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BMAL1 upregulates STX17 levels to promote
autophagosome-lysosome fusion in hippocampal
neurons to ameliorate Alzheimer’s disease
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e Circadian rhythm disruption in early AD stages increases A3
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SUMMARY

We aim to investigate muscle ARNT-like protein 1 (BMAL1) regulation of syntaxin17 (STX17) in mouse hip-
pocampal neurons, focusing on autophagy and amyloid- (AB) deposition. Autophagosome-lysosome
fusion in APP/PS1 hippocampal tissues was observed using transmission electron microscopy, while
mRNA levels of LC3Il and P62 were measured via reverse-transcription PCR (RT-PCR) after Amyloid pre-
cursor protein (APP) overexpression. STX17, linked to autophagy and differentially expressed in Alz-
heimer’s disease (AD) brains, was knocked down or overexpressed to assess its effects. The results
showed that reduced STX17 impairs autophagosome-lysosome fusion, leading to abnormal A deposition.
Coimmunoprecipitation (Co-IP) and immunofluorescence confirmed STX17 interaction with SNAP29 and
VAMPS8 to form SNARE complexes. Furthermore, BMAL1 binding to STX17 was examined using luciferase
assays. Circadian rhythm disturbances and decreased BMAL1 expression in APP/PS1 mice were noted,
while BMAL1 overexpression upregulated STX17 expression and promoted autophagy to reduce AB depo-
sition. Thus, the BMAL1 protein can promote STX17 transcription to induce STX17-SNAP29-VAMPS8 com-

plex formation to clear intracellular AB through autophagy.

INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease ac-
counting for 50%-70% of all dementia cases.' The main patho-
logical changes are AB acceleration and tau phosphorylation,
which promote Neurofibrillary Tangle (NFT) formation in the cere-
bral cortex and hippocampus.? Itis currently believed that Ap ag-
gregation plays a key role in the disease process of AD, and an
imbalance between AB production and clearance is an important
cause of the abnormal accumulation of AB.>* In recent years, it
has been believed that extracellular A is the result of its toxic ef-
fect, and the accumulation of intracellular AB is the fundamental
factor leading to cytotoxic effects.” Moreover, the AB clearance
rate is significantly reduced during AD.®’ Autophagy, a key
pathway for intracellular AB clearance, has important neuropro-
tective functions. When autophagosome transport is abnormal
or lysosomes degrade autophagosome contents inefficiently, it
leads to autophagosome accumulation and the formation of a
large amount of AB.% The fusion of autophagosomes and lyso-
somes is an important part of autophagy.

Syntaxin 17 (STX17) can recruit soluble 29 kDa NSF attach-
ment protein (SNAP29) and vesicle-associated membrane pro-

tein 8 (VAMPS8) to the surface of lysosomes in the late stage of
autophagy to form the SNARE complex, which promotes auto-
phagosome-lysosome fusion.®'° There is evidence that adeno-
virus-mediated overexpression of STX17 in primary neurons can
promote autophagosome-lysosomal fusion, which can reverse a
significant retrovirus-induced increase in AB levels."" Knock-
down of STX17 inhibits autophagosome-lysosomal fusion and
affects axon growth in HT22 cells.’ The aforementioned studies
suggested that decreased expression of STX17 is an important
factor that leads to autophagosome-lysosomal fusion dysfunc-
tion and causes ApB deposition.

Studies have shown that circadian rhythm changes can
directly exacerbate subsequent pathological changes in the
early stage of AD."® The circadian system disturbance and sleep
dysfunction in AD patients are characterized by highly frag-
mented sleep, sleep-wake dysfunction, and decreased daytime
activity levels."""'® Accumulating evidence has demonstrated
that long-term sleep restriction induces A accumulation by dis-
rupting the balance between AB production and clearance in
rats.'” 6-month-old APP/PS1 double-transgenic mice exhibited
reduced sleep time, accompanied by the formation of amyloid
plaques in the hippocampus and cortex.'® The maintenance of
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circadian rhythms relies on transcriptional/translational feed-
back loops (TTFLs) composed of circadian clock genes/pro-
teins, which transport heterodimers formed by BMAL and Circa-
dian Locomoter Output Cycles Kaput Protein (CLOCK) to
activate the Period (PER) and Cryptochrome circadian clocks
(CRYs)."? In addition, other studies have shown that Ap deposi-
tion and Bmal1 expression are decreased in the brains of 3xTg-
AD mice,?° and Bmal1~/~ mice exhibit circadian rhythm distur-
bances in behavioral and molecular expression.”’ We also
observed that AB induced a decrease in Bmal1 expression in
HT22 cells,?* which suggested that Bmall is crucial for the regu-
lation of circadian rhythms in the AD model. STX17 is a clock-
controlled gene (CCQG) that is regulated by the Bmal1 signal
output by the circadian rhythm downstream of the circadian
gene.”® However, the regulation of STX17 and autophagy by
BMAL1 is unclear.

In this study, autophagosome-lysosome fusion and A depo-
sition were explored in AD models, such as APP/PS1 mice, and
Amyloid precursor protein (APP) was overexpressed in HT22
cells. Furthermore, the causes of autophagosome-lysosome
fusion dysfunction were observed through bioinformatics
analysis, immunofluorescence (IF) colocalization, and coimmu-
noprecipitation (Co-IP). We found that the decrease in the
expression of STX17 affected the formation of the STX17-
SNAP29-VAMP8 complex, thereby inhibiting autophagosome-
lysosome fusion. Crucially, we found that the circadian rhythm
of APP/PS1 mice was disrupted in the early stage of AD and
that the rhythm of Bmal1 expression was disrupted through
wheel running. Moreover, it was further confirmed that Bmal1
can affect the transcription of STX17, thereby also suggesting
that circadian rhythm affects autophagy in AD models, leading
to abnormal AB deposition, which provides a new strategy for
the treatment of AD.

RESULTS

Autophagosome-lysosome fusion disorders are
observed in APP/PS1 mouse hippocampal tissue and
APP-overexpressing HT22 cells

4-month-old and 8-month-old APP/PS1 mice as well as same-
month-old wild-type (WT) mice were used to observe the expres-
sion of autophagy-related proteins. LC3Il and P62 protein
expression increased in the hippocampal neurons of APP/PS1
mice compared with those of WT mice, but LC3Il and P62 protein
upregulation was more obvious in 8-month-old APP/PS1 mice
than in 4-month-old LC3Il and P62 mice (p < 0.05) (Figure 1A).
Reverse-transcription PCR (RT-PCR) revealed that LC3 mRNA
levels also increased in 4-month-old and 8-month-old APP/
PS1 mice (p < 0.05) (Figure 1B). Moreover, APP was overex-
pressed in HT22 cells by lentivirus (Figures 1C and 1D), and,
compared to that in the control group and Lentivirus Negative
Control (Lv-NC) group, the protein expression of LC3Il and P62
in the Lentivirus Overexpression of Amyloid Precursor Protein
(Lv-OE-APP) group significantly increased (p < 0.05) (Figure 1D).
We also observed an increase in the number of endogenous LC3
puncta in the cytoplasm after APP was overexpressed (p < 0.05)
(Figure 1E). These results suggested that autophagy is impaired
in AD models.
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To determine the reasons for autophagy impairment, transmis-
sion electron microscopy was used to observe the fusion of auto-
phagosomes and lysosomes in the hippocampal neurons of
4-month-old mice. Autophagosomes obviously accumulated in
the hippocampal neurons of 4-month-old APP/PS1 mice (shown
by the double arrow); however, there were mainly autolysosomes
in WT mice (indicated by the single arrows), and the number of au-
tophagosome in APP/PS1 is more than that in WT group (p < 0.05)
(Figure 1F). The aforementioned results demonstrated that auto-
phagic flow was disrupted in hippocampal neurons in the early
stages of AD, possibly because of impaired autophagosome-lyso-
some fusion. In our study, chloroquine was used as an autophagy
inhibitor to block the autophagosome-lysosomal fusion process.
The results showed that the protein expression of LC3Il and P62
increased after the addition of chloroquine to the Lv-NC group
(p < 0.05); however, there were no significant changes in the pro-
tein expression of LC3Il or P62 in the Lv-OE-APP group after the
addition of chloroquine (CQ) (p > 0.05) (Figure 1G). These findings
suggested the occurrence of autophagosome-lysosome fusion
disorders in HT22 cells after APP overexpression, which indicated
that autophagy blockade in the AD model was caused by autopha-
gosome-lysosome fusion disorders.

Increased abnormal deposition of A in APP/PS1 mouse
hippocampal tissue and APP-overexpressing HT22 cells
Amyloid can be stained red by Congo red, which indicates path-
ological changes in amyloidosis. Congo red staining was used to
observe the deposition of AB in the AD models. As shown, red
amyloid deposits were observed in the hippocampal neurons
of the APP/PS1 group (Figure 2A); at the same time, there
were significant red deposits in the hippocampal neurons of
the Lv-OE-APP group (Figure 2B) (indicated by the black arrows),
suggesting that the abnormal deposition of AB increased in the
AD models.

Decreased expression of STX17 blocks the fusion of
autophagosomes and lysosomes, resulting in abnormal
deposition of AB in AD
The GEO: GSE21779 was analyzed to screen for significantly
different genes in the brains of patients with AD according to
p < 0.05 and |logFC|>1. Moreover, the genes associated with
AD significantly differed from the autophagy database genes
and SNARE family genes; interestingly, the expression of
STX17, which is associated with autophagy, significantly differed
from that of AD in the SNARE family (Figure 3A). Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analyses revealed enrichment of pathways related to
membrane fusion or adhesion (Figure 3B; Table S1), which
showed that STX17 might play an important role in the autophagy
process in AD. In addition, gene set enrichment analysis (GSEA)
revealed that cellular functions were associated with autophagy
and STX17 (Figure 3C; Table S2). RT-PCR and western blotting
indicated that the expression of STX17 decreased (p < 0.05)
(Figures 3D and 3E). IF showed that STX17 was mainly localized
in the cytoplasm, and the fluorescence intensity of STX17
decreased after APP was overexpressed (p < 0.05) (Figure 3F).
To investigate whether STX17 can induce autophagy, we
quantified autophagy levels via various methods. After small
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Figure 1. Autophagosome-lysosome fusion is impaired in the AD model
(A) LC3Il and P62 protein expression levels in the hippocampal tissues of the 4-month-old/8-month-old WT and APP/PS1 groups.
(B) LC3 mRNA expression levels in the hippocampal tissues of the 4-month-old/8-month-old WT and APP/PS1 groups.

(C) RT-PCR verified the elevated levels of APP mRNA in HT22 cells.

(D) Western blot verified the elevated levels of APP protein in HT22 cells. The expression levels of the autophagy-related proteins LC3Il and P62 were increased in

APP-overexpressing HT22 cells.

(E) Fluorescence localization of LC3Il in HT22 cells after APP overexpression; green indicates LC3 puncta, and blue indicates nuclei. Scale bar, 20 um.

(F) Autophagosomes and autophagic lysosomes within neurons in the hippocampal tissues of 4-month-old WT mice and APP/PS1 mice. Red single arrows
indicate autophagic lysosomes of a monolayer membrane; red double arrows indicate autophagic bodies of the bilayer membrane. Scale bar, 1 um.

(G) Expression of LC3Il and P62 in HT22 cells overexpressing APP after CQ interference. n = 6; ns, no significance; “p < 0.05 vs. the 4-month-old WT group;

Ak,

*p < 0.01 vs. the 4-month-old WT group; **p

#h < 0.01 vs. the Lv-NC group;

interfering RNA (siRNA)-mediated knockdown of STX17, LC3
mRNA expression increased, while LC3Il and P62 protein
expression also increased (p < 0.05) (Figures 3G and S1), which
suggested that decreased expression of STX17 can further
block autophagy. Additionally, the expression of LC3Il and P62
decreased after STX17 overexpression (p < 0.05) (Figures 3H
and S2); to a certain extent, STX17 reversed the autophagy
blockade caused by AD. After chloroquine treatment, the

<0.001 vs. the 4-month-old WT group; ®p < 0.05 vs. the 4-month APP/PS1 group; *p < 0.05 vs. the Lv-NC group;
##p < 0.001 vs. the Lv-NC group. Data are represented as mean + SD.

expression of LC3Il and P62 tended to increase in the Lv-OE-
APP+Lv-OE-STX17 group (p < 0.05), but there were no signifi-
cant changes in the control group (p > 0.05) (Figure 3l). In addi-
tion, abnormal AB deposition increased after STX17 knockdown
but decreased after STX17 overexpression (Figure 3J). These
results suggested that STX17 promoted the fusion of autopha-
gosomes and lysosomes, which in turn partially restored auto-
phagic flux and cleared AB. In summary, our study demonstrated
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that STX17 contributes to autophagy activation and the fusion of
autophagosomes and lysosomes, thereby promoting the clear-
ance of AB.

STX17 promotes autophagosome-lysosome fusion in
hippocampal neurons via the SNARE complex

To further elucidate the function of STX17, the results showed
that the binding of SNAP29 to STX17 in the Lv-OE-APP group
was significantly lower than that in the Lv-NC group (Figure 4A).
In addition, the binding of STX17 to SNAP29 in the Lv-OE-
APP+Lv-OE-STX17 group increased after STX17 overexpres-
sion (Figure 4B). The colocalization of STX17 on autophago-
somes and VAMP8 on lysosomes was observed by IF staining.
Furthermore, the colocalization of STX17 and VAMPS8
decreased after APP was overexpressed; on this basis, knock-
ing down STX17 reduced the colocalization of STX17 and
VAMPS8 (Figure 4C). These results suggested that STX17 is a
key factor in recruiting SNAP29 and VAMPS8 to form SNARE
complexes.

The AD model showed circadian rhythm disturbance and
decreased Bmal1 expression

To assess whether AD can entrain circadian rhythms of locomo-
tor activity in the mouse, mice were housed in cages and sub-
jected to a 12:12 Light-Dark (LD) schedule. After 10 days in base-
line conditions, we started housing them in Dark-Dark (DD)
schedule for 14 days. In vitro, we added Dexamethasone to syn-
chronize cell cycle (Figure 5A). The activity time and amount of
exercise of the mice were recorded by a wheel-running device.
In the DD environment, the WT group had regular running-wheel
activities and clear demarcations between movement and rest,
and the activity phase was mainly concentrated on the subjec-
tive night. However, the APP/PS1 mice exhibited a significant in-
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Figure 2. Deposition of amyloid in hippocampal
neurons in the AD model

(A) Congo red staining of hippocampal tissues from
the WT and APP/PS1 groups revealed amyloid
deposition. Scale bars, 500 um, 200 um, and 100 pum.
(B) Intracellular Congo red staining of the control,
Lv-NC, and Lv-OE-APP groups revealed amyloid
deposition. n = 3; scale bar, 50 um. The black arrows
indicate amyloid-stained Congo red.

crease in fragmented arousal and activity
during the day, and the results showed that
the daytime activity of the APP/PS1 mice
increased significantly compared with that
of the WT mice (p < 0.05). The results
showed that the free-running cycle of the
WT group mice was 23.63 + 0.08 h, and the
free-running cycle of the APP/PS1 mice
was 23.83 = 0.09 h (p < 0.05) (Figure 5B).
Additionally, APP/PS1 mice exhibit circadian
rhythm disorders. The light on time of 8:00
during LD was set to CTO, and the expres-
sion of BMAL1 was detected by western
blot at four time points, CTO, CT6, CT12,
and CT18. The rhythm of BMAL1 expression was analyzed by
JTK-CYCLE, and p < 0.05 was considered to indicate diurnal
fluctuations in BMAL1 expression. The results revealed that the
expression of BMAL1 protein in the WT group had obvious rhyth-
mic fluctuations, and the expression of BMALT1 in hippocampal
neurons decreased in the APP/PS1 group compared with that
in the WT group (Figure 5C); in particular, BMAL1 expression
decreased significantly at the CTO and CT18 time points. On
the other hand, the same trend of BMAL1 expression was also
observed in HT22 cells after APP was overexpressed (Figure 5D).
IF and plasmonuclear isolation also revealed that BMALA1
expression was reduced and that BMAL1 was concentrated
mainly in the nucleus (Figures 5E and 5F).

Bmal1 affects autophagy and Ap deposition by
regulating STX17 expression

The possible regulatory mechanism and binding site of BMAL1
were analyzed via the prediction website JASPAR, and the region
was analyzed via JASPAR to identify possible transcription factor-
binding sites (Figure 6A). We constructed a luciferase reporter of
STX17. Overexpression of BMAL1 increased the luciferase activ-
ity of STX17, suggesting that BMAL1 can bind to the promoter of
STX17 to promote transcription (Figure 6B). These results
confirmed that BMAL1 could affect the transcription of STX17. Af-
ter BMAL1 was overexpressed, autophagic flow and Ap deposi-
tion were detected by western blotting and Congo red staining.
BMAL1 and STX17 expression increased, and LC3Il and P62
expression decreased after BMAL1 was overexpressed (Fig-
ure 6C), which partly indicated that overexpression of BMAL1
can restore autophagy flow. Furthermore, abnormal intracellular
AB deposition was reduced after BMAL1 overexpression (Fig-
ure 6D). Taken together, these findings suggested that BMAL1
might clear intracellular A via STX17.
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DISCUSSION

We found circadian rhythm disturbance, impaired autophago-
some-lysosome fusion in hippocampal neurons, and decreased
intracellular AB deposition in AD models. Through bioinformatics
analysis, it was concluded that the decreased expression of
STX17 was related to impaired autophagosome-lysosome
fusion. We subsequently inhibited STX17 expression and found
that STX17 may promote autophagosome-lysosome fusion
through the formation of a complex of SNAP29 and VAMPS8 to
reduce AP deposition. In addition, motif analysis and luciferase
assays suggested that the circadian rhythm protein BMALA1
can bind to the STX17 locus and affect autophagy. In summary,
decreased expression of BMAL1 inhibited STX17 transcription
and subsequently downregulated STX17 protein expression to
reduce the formation of the STX17-SNAP29-VAMP8 complex,
resulting in impaired autophagosome-lysosome fusion and
abnormal accumulation of AB in the process of AD.

Increased expression of the LC3Il and P62 proteins and
blockade of autophagic flux occurred in a variety of AD models.
At present, studies have shown that autophagy blockade may
be caused by impaired fusion of autophagosomes and lyso-
somes. Consistently, our results indicated that abnormally
deposited AB accumulated in AD models. The autophagy-lyso-
somal system plays an important role in the metabolism of AB,
and autophagy promotes the degradation and clearance of
APP and AB.°*?° With increasing amounts of research,
increasing evidence has shown that intracellular Ap plays an
important role in the AD process, and even more intracellular
AP appears to precede extracellular AB.”® The intracellular ag-
gregation of AB disrupts the balance of intracellular and extra-
cellular AB, resulting in a 10,000-fold increase in AB in the AD
brain.?” Therefore, intracellular Ap accumulation is potentially
correlated with early molecular changes prior to amyloid plaque
formation. The enrichment of A in late endosomes and lyso-
somes may be a key event leading to the molecular cascade
of AD?%; however, intracellular Ap can also promote the intensi-
fication of Tau protein phosphorylation and the formation of
toxic Tau oligomers.? Our study revealed that Ap accumulated
in the hippocampal tissue of 4-month-old APP/PS1 mice and
APP-overexpressing HT22 cells. Other studies have also shown
diffuse amyloid plaques in the cortex and hippocampus of
5-month-old APP/PS1 mice. If excess A is produced in the
brain and cannot be removed in time, it will accumulate to
form amyloid plaques.®® In addition, 6-month-old APP/PS1
double-transgenic mice not only exhibited AB deposition in

iScience

the hippocampus and cortex but also exhibited neuronal
damage.”’

At present, autophagy is an important pathway for intracellular
AB clearance, and autophagy degrades and recycles its own se-
nescent or dysfunctional protein components to maintain cellular
homeostasis and metabolic balance.* The fusion of autophago-
somes and lysosomes is very important for maintaining the
smooth circulation of autophagosomes. Disruption of the fusion
of the two proteins obstructs autophagy flow, which affects the
degradation of senescent proteins and abnormal protein aggre-
gation in cells.®® This study revealed that the expression of LC3lI
and P62 was increased in the AD model. Coincidentally, other
studies have shown that LC3Il and P62 expression is elevated
in the hippocampus of 3-, 6-, and 10-month-old APP/PS1
mice.>* Moreover, many studies have confirmed that autophagy
and AD are closely related. Using the double-standard adeno-
virus GFP-RFP-LC3-labeled AB25-35, in which ApB25-35 was
found to increase the number of autophagosomes in SH-SY5Y
cells and decrease the number of autophagic lysosomes,
AB25-35 was shown to significantly hinder the fusion of autopha-
gosomes and autolysosomes in SH-SY5Y cells.®® This study
also revealed that a large number of autophagic bodies accumu-
late in neurons in the hippocampal tissues of APP/PS1 double-
transgenic mice. Recently, increasing evidence has shown that
impairment of the autophagy-lysosomal pathway is associated
with the pathogenesis of AD. Because autophagy blockade is
caused by impaired autophagosome-lysosome fusion in vitro,
this study showed that the protein expression of LC3Il and P62
did not significantly change in APP-overexpressing HT22 cells
after the addition of chloroquine by blocking the autophago-
some-lysosome fusion process. In the case of autophagy pro-
gression, CQ can significantly increase the protein levels of
LC3-II/LC3-1 and P62, and, when autophagy is blocked, the pro-
tein expression of LC3Il and P62 does not change significantly
after CQ s added.®® These findings confirmed the disorder of au-
tophagosome-lysosome fusion in AD models. The autophagy-
lysosomal pathway is damaged during the AD process, resulting
in the obstruction of autophagic flow.

In this study, bioinformatics analysis revealed that STX17 is a
differentially expressed SNARE protein in the brains of AD patients,
which is associated with autophagosome-lysosome fusion, and
that STX17 mRNA and protein expression are reduced in AD ani-
mal and cell models. Autophagy flow changed after STX17 inter-
vention. Co-IP and IF colocalization revealed that STX17 may
regulate the fusion of autophagosomes and lysosomes by binding
to SNAP29 and VAMPS8 to form the SNARE complex, further

Figure 3. Decreased STX17 expression and abnormal Af deposition during AD
(A) Significantly differentially expressed genes associated with autophagy in the brains of AD patients.

(B) GO enrichment of DEGs and KEGG pathway analysis.
(C) The GSEA analysis of autophagy.

(D and E) Changes in the expression of STX17 genes and proteins in the AD model.

(F) STX17 fluorescence in APP-overexpressing cells; green indicates STX17, and blue indicates the nucleus. Scale bar, 20 pm.

(G) Changes in LC3Il and P62 expression after siRNA-mediated knockdown of STX17.

(H) Changes in LC3Il and P62 expression after STX17 were overexpressed in APP-overexpressing HT22 cells.

(I) Expression of LC3Il and P62 in HT22 cells overexpressing APP and STX17 after CQ interference.

(J) Interference with amyloid deposition after STX17 expression. n = 6; scale bar, 50 um. *p < 0.05 vs. the WT group; **p < 0.01 vs. the WT group; #p < 0.05 vs. the
Lv-NC group; *p < 0.01 vs. the Lv-NC group; **p < 0.001 vs. the Lv-NC group; ¥p < 0.05 vs. the Lv-OE-APP+Lv-NC group; ¥ < 0.01 vs. the Lv-OE-APP+Lv-NC

group. Data are represented as mean + SD.
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(A) After APP overexpression, STX17 and SNAP29 binding decreases; (B) after STX17 overexpression, APP overexpression increases the binding of STX17 to
SNAP29 in cells; (C) STX17 is colocalized with VAMP8 by immunofluorescence; orange indicates STX17, green indicates VAMP8, and blue indicates the nucleus.

n = 3; scale bar, 50 um.

affecting the clearance of AB. Animals with STX17 mutations
develop neuronal dysfunction and motor defects, suggesting
that defects in autophagosome clearance may have an impact
on various human diseases.®” In mammalian cells, the parallelo-
chelix bundle composed of autophagosome-localized Qa-
SNARE STX17, Qbc-SNARE SNAP29, and lysosomal R-SNARE
VAMPS8 forms the SNARE complex, promoting autophagosome-
lysosome fusion.®®*° Among them, STX17 plays a major role in
autophagy. On the one hand, since STX17 is a hairpin structure

formed by two transmembrane domains, each domain contains
a glycine zipper’®; on the other hand, STX17 is not present on
unclosed autophagosomes but is recruited to autophagosome
membranes immediately before or after autophagosome
closure.”’ The subsequent recruitment of STX17 to intact autopha-
gosomes can prevent the premature fusion of lysosomes with un-
enclosed phagocytes, so the localization of STX17 to autophago-
somes is particularly important for the formation of SNARE
complexes. STX17 can promote the fusion of autophagosomes
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and lysosomes not only by forming SNARE complexes but also by
recruiting HOPS complexes. RUB domain-containing protein-like
(RUBCNL) can direct PtdIns3K and Homotypic Fusion and Protein
Sorting Complex (HOPS) complexes to autophagosomes by inter-
acting directly with STX17.*> However, studies have shown that
the binding of STX17 and HOPS during the fusion of autophago-
somes and lysosomes does not appear to have an effect on
STX17-SNAP29 interactions.**** STX17 not only acts on the
fusion process of autophagosomes and lysosomes but is also
distributed in different subcells, including autophagosomes/auto-
lysosomes, the endoplasmic reticulum (ER), the Golgi apparatus,
the mitochondria-associated endoplasmic reticulum, and mito-
chondria, contributing to the regulatory function of STX17 in auto-
phagy.***® Our study revealed that decreased expression of
STX17 reduced its binding to SNAP29. The deletion of STX17
can block the formation of the STX17-SNAP29-VAMP8 complex,
and knocking out both STX16 and STX17 can completely block au-
tophagic flux.*” If impaired autophagosome-lysosomal fusion is
induced by siRNA mutation or knockout of the STX17 gene, this
approach is more specific than bafilomycin A1.°” The use of siRNA
to interfere with STX17 in human Hela cells, HEK293 cells, and
mouse fibroblasts cultured in vitro can induce autophagosome-
lysosomal fusion disorders and significant accumulation of auto-
phagosomes, which can be reversed by further cotransfection of
anti-RNAi genes.”® Many studies have shown that STX17 plays
animportant role in autophagy, especially in the fusion of autopha-
gosomes and lysosomes, but the relationships among STX17,
autophagy, and AB clearance are poorly understood.
Furthermore, by observing the wheel running of APP/PS1 mice,
we found that APP/PS1 mice had rhythm disorders, suggesting
that the occurrence of AD was closely related to circadian rhythm.
Therefore, we determined that the expression of BMAL1 rhythmin
the AD model was abnormal, and, through bioinformatics predic-
tion, it was found that BMAL1 could be used as a transcription
factor to regulate the transcription of STX17. Double luciferase re-
porter and chromatin coprecipitation assays also indicated that
Bmall can bind to the STX17 promoter, thereby affecting
STX17 transcription. A large number of studies have shown that
there is a complex relationship between circadian rhythm disor-
ders and AD pathology, and the early manifestations of the dis-
ease are reduced sleep efficiency, sleep fragmentation, and
sleep-wake cycle disorders, even before the development of
cognitive impairment.“®° Studies have shown that a lack of sleep
due to circadian rhythm disturbances also increases the risk of
AD, in which controlled sleep can affect AD-related pathologies
in mouse models and that the sleep-wake cycle can regulate
the level of pathogenic AB in the brain.®'*°? In this study,
4-month-old APP/PS1 double-transgenic mice were also found
to exhibit sleep-wake cycle disturbance and AB deposition. Other
experiments have confirmed that 3-month-old 3xTg-AD mice
exhibit obvious circadian rhythm disorders, mainly due to

¢ CellP’ress

OPEN ACCESS

increased daytime activity and decreased nocturnal activity,”®
and 9-month-old APP/PS1 double-transgenic mice also exhibit
circadian rhythm disturbances.*

The mammalian circadian clock basically relies on transcrip-
tional activators (BMAL1 and CLOCK) to induce the transcrip-
tion of inhibitors (Per and Cry), which causes the latter to accu-
mulate over time until it reaches a level sufficient to inhibit its
own activation.”® This study revealed that the expression of
the circadian clock gene Bmal1 decreased and that rhythm
fluctuations were disrupted in AD animal and cell models.
Studies using AD mouse models to explore the role of AB in
regulating circadian rhythms and clock molecules have indi-
cated that the circadian rhythm behavior of AD mice is altered
and that the expression patterns of the circadian clock genes
Bmall and Per2 are altered.”® As an important core clock
gene that regulates the expression of multiple genes, Bmal1
knockout alters the rhythm of AB interstitial fluid and intensifies
AB plaque deposition in the hippocampus.®” BMALT can act as
a transcription factor to directly drive the transcription of down-
stream genes, such as the Reverse erythroblastosis virus (REV-
ERB) protein involved in microglial activation, thereby regu-
lating AB.*® In recent years, the relationship between circadian
rhythms and autophagy has gradually been revealed. Rhythmic
changes in the volume and number of autophagic vesicles have
been reported in cardiomyocytes, liver cells, kidneys, and
pancreatic cells.®® Recently, it has been shown that autophagy
levels are controlled by several clock genes, notably Per2 and
BMAL1.°° For example, the BMAL1/CLOCK complex can
induce the expression of ATG14, a gene related to the initiation
of autophagy. BMAL1 induces autophagy through downregula-
tion of mMTORCH1 signaling in cardiomyocytes, thereby protect-
ing cardiomyocytes under hyperglycemic conditions.®' Other
studies revealed that the expression of LC3-l increased but
the expression of P62 decreased, while Beclin-1 levels did
not change in BMAL1~'~ mouse muscle.®” These findings indi-
cate that circadian rhythm disorders can lead to autophagy
dysfunction or decline. Bmal1, as an important element in the
feedback loop of TTFLs, can bind to the E-box element on
the clock gene to initiate the transcription of these genes.®®
In this study, a motif was used to predict the presence of bind-
ing sites between BMAL1 and STX17, and a dual-luciferase re-
porter assay revealed that BMAL1 can regulate STX17 tran-
scription. Among them, STX17 is a clock control gene and
can be regulated by clock genes such as Bmal1.%* In addition,
studies have shown that Bmal1 knockout can increase LC3
expression and p62 accumulation in cardiomyocytes, suggest-
ing that Bmal1 is involved in the regulation of autophagosome-
lysosome fusion.®®

In summary, we found that the decrease in Bmal1 expression
caused by circadian rhythm disturbance in APP/PS1 mice in-
hibited autophagosome-lysosome fusion and promoted

C) Dysrhythmic expression of BMALT in the hippocampal nerve tissue of APP/PS1 mice.

(
(D) Dysrhythmic expression of BMAL1 in APP-overexpressing HT22 cells.
(

E) Expression of BMAL1 in HT22 cell cytosol and nucleus after APP overexpression.
(F) Localization of BMAL1 in APP-overexpressing HT22 cells; green represents BMAL1, and blue represents the nucleus. n = 6; scale bar, 20 um.*p < 0.05 vs. the

*h

WT group;
mean + SD.

D < 0.001 vs. the WT group; #p < 0.05 vs. the Lv-NC group; o < 0.01 vs. the Lv-NC group; **#p < 0.001 vs. the Lv-NC group. Data are represented as
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(A) JASPAR analysis revealed the recognition sites of BMAL1 on the promoter sequence of STX17.

(B) Detection of luciferase activity after the STX17 promoter sequence plasmid and BMAL1 plasmid were transfected into HT22 cells.

(C) Autophagic flow was partially restored in APP-overexpressed HT22 after BMAL1 overexpression.

(D) Amyloid deposition decreases after BMAL1 overexpression. n = 6; scale bar, 50 um. *p < 0.05 vs. the Lv-OE-APP+Lv-NC group; *p < 0.01 vs. the Lv-OE-
APP+Lv-NC group. Data are represented as mean + SD.
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abnormal AB deposition. BMAL1 may influence autophagy
through transcriptional regulation of STX17.

Limitations of the study

This study has several limitations. First, the findings in APP/PS1
mice may not fully translate to human AD, necessitating further
in vivo studies. Second, the focus on the BMAL1-STX17 pathway
leaves other regulatory mechanisms in autophagy unexplored.
Finally, the impact of circadian rhythm disturbances on other
physiological or behavioral outcomes remains unaddressed,
limiting the generalizability of the results.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should
be directed to and will be fulfiled by the lead contact, Xiaohui Wang
(163.wangxh@163.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o Data: Original western blot images are publicly available as of the date of
publication. Microscopy data reported in this paper will be shared by the
lead contact upon request.

o Code: GEO (https://www.ncbi.nlm.nih.gov/gds/) was used for bioinfor-
matics analysis to predict the genes associated with autophagy that are
differentially expressed between normal controls and patients with AD.
Gene expression data (GEO: GSE21779 published on Apr 01, 2011, and
update on Mar 25, 2019) have been deposited at GEO and are publicly
available as of the date of publication. According to the prediction re-
sults for different genes, GO terms and KEGG pathways were used
to analyze all features. Heatmap was plotted by https:/www.
bioinformatics.com.cn, an online platform for data analysis and visuali-
zation. JASPAR analysis (http://jaspar.genereg.net/) revealed the bind-
ing sites.

o Additional information: Additional information and requests for re-
sources and reagents used in this study should be directed to and will
be fulfilled by the lead contact, Xiaohui Wang (163.wangxh@163.com).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-LC3B antibody Abcam Cat #ab192890
BMAL1 (D2L7G) Rabbit mAb Cell Signaling Technology Cat #14020S

STX17 Polyclonal antibody
VAMP8 Polyclonal antibody
SNAP29 Polyclonal antibody

Proteintech
Proteintech
Proteintech

Cat #17815-1-AP
Cat #15546-1-AP
Cat #12704-1-AP

Anti-SQSTM1 / p62 antibody Abcam Cat #ab109012
Anti-Amyloid Precursor Protein antibody Abcam Cat #ab32136
Bacterial and virus strains

Lentivirus-overexpressing STX17 Shanghai Genechem N/A
Lentivirus-overexpressing BMAL1 Shanghai Genechem N/A
STX17-siRNA Hanbio Biotechnology N/A
Chemicals, peptides, and recombinant proteins

RNAiso Plus TaKaRa Cat #9109
RIPA buffer Boster Cat #AR0102
Gilutaraldehyde,2.5%(EM Grade) Solarbio Cat #P1126
Critical commercial assays

PrimeScript RT Master Mix TaKaRa Cat #RR036A
SYBR Premix Ex TaqgTMI| TaKaRa Cat #DRR041A

Experimental models: Cell lines

HT22

Chinese Academy of Sciences Cell Bank

CSTR:19375.09.3101MOUGNM47

Experimental models: Organisms/strains

SPF mice

Model Animal Research Center

APP/PS1 transgenic mice

Software and algorithms

ImagedJ ImagedJ https://imagej.nih.gov/ij/

GraphPad Prism GraphPad Prism https://www.graphpad.com/

Other

Code of GSE21779 GEO https://www.ncbi.nim.nih.gov/gds/
Code for data analysis and visualization bioinformatics https://www.bioinformatics.com.cn
Code for revealed the binding sites JASPAR http://jaspar.genereg.net/

Data: Western Blot and Microscopy data

Lead contact

163.wangxh@163.com

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

APP/PS1 mice and WT mice, acquired from the Model Animal Research Center of Nanjing University, were bred on a C57BL/6 back-
ground and maintained under a 12-hour light/12-hour dark cycle until they reached 4 months (n=20, male) and 8 months(n=4, male),
n refers to the number of animals. Subsequently, 4-month-old mice were placed in dark-dark conditions for 14 days to observe car-
cadian rhythm. The use of animals complied with the national and Shanxi Medical University experimental animal use regulations

(SYXK2019-0008).

METHOD DETAILS

Transmission electron microscopy (TEM)

The hippocampi of the mice were rinsed and fixed at 4°C for 1 hour in a solution of 2.5% glutaraldehyde supplemented with 0.1 M
phosphate-buffered saline (PBS), followed by postfixation in 1.0% osmium tetroxide for 3 hours. Subsequently, the cells were
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collected by scraping, centrifuged, gradually dehydrated in ethanol solutions, and embedded in Epon Araldite blocks. Ultrathin sec-
tions (60-80 nm) were prepared using an Ultracut Microtome (UC7; Leica), stained with 4% aqueous uranyl acetate and lead citrate
for 5 minutes, and then examined using a transmission electron microscope (TEM) operating at 200 kV (Tecnai G2 20 Twin, FEI).

Congo red staining

HT22 cells were fixed with 4% paraformaldehyde for 10 minutes, followed by thorough rinsing with distilled water. Subsequently, they
were immersed in modified Highman stain for 5 minutes and then treated dropwise with Highman differentiation solution for a few
seconds under microscopic observation and control conditions. After rinsing with tap water, the cells were lightly stained with
Mayer’s hematoxylin for 1 min, followed by another rinse with tap water. Finally, the sections were stepwise dehydrated with graded
ethanol, rendered transparent with xylene, and sealed with neutral gum.

Cell culture and reagents

HT22 cells were purchased from the Chinese Academy of Sciences Cell Bank. Prior to cell treatment, the stock solutions were diluted
to concentrations ranging from 100 to 200 uM in serum-free medium (DMEM + 1% penicillin-streptomycin). Chloroquine (MCE) was
dissolved in sterile water and stored in aliquots at —20°C. Stocks were subsequently diluted to concentrations of 20 or 40 uM in
serum-free medium before being administered to cells. To synchronize cell rhythms in assays, cells were treated with 0.1 uM dexa-
methasone for 2 hours.Cell passaging and plating: discard the original culture rack, wash with PBS three times, add trypsin contain-
ing 0.25% EDTA to digest the adherent HT22 cells, add complete medium to terminate the reaction after the cells become round,
centrifuge (1000rpm, 5min), discard the supernatant, resuspend the cell pellet with complete medium, and perform cell passaging
or plating at an appropriate density.

siRNA transfections

STX17-siRNA was obtained from Hanbio Biotechnology (Shanghai, China). The sequences of both the STX17-targeting and control
siRNAs used were as provided. These siRNA oligonucleotides were transfected into HT22 cells at a concentration of 100 nM using
RNA-fit Hanbio Biotechnology (Shanghai, China) following the manufacturer’s guidelines.

RNA isolation and quantitative real-time PCR (qRT-PCR)

TRIzol extraction kits (Invitrogen, US) were used to extract total RNA according to the manufacturer’s protocol. To prevent potential
DNA contamination, the extracted total RNA was treated with RNase-free DNase | (TaKaRa, Japan) before being reverse transcribed
by a set of custom sequence-specific primers and M-MLYV reverse transcriptase. The total RNA used as the template for reverse tran-
scription was approximately 1 ug, and the concentration of the cDNA used for gRT-PCR was 100 ng/uL. The primers used for ampli-
fication were as follows: GAPDH sense, 5’-AAATGGTGAAGGTCGGTGTGAAC-3’ and antisense, 5-CAACAATCTCCACTTTGC
CACTG-3’; APP sense, 5’-GCAATGATCTCCCGCTGGTA-3’ and antisense, 5-AACTTTGGGTTGACACGCTG-3’; and LC3II sense,
5’-GCGCTTGCAGCTCAATGCTA-3’ and antisense, 5’-GTACACTTCGGAGATGGGAGTGG-3'. Data analysis was performed using
Prism, and GAPDH was used as a reference transcript.

Western blot and antibodies

Cellular proteins were extracted using RIPA buffer (Beyotime, Shanghai, China) containing a complete protease inhibitor mixture
(Roche, Mannheim) and BCA method for protein concentration determination. Gel electrophoresis then transfer to a membrane.
The antibodies utilized in this study included B-actin (Bioss), LC3Il (Abcam), P62 (Abcam), BMAL1 (Cell Signaling Technology),
STX17 (Proteintech), SNAP29 (Proteintech), and VAMP8 (Proteintech). Immunopure goat anti-rabbit and anti-mouse 1gG (HL)
were procured from ABclonal. The intensity of the bands was quantified using NIH ImageJ software.

Immunoprecipitation (Co-IP)
Ice-cold immunoprecipitation buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 2 mM EDTA, 10% glycerol, and 1% Triton X-100) sup-
plemented with protease inhibitors was used to lyse the collected HT22 cells. The lysates were transferred to 1.5 ml tubes, gently
rotated for 2 hours at 4°C, and then centrifuged at 13,000 rpm for 25 minutes. The supernatants were collected and incubated
with either control IgG (Santa Cruz Biotechnology) or antibodies specific for STX17 (Proteintech) or SNAP29 (Proteintech) for immu-
noprecipitation. Protein A+G agarose beads (20 pl, Beyotime, P2012) were added to the immunoprecipitation mixture, and the
mixture was gently rotated for 4 hours at 4°C. The antigen-antibody complexes were then precipitated by a brief centrifugation.
After four washes with immunoprecipitation buffer, the pellet was resuspended in SDS loading buffer and then denatured at 100°C
for 30 minutes before electrophoresis.

Immunofluorescence staining

Cells cultured on coverslips were fixed with 4% paraformaldehyde for 15 minutes. The fixed cells were washed three times and then
permeabilized with 0.1% Triton X-100 for 10 minutes. After three washes, the cells were blocked with 1% bovine serum albumin
(BSA) for 2 hours at 4°C. The above operations were all performed at room temperature (RT). Subsequently, the cells were incubated
with light chain 3 (LC3) (rabbit), STX17 (rabbit), VAMP8 (mouse), and BMAL1 (rabbit) antibodies overnight at 4°C. The cells were
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washed three times and then incubated with the corresponding secondary antibodies at RT in the dark for 2 hours. Alexa Fluor
594-conjugated anti-rabbit IgG (red) was used for STX17, while Alexa Fluor 488-conjugated anti-mouse IgG (green) was used for
VAMP8. Alexa Fluor 488-conjugated anti-rabbit IgG (green) was utilized for LC3, STX17, and BMALT1. Following three washes, the
nuclei were counterstained using 4’,6-diamidino-2-phenylindole (DAPI) (Beyotime, C1005) for 1 minute. After the sections were
sealed with mounting medium, a laser scanning confocal microscope (Olympus) was used to obtain immunofluorescence images.

Locomotor activity measurement

Animals were randomly divided into two groups: one group remained sedentary with locked running wheels, while the other group
had voluntary access to mobile running wheels for a period of 4 weeks. The animals experienced a 12-hour light/12-hour dark cycle
for the initial 2 weeks, followed by 2 weeks of continuous darkness. Typically, 4-month-old mice were individually housed in cages
equipped with running wheels, which were placed inside light-tight boxes with individual lighting. During the light phase, the mice
were exposed to approximately 150 lux of white light from fluorescent sources. Wheel running activity was continuously recorded
at 1-minute intervals and later analyzed using Clocklab software (Actimetrics, Evanston, IL, USA). All standard animal care proced-
ures conducted during the dark phase were carried out under dim red light.

Luciferase reporter assay

To perform dual luciferase analysis, approximately 1 x 10° HT22 cells were plated in 24-well plates. Each well was transfected with
400 ng of luciferase reporter plasmid and 2 ng of the internal control plasmid pRL-CMV vector (Jikai, China) using Lipofectamine 3.0.
After 24 hours, the cells were further transfected with either the puro or puro-BMAL1 plasmid for an additional 24 hours. Subse-
quently, the cells were harvested and lysed using passive lysis buffer (Promega), and the luciferase activity was measured following
the protocol of the dual luciferase assay system (Promega).

QUANTIFICATION AND STATISTICAL ANALYSIS

All assays were repeated at least three times, and continuous variables that conformed to the normal distribution are presented as the
mean + SD. The comparison between the two groups was performed using the t test, and one-way repeated measures analysis of
variance was used to compare multiple groups. We used GraphPad Prism curve comparisons or SPSS 22.0 to analyze the data.
A value of P < 0.05 was considered to indicate statistical significance. The statistical details of experiments can be found in the figure
legends, figures, results. In animal experiments, n represents the number of animals, but in cell experiments, n represents the number
of cell sample repetitions.
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