,
ensuring the efficient recycling of cellular components
[36]. Under normal lysosomal conditions, the propeptide
of Cathepsin B undergoes hydrolysis through either self-
cleavage or processing by other proteases, resulting in the
formation of mature, active cathepsin B [37]. Our results
demonstrate that NR1D1 knockdown significantly
increases the expression of pro-Cathepsin B, but does not
affect the levels of cleaved (active) Cathepsin B. These
findings suggest that NR1D1 KD specifically promotes
the accumulation of pro-Cathepsin B without influencing
its maturation into the active form. This data indicates that
inhibition of NR1D1 may regulate autophagy by
modulating SIRT1. Through computational protein
interaction analysis and experimental validation, we
identified SIRT1 and Cathepsin B as potential key
molecular mediators between NR1D1 inhibition and
autophagy.

Impact of NR1D1 Inhibition on Autophagy and
Mitophagy in AD

From the above experiments, we showed that NR1D1
regulates autophagy. Building on these findings, we aim
to examine the changes in NR1D1 expression during the
progression of AD [14]. Differential expression analysis
was conducted to investigate the role of NR1D1 in AD
using human data from the Religious Orders Study and
Memory and Aging Project (ROSMAP) [38, 39]. NR1D1
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expression increased differently across all three
comparisons with AD progression (Fig. 4A). The most
pronounced differential expression was observed in Cut-
Like Homeobox 2 (CUX2)+ cells, as highlighted by the
rhombus symbol coverage. CUX2 is commonly used as a
marker for upper-layer excitatory neurons [40]. The
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Figure 3. NR1D1 Knockdown Activates Both Mitophagy and Autophagy via SIRT1. (A) Network
diagram showing key protein interactions in autophagy regulation, emphasizing SIRT1 and related factors

in response to NR1D1 knockdown from STRING website.

(B) Volcano plot showing differentially

expressed genes (DEGS) related to autophagy in Nrld1l KO mice compared to wild types (absolute fold
change > 0.5, adjusted p value < 0.05). Red indicates significantly upregulated genes, and green indicates
significantly downregulated genes. (C) Western blot analysis of various autophagy and mitophagy-related

proteins, including mTOR, LAMP2, ULK1, Sirtl,

Cathepsin D, Cathepsin B, LC3B, and GAPDH, in

TFEB, NR1D1, HSP90, Beclinl, NAMPT, ATGS5,
cells treated with EV or 20nM NR1D1 siRNA in the

presence or absence of Baf-Al. Data are pooled from 3 biological replicates (n=3). (D, E) Quantification
of SIRT1, Cathepsin B and cleaved Cathepsin B levels in cells treated with EV, NR1D1 KD, and Baf-A1l,
showing the impact of NR1D1 knockdown. Two-way with Tukey’s multiple comparison test (D, E, F) was

performed for statistical analysis, with significance

levels indicated as follows: ns = not significant, * p <

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Data are presented as mean + SEM.
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Figure 4. Impact of NR1D1 Knockdown on Autophagy in AD. (A) Heat map showing the change
of NR1D1 in different comparisons of transcriptional changes in human PFC across five major brain
neuron types, including astrocyte, CUX2- excitatory neuron, CUX2+ excitatory neuron, inhibitory
neuron and Oligodendroglia. Comparison 1: Pathologic AD positive with AD-related dementia versus
Pathologic AD negative without AD-related dementia; Comparison 2: Pathologic AD positive without
AD-related dementia versus Pathologic AD negative without AD-related dementia; Comparison 3:
Pathologic AD positive with AD-related dementia versus Pathologic AD negative with AD-related
dementia. (B) Western blot analysis of various autophagy-related proteins in the hippocampus tissues,
including NR1D1, LC3B and Actin, in WT and 5xFAD mice treated with hippocampal EV or Nri1dl
knockdown. Data are pooled from 3-5 mice per group (n=3-5). (C-E) Quantification of SIRT1, NR1D1,
6E10 (AB) levels in WT and 5xFAD mice treated with EV or Nrldl knockdown. One-way with
Tukey’s multiple comparison test was performed for statistical analysis, with significance levels
indicated as follows: ns = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Data
are presented as mean £ SEM.

Since autophagy is impaired in AD, we aimed to
determine whether we can restore the impairment through
changes in NR1D1. We applied 5xFAD mice, which
contain five AD-linked mutations: three in the APP695
gene [APP K670N/M671L (Swedish), 1716V (Florida),
V7171 (London)] and two in the PSEN1 gene [M146L,
L286V] [41]. We injected adeno-associated virus (AAV)
encoding shRNA against Nrldl (shRNA Nrldl) and

empty vector into the hippocampus of mice via stereotaxic
injection. After 2 months, we collected the tissue and
confirmed approx. 50% decrease of NR1D1 with western
blotting. We also detected decreased LC3B expression in
AD mice, subsequently restored following Nrldl
knockdown (Fig. 4B-D). However, in our detection,
soluble A did not change following Nrldl knockdown
(Fig. 4B, E).
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nhr-85/NR1D1 Inhibition Enhances Neuronal
Mitophagy, Restores Memory Deficits, and Extends
Lifespan in AD C. elegans Models

We utilized Caenorhabditis elegans (C. elegans), a well-
characterized nematode with a sophisticated nervous
system [42], to investigate neuronal mitophagy mediated
by nhr-85 (NR1D1 ortholog) in vivo. First, we used
transgenic nematodes with pan-neuronal expression of
mitochondria-targeted Rosella (mt-Rosella, a dual color-
emission biosensor). The mt-Rosella biosensor comprises
a green fluorescent protein (GFP) variant sensitive to the
acidic environment of the lysosomal lumen, which is

fused to the fast-maturing pH-insensitive DsRed.
Mitophagy index is assessed by monitoring the
GFP/DsRed ratio, with reduced values signifying
mitophagy induction [43] (Fig. 5A). We knocked down
nhr-85 expression in the neurons of mtRosella nematodes
using either nhr-85 RNAI or an empty vector, under
treatment with rotenone (a strong inhibitor of
mitochondrial complex | and mitophagy inducer) or
vehicle control. We then detected the fluorescence in the
neurons of the tail region (Fig. 5B-D). Our results
indicated that inhibition of nhr-85 in nematodes promoted
the occurrence of mitophagy with or without stress.
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Figure 5. NR1D1/nhr-85 Knockdown Provides Neuroprotection Against AD on Lifespan and Healthspan.
(A) Schematic representation of the mt-Rosella reporter system, illustrating pH-sensitive changes in
mitochondrial fluorescence signal from GFP (natural pH) to RFP (acidic pH) following mitophagy. (B)
Representative images of pan-neuronal mt-Rosella expressing C.elegans treated with vehicle or rotenone in the
presence or absence of 14440/EV or nhr-85/NR1D1 knockdown. Data are pooled from 3 biological replicates and
around each repeat contains 10 worms (n=30). (C, D) Quantification of pixel intensity (GFP/RFP ratio) and GFP-
RFP+ puncta in neurons expressing mt-Rosella treated with 14440 or nhr-85 RNAI and exposed to rotenone,
indicating changes in mitochondrial degradation. (E) Chemotaxis index in N2msi¢-10V hARB; 4, /CL2355"1d-10V
and hTau[P301L]/ CK12msid-10V with 14440 or nhr-85 RNAI treatment, indicating changes in neuronal function
and behavior. Data are pooled from 3 biological replicates and each repeat contains around 200 worms per group
(n=3). (F, G) Survival curve of N2 51910V worms and hAB1-42/CL2355 ™sid-10V worms treated with 14440/EV
RNA. or nhr-85 / NR1D1 RNAI, showing effects on lifespan. Data are pooled from 3 biological replicates and
around 90 worms per biological repeats per group (n=3). (H) The image compares the effects of Alzheimer's
disease (control) and the knockdown of the NR1D1 gene in Alzheimer's disease on key processes. In AD, NR1D1
is elevated, leading to decreased autophagy, resulting in memory loss. In contrast, the reduction of NR1D1
increases SIRT1, enhances autophagy and promotes memory retention. Kruskal-Wallis test with Dunn’s multiple
comparison test (C, D), Two-way ANOVA with Tukey’s multiple comparison test (E) and simple survival
analysis: Kaplan—-Meier estimator (F, G) were performed statistical analysis, with significance levels indicated as
follows: ns = not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Data are presented as mean

NR1D1 Inhibition Boosts Autophagy in Alzheimer's Models

+ SEM.

Given the causative role of compromised mitophagy
in AD pathogenesis, we examined the impact of nhr-85
on memory in both AB and tau nematode models. To
investigate whether nhr-85 inhibition restored memory
deficits, we evaluated learning behavior in transgenic
nematodes expressing pan-neuronal human AB1_s2 (hABs1-
42) or hTau4R1IN(P301L) using an aversive olfactory
learning chemotaxis assay, where a negative value
correlates with chemotaxis-related memory [44] (Fig. 5
E). hAB1-42 nematodes with nhr-85 knockdown showed
improved behavioral performance, whereas
hTau4RIN(P301L) worms did not demonstrate restored
associative memory upon nhr-85 knockdown. These
findings suggest that nhr-85 inhibition can stimulate
mitophagy in human cells and C. elegans neurons,
particularly improving associative memory in hAPi42
transgenic worms. For tau worms, although autophagy
was downregulated in the tau model [45] and nhr-85
knockdown did activate autophagy, nhr-85 knockdown

Table 1. Statistical analysis of C. elegans lifespan data.

SF N2; (14440 RNAi)">+10V 17.55 + 0.34
SF N2; (nhr-85 RNAiy™d-10V 20.85 + 0.38
5G  hAPi42;(/4440 RNAi)*410V 16.09 + 0.29
5G  hAPiu2; (nhr-85 RNAiyi¢-10V 18.26 + 0.31

did not improve chemotaxis-related memory in tau-
expressing worms. This lack of improvement may stem
from fundamental differences between the tau and AP
models. Specifically, in murine models, tau acetylation
[46], which contributed to memory impairment might be
increased by nhr-85/NR1D1 knockdown, since the
inhibition of nhr-85/NR1D1 could increase the tau
acetylation [47]. Since population studies have
demonstrated reduced lifespans among individuals with
AD compared to healthy controls [48], we investigated
whether enhanced memory correlated with increased
longevity. Inhibition of nhr-85 extended the average
lifespan of WT worms and worms expressing hABi-42 by
29.4% and 12.5%, respectively (Fig. 5F, G; Table 2).

Overall, the results demonstrate that inhibition of nhr-
85 enhanced neuronal mitophagy, improved associative
memory in hABi-42 transgenic C. elegans, and extended
lifespan, suggesting that targeting nhr-85 could offer a
potential therapeutic strategy for AD.

17 /
22 29.4%
16 /
18 12.5%

Survival analysis of N2 ™S40V worms and hAp; 4, (CL2355) ™41V worms treated with 1444 /Empty Vector (EV) RNAI or nhr-85 / NR1D1 RNAI,
showing effects on lifespan. Data are pooled from 3 biological replicates and 90 worms per biological repeats.

DISCUSSION

Our study provides compelling evidence that NR1D1
serves as a crucial regulator of autophagy, with significant
implications for understanding and potentially treating

diseases characterized by autophagy dysfunction, such as
AD. By demonstrating the potential of NR1D1 depletion
to enhance autophagic flux, improve mitophagy, and
potentially mitigate age-related neurological decline, we
have demonstrated a promising avenue for future
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therapeutic interventions. The multi-species approach,
utilizing cell lines, mouse models, and C. elegans,
strengthens the robustness of our findings and highlights
the conserved nature of the role of NR1D1 in autophagy
regulation across different biological systems. While
further research is needed to fully elucidate the molecular
mechanisms and potential clinical applications, our work
provides a solid foundation for future studies targeting
NR1D1 as a potential therapeutic strategy for autophagy-
related disorders.

Despite these promising results, several critical
guestions remain unanswered and warrant further
investigation. Notably, in this study, we used Western blot
analysis to demonstrate that NR1D1 inhibition does not
affect soluble A levels. While NR1D1 depletion does not
reduce soluble AP, it might increase cellular/neuronal
resilience against internal and external stresses via other
approaches. This could be via enhanced cellular
metabolism and reduction of cell death signaling: these
hypotheses should be tested in cellular and animal models
in future studies. Our data do not exclude the possibility
of changes in APi-42, APP, and CTF of APP by NR1D1
reduction in other cellular or animal models of AD. In our
study, NR1D1 knockdown was shown to activate
autophagy through multiple approaches, including the
mCherry-GFP-LC3 reporter cell line, LysoTracker
staining, and western blotting. Despite this activation, we
observed increased p62 levels, which could be explained
by several mechanisms. First, autophagy flux might be
impaired at a late stage, such as lysosomal fusion or
degradation, although LysoTracker staining indicated
normal lysosomal function. Second, as a nuclear
transcription factor regulated by HDAC3, NR1D1 may
influence p62 expression through autophagy-independent
pathways, such as NRF2-mediated stress responses, or by
affecting cellular stress signaling and the ubiquitin-
proteasome system (UPS), potentially leading to
increased p62 levels. Meanwhile, the relationship
between NR1D1 and SIRT1 remains ambiguous. While
SIRT1 is known to regulate NR1D1 through the
management of BMALL1 [49, 50], the reciprocal effects of
NR1D1 on SIRT1 activity and function require
elucidation. Additionally, comprehensive studies are
needed to determine whether the benefits of NR1D1 KD
are directly dependent on SIRT1 activation or if there are
alternative mechanisms at play. Cathepsin B is localized
not only in lysosomes but also in the nucleus and other
cytoplasmic regions [51]. Furthermore, LysoTracker
staining results and the cleaved Cathepsin B remained
unchanged, indicating that the specific cellular
compartments in which Cathepsin B levels increase upon
NR1D1 knockdown maybe except lysosome. NR1D1 is
known to influence gene expression through
transcriptional regulation and modulate protein function

via deacetylation. Further studies are required to
investigate whether NR1D1 directly affects cathepsin B at
the transcriptional level, post-translationally through
deacetylation [52, 53], or through other indirect pathways.
Identifying the downstream pathways between NR1D1
and autophagy regulation could further enhance our
ability to exploit this axis for therapeutic gain. Exploring
these nuanced interactions will be crucial in targeting
NR1D1 in therapeutic strategies. Like a double-edged
sword, it is noteworthy that NR1D1 has both positive and
negative effects to the cells. Under physiological
condition, cellular processes such as autophagy and
NR1D1 knockdown induce excessive autophagy,
ultimately causing cell death; in Alzheimer’s disease,
insufficient autophagy plays a key pathological role and
NR1D1 helps maintain mitochondrial integrity under
conditions of mitochondrial damage. In this study,
NR1D1 (nhr-85 in C. elegans) KD improved cellular
homeostasis, healthspan and lifespan in AD worms;
however, we do not exclude any potential side effects
caused by NR1D1 KD. Further experiments on any side
effects by NR1D1 KD should be carried out before
applying this strategy for AD therapy.

The research reveals that targeting NR1D1 KD can
restore impaired autophagy, as evidenced by our findings
in both cellular models and animal studies, including C.
elegans and 5xFAD mice. Notably, the nhr-85 KD not
only improved mitophagy but also showed potential in
extending lifespan and improving memory in AD models.
This suggests that NR1D1 depletion could be a valuable
therapeutic target for neurodegenerative disorders where
autophagy and mitochondrial function are compromised.
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