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Significance

In Alzheimer’s disease (AD), BACE1 
links the key molecular alterations 
with toxic Aβ overload, and 
pharmacological regulation of 
BACE1 may facilitate the discovery 
of novel mechanisms. We report 
such a small-molecule 
conophylline (CNP) that inhibits 
BACE1 translation through the 5′ 
untranslated region (5′UTR). 
Mediated by its target ARL6IP1, the 
brain-penetrating CNP attenuates 
amyloidogenesis and rescues 
cognitive decline in APP/PS1 mice. 
Upon CNP treatment, an 
enhanced interaction of ARL6IP1 
with FXR1, which is identified as 
the 5′UTR-targeted protein, allows 
to sequester FXR1 from the 5′UTR, 
leading to the reduced translation 
of BACE1. Collectively, whereas 
CNP exhibits a therapeutic 
potential for AD through ARL6IP1, 
a dynamic FXR1–RNA interaction 
in the translational control of 
BACE1 is highlighted.
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Exploring the potential lead compounds for Alzheimer’s disease (AD) remains one 
of the challenging tasks. Here, we report that the plant extract conophylline (CNP) 
impeded amyloidogenesis by preferentially inhibiting BACE1 translation via the 
5′ untranslated region (5′UTR) and rescued cognitive decline in an animal model 
of APP/PS1 mice. ADP-ribosylation factor–like protein 6–interacting protein 1 
(ARL6IP1) was then found to mediate the effect of CNP on BACE1 translation, 
amyloidogenesis, glial activation, and cognitive function. Through analysis of the 
5′UTR-targetd RNA-binding proteins by RNA pulldown combined with LC-MS/MS, 
we found that FMR1 autosomal homolog 1 (FXR1) interacted with ARL6IP1 and 
mediated CNP-induced reduction of BACE1 by regulating the 5′UTR activity. 
Without altering the protein levels of ARL6IP1 and FXR1, CNP treatment pro-
moted ARL6IP1 interaction with FXR1 and inhibited FXR1 binding to the 5′UTR 
both in vitro and in vivo. Collectively, CNP exhibited a therapeutic potential for 
AD via ARL6IP1. Through pharmacological manipulation, we uncovered a dynamic 
interaction between FXR1 and the 5′UTR in translational control of BACE1, adding 
to the understanding of the pathophysiology of AD.

conophylline | ARL6IP1 | 5′UTR | FXR1 | BACE1 translation

In the current Alzheimer’s disease (AD) drug pipeline, the disease-modifying therapies 
(DMTs) account for more than 80% of the candidate treatment (1, 2). The drug targets 
are largely based on mechanisms, which include inflammation and synaptic plasticity. 
Despite the complicated factors associated with the disease risk (3), Aβ and Tau explicitly 
contribute to the formation of the pathological hallmarks of AD and are crucial for diag-
nosing disease and judging treatment effect (4). Thus, the pathology-based DMT provides 
an alternative strategy for drug searching, which, conversely, would allow to explore the 
potential upstream events beyond those identified by multiomics approach (5–7).

β-site amyloid precursor protein cleaving enzyme 1 (BACE1) is considered as the 
β-secretase that initiates the generation of Aβ (8, 9). While potent BACE1 inhibitors 
significantly decrease amyloid deposition in the brain, they fail clinical trials (10, 11), 
which could be partially associated with the decreased synaptic vesicle release (12). On 
the contrary, BACE1 “crosstalks” with a variety of cellular dysfunctions (13). Oxidative 
stress, inflammation, and calcium disturbances that contribute to BACE1 activation are 
also closely associated with the progression of AD (14). In this respect, a drug development 
could employ BACE1 expression as a “readout” for bridging Aβ generation to the potential 
regulatory mechanisms. Meanwhile, reducing protein in amount would allow the remain-
ing BACE1 to be functional, thus avoiding the off-target effects by the structure-based 
protein inhibitors.

ADP-ribosylation factor–like GTPase 6–interacting protein 1 (ARL6IP1) is a tetraspan 
membrane protein that helps shape endoplasmic reticulum (ER) tubules in mammalian 
cells (15). Deletion of ARL6IP1 causes an increase of ER sheets and disrupts mitochondrial 
network organization (16, 17). It is reported that a single frameshift variant causes spastic 
paraplegia (18), and the truncating variant also leads to developmental delay, microcephaly, 
and neonatal hypotonia (19, 20). In line with this, knockdown of ARL6IP1 results in 
microphthalmia and defects in neural crest migration in zebrafish (21, 22). Yet, whether 
ARL6IP1 might be involved in AD is currently unclear.

Using live-cell high-throughput small-molecule screening, we have previously reported 
that the matrix metallopeptidase 13 (MMP13) inhibitor CL82198 controls BACE1 
translation that is dependent on the 5′ untranslated region (5′UTR) (23), and a  
flavonoid cosmosiin regulates amyloidogenesis by promoting the 5′UTR-dependent 
translation of a disintegrin and metalloproteinase domain–containing protein 
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(ADAM10) (24). This approach leads to the finding of the plant 
extract conophylline (CNP) in the current study. We define that 
CNP inhibits BACE1 translation via the 5′UTR and recues 
cognitive decline of APP/PS1 mice, which is mediated by 
ARL6IP1, the target molecule of CNP. The potential mechanism 
involves the enhanced interaction between ARL6IP1 and FMR1 
autosomal homolog 1 (FXR1), and in parallel, the reduced 
FXR1–5′UTR binding and BACE1 translation. Our results 
highlight that CNP exhibits a therapeutic potential for AD, in 
which ARL6IP1–FXR1–5′UTR interactions in BACE1 trans-
lation are dynamically regulated.

Results

CNP Inhibited BACE1 Translation via the 5′UTR in Human SH-
SY5Y Cells. CNP is known to inhibit pancreatic fibrosis and liver 
cirrhosis, and activate autophagy (25). The anticancer activity is 
also recently found (26). To determine whether CNP might be 
involved in amyloidogenesis, we first assessed the protein levels 
of APP, the two catalytic enzymes ADAM10 and BACE1, and 
the related APP products α/β-CTF, sAPPα/β, and Aβ species, 
in SH-SY5Y cells treated with CNP. As shown in Fig. 1A, CNP 
significantly decreased the protein level of BACE1 (SI Appendix, 
Fig. S1) without altering that of APP and ADAM10, which was 
paralleled with the reduction of sAPPβ and β-CTF (Fig.  1B). 
Whereas the protein level of sAPPα was not altered by CNP, that 
of α-CTF was reduced (Fig. 1B), along with the reduction of Aβ 
levels (Fig. 1C). Dose–response effect showed that the effective 
concentrations ranged from 100 to 250 ng/ml without obvious 
toxicity (Fig. 1 D and E), and the time-course response revealed 
that the BACE1-reducing effect of CNP (100  ng/mL) lasted 
for up to 48  h (Fig.  1F). Immunofluorescent images further 
confirmed that BACE1 protein in SH-SY5Y cell (SI Appendix, 
Fig. S1) was significantly reduced by CNP (Fig. 1G). Interestingly, 
CNP did not alter BACE1 at mRNA levels (Fig. 1H), suggesting 
a posttranscriptional mechanism. Thus, we assessed the invol
vement of protein degradation pathway with the lysosomal and 
proteosomal inhibitors chloroquine (CQ) and MG132, res
pectively. As shown in Fig. 1I, although the basal protein level of 
BACE1 was significantly increased by CQ or MG132, these agents 
failed to prevent CNP-induced reduction of BACE1. We further 
found that in the presence of translation inhibitor cycloheximide 
(CHX) but not transcription inhibitor actinomycin D (ActD), 
CNP-induced reduction of BACE1 protein level was significantly 
attenuated (Fig. 1J). Finally, in cells transfected with a plasmid 
in which the 5′UTR of BACE1 or ADAM10 was cloned into 
a luciferase reporter, the luciferase activity of BACE1-5′UTR 
but not ADAM10-5′UTR was significantly reduced by CNP 
(Fig. 1K), indicating that CNP preferentially inhibited BACE1 
translation via the 5′UTR.

CNP Rescued Cognitive Decline in APP/PS1 Mice by Inhibiting 
BACE1. We next examined the effect of CNP in murine (HT22) 
cells. As shown in Fig.  2 A–C, CNP significantly reduced 
BACE1 protein levels at concentrations of 100 to 250 ng/mL 
without overt cytotoxicity, and the BACE1-reducing effect 
of CNP (100 ng/mL) lasted for up to 48 h in HT22 cells. In 
addition to neurons, CNP also reduced BACE1 expression in 
microglia and astrocytes in  vitro and in the hippocampus of 
APP/PS1 mice (SI Appendix, Fig. S2), suggesting that CNP was 
functional in multiple cell types in the brain. Indeed, CNP showed 
a strong capability to penetrate blood–brain barrier (BBB), as 
the concentration of CNP was detected in the blood and brain 
homogenate starting at 30 min after i.p. injection, and remained 

high and stable for up to 72 h (Fig. 2D), the very long half-life of 
CNP was reminiscent to other psychotropic drugs (27). In WT 
mice, CNP administration significantly decreased the protein level 
of BACE1 without altering α/β-CTF (Fig. 2E), consistent with 
previous report that partial reduction of BACE1 does not alter 
CTF levels in normal mice (28). In APP/PS1 mice, however, CNP 
treatment led to a significant reduction of BACE1 and α/β-CTF 
(Fig. 2E). It is reported that BACE1 inhibitor LY2811376 causes 
significant changes in Aβ and sAPPα in human subjects (29), and 
seizure-related 6 homolog (SEZ6) is one of the best characterized 
substrates of BACE1 (30, 31). To further determine whether 
CNP-induced alteration of sAPPα and α/β-CTF was associated 
with BACE1, we compared the effect of CNP with LY2811376 
in 5×FAD mice, another mouse model of AD, by assessing the 
protein levels of full-length (FL-SEZ6) and soluble SEZ6 (sSEZ6) 
in addition to sAPPα/β and α/β-CTF. As shown in Fig. 2F, in 
both CNP- and LY2811376-treated mice, the protein level of FL-
SEZ6, as opposed to that of sSEZ6, was significantly increased, 
and the significant elevation of sAPPα was with the concomitant 
reduction of sAPPβ and α/β-CTF levels. Moreover, LY2811376 
also reduced α/β-CTF in human SH-SY5Y cells with γ-secretase 
inhibitor DAPT (SI Appendix, Fig. S3), thus mimicking the effect 
of CNP (Fig. 1B). We further found that Aβ40/42 levels in the 
hippocampus of APP/PS1 mice were accordingly reduced by CNP 
(Fig. 2G). Moreover, as shown in Fig. 2 H–K, the escape latency, 
the passing times, and the staying time in the target quadrant 
were significantly altered by CNP in APP/PS1 mice, indicating 
that CNP improved the cognitive functions in APP/PS1 mice.

ARL6IP1 Mediated CNP-Induced Attenuation of AD-Like 
Pathology and Cognitive Deficits. It is reported that ARL6IP1 
is a target protein of CNP (32). To determine whether ARL6IP1 
is involved in CNP function, we then assessed the effect of 
ARL6IP1 knockdown (KD) (SI Appendix, Fig. S4) on BACE1 
expression and amyloidogenesis in cultured cells. As shown in 
Fig. 3 A and B, ARL6IP1 KD significantly reduced the protein 
levels of BACE1 and Aβ40/42 in SH-SY5Y cells. Moreover, 
ARL6IP1 KD significantly reduced the basal 5′UTR-lucierase 
activity and further diminished CNP-induced reduction, 
indicating that the 5′UTR-dependent regulation of BACE1 
by CNP was mediated by ARL6IP1 (Fig. 3C). Indeed, in cells 
transiently transfected with ARL6IP1 siRNA, CNP failed to 
further reduce BACE1 protein levels (Fig. 3D). To further verify 
that CNP-induced alleviation of AD-like pathology is mediated 
by ARL6IP1 in vitro, we assessed the protein levels of BACE1 
and amyloidogenesis in APP/PS1 mice, using AAV-mediated 
delivery of shARL6IP1 in the hippocampus (SI  Appendix, 
Fig.  S4). As shown in Fig.  3E, ARL6IP1 silencing (shARL) 
significantly reduced the protein levels of BACE1, sAPPβ, and 
β-CTF (lane 3 vs. lane 1). Whereas the protein levels of BACE1, 
sAPPβ, and β-CTF were significantly reduced by CNP in APP/
PS1 mice in control (shNC), they were not significantly changed 
by CNP in shARL (lane 3 vs. lane 4). Consistently, Aβ40/42 
levels and Aβ plaque loads were significantly reduced by shARL 
or CNP alone, but no significant changes were found between 
shARL and CNP (Fig. 3 F and G, and SI Appendix, Fig. S4D). To 
determine whether shARL might influence neurodegeneration, 
we assessed degenerating cells and apoptosis using Fluoro-Jade 
C (FJC) staining and terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL), respectively (33, 34). As 
shown in Fig.  3 H and I, ARL6IP1 knockdown significantly 
decreased FJC-positive cells and apoptosis rate measured by 
percent TUNEL-positive over DAPI-positive cells and further 
prevented the effect of CNP in APP/PS1 mice. Because 
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Fig. 1. CNP reduces BACE1 translation via the 5′UTR. (A) Representative western blots (Left) and quantification (Right) of APP, ADAM10, and BACE1 in SH-SY5Y 
cells were treated without (CTRL) or with CNP (100 ng/mL) for 24 h. Antibody information: APP (Sigma, A8717), ADAM10 (Abcam, ab124695), BACE1 (Abcam, 
ab108394). (B) Representative western blots (Left) and quantification (Right) of sAPPα/β and α/β-CTF in SH-SY5Y cells were treated without (CTRL) or with CNP 
(100 ng/mL) for 24 h. For better detection of α/β-CTF, γ-secretase inhibitor DAPT (250 nM) was incubated with CNP. Antibody information: sAPPβ (BioLegend, 
SIG-39138), sAPPα and β-CTF (IBL, 2B3), α-CTF (Sigma, A8717). (C) Aβ40 and Aβ42 levels in cell lysates (intracellular, in) and culture medium (extracellular, ex) 
were measured by ELISA, and SH-SY5Y cells were treated without (CTRL) or with CNP (100 ng/mL) for 24 h. (D) Relative cell viability of SH-SY5Y cells treated 
with CNP (0 to 250 ng/mL) for 24 h. (E and F) Dose–response effect (E) and time-course effect (F) of CNP on BACE1 protein levels in SH-SY5Y cells. BACE1 
antibody: Abcam, ab108394. (G) Representative immunostaining (Left) and quantification (Right) of BACE1 in SH-SY5Y cells were treated without (CTRL) or with 
CNP (100 ng/mL) for 24 h. BACE1(green), DAPI (blue). (Scale bar: 25 μm.) BACE1 antibody: Abcam, ab183612. (H) Relative BACE1 mRNA levels in SH-SY5Y cells 
were treated without (CTRL) or with CNP (100 ng/mL) for 24 h. (I) BACE1 protein levels in SH-SY5Y cells treated with CNP (100 ng/mL) for 24 h in the absence 
or presence of lysosome inhibitor chloroquine (CQ, 100 µM for 6 h) (i) or proteasome inhibitor MG132 (1 µM for 6 h) (ii). BACE1 antibody: Abcam, ab108394. 
(J) BACE1 protein levels in SH-SY5Y cells were treated with CNP (100 ng/mL) for 24 h in the absence or presence of inhibitor actinomycin D (ActD, 0.1 µM for 
12 h) (i) or translation inhibitor cycloheximide (CHX, 10 µM for 6 h) (ii). BACE1 antibody: Abcam, ab108394. (K) Relative luciferase activities in SH-SY5Y cells 
transiently transfected with the luciferase reporter plasmid pmirGLO/pGL4.51 that was without (Vec) or with BACE1/ADAM10 5′UTR for 24 h, followed by CNP 
(100 ng/mL) or DMSO (CTRL) treatment for 24 h, and the relative luciferase activity was normalized to that in CTRL with Vec. Data are expressed as mean ± 
SEM, *P < 0.05, **P < 0.01, ns: nonsignificant.
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microglial and astrocytic activations are frequently associated 
with the cytotoxic effect of Aβ (35, 36), we further assessed 
the activation of microglia and astrocyte by the corresponding 
markers IBA1 and GFAP. As shown in Fig. 3J, the intensity of 
IBA1 and GFAP was significantly reduced by CNP or shARL. 
However, CNP failed to reduce IBA1 and GFAP intensity in 

the presence of shARL, indicating that ARL6IP1 mediated the 
effect of CNP on AD-like pathology.

The subsequent behavioral testing showed that in the open-field 
testing, the total traveling distance and the time spent in the central 
compartment were not significantly different among the tested 
groups (Fig. 4 A and B), ruling out the potential influences of 

Fig. 2. CNP inhibits amyloidogenesis and rescues cognitive decline in APP/PS1 mice. (A and B) Dose–response (A) and time-course effect (B) of CNP on BACE1 
protein levels in HT22 cells. BACE1 antibody: Abcam, ab108394. (C) Relative cell viability of HT22 cells treated with CNP (0 to 250 ng/mL) for 24 h. (D) CNP 
concentrations in the blood and brain homogenates of mice at 0.5, 1, 2, 4, 6, 8, 12, 24, 48, and 72 h after i.p. injection (10 μg/kg). (E) Representative western 
blots (Top) and quantification (Bottom) of APP, ADAM10, BACE1, α/β-CTF levels in the hippocampus of male WT and APP/PS1mice (10 mo old), in the absence or 
presence of CNP (1 μg/kg, i.p.) every other day for 2 mo. Antibody information: APP and α/β-CTF (Sigma, A8717), ADAM10 (Abcam, ab124695), BACE1 (Abcam, 
ab108394). (F) Representative western blots (Top) and quantification (Bottom) of full-length (FL-SEZ6) and soluble (sSEZ6) SEZ6, sAPPα/β, and α/β-CTFs, in the 
hippocampus of male 5×FAD mice (3 mo old) i.p. injected with vehicle (normal saline, CTRL), CNP (10 μg/kg), or BACE1 inhibitor LY2811376 (10 mg/kg) for five 
consecutive days. FL-SEZ6 was extracted from membrane fractions and normalized to calnexin, whereas cytosolic proteins were normalized to GAPDH. FL-Sez6/
sSez6 (Abcam, ab252863), calnexin (Proteintech, 66903-1-Ig), sAPPα and β-CTF (IBL, 2B3), sAPPβ (BioLegend, SIG-39138), α-CTF (Sigma, A8717). (G–K) Wild-type (WT) 
and APP/PS1 (AD) male mice were i.p. injected with vehicle (normal saline, NS) or CNP (1 μg/kg, every other day) for 2 mo, leading to the following four groups 
(10 mo old): WT-NS, WT-CNP, AD-NS, and AD-CNP, respectively. (G) Soluble and insoluble Aβ40 and Aβ42 species were measured by ELISA in the hippocampus. 
(H) AD mice exhibit a longer escape latency compared to WT mice, whereas CNP-treated mice exhibit a shorter escape latency compared to NS-treated mice in 
both WT and AD groups. (I and J) Passing times (I) and the staying time (J) in the target quadrant by different groups of mice. (K) Representative trajectory maps 
for four groups of mice in the probe trial. Data are expressed as mean ± SEM, *P < 0.05, **P < 0.01, ns: nonsignificant.
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locomotor activity and anxiety on the readout of the subsequent 
Morris water testing. As shown in Fig. 4C, the escape latency was 
significantly shortened by CNP (shNC-CNP vs. shNC-NS) or 
shARL (shARL-NS vs. shNC-NS), respectively; whereas no 

significant differences were found between CNP and shARL 
(shARL-CNP vs. shARL-NS). Similarly, the passing times and the 
staying time in the central compartment were significantly altered 
by CNP in vector control (shNC) but not in shARL (Fig. 4 D–F). 

Fig. 3. ARL6IP1 mediates CNP-induced amelioration of AD-like pathologies in APP/PS1 mice. (A) Representative western blots (Left) and quantification (Right) of 
BACE1 in SH-SY5Y cells transiently transfected with siARL or scrambled (siNC), respectively. Antibody information: BACE1 (Abcam, ab108394), ARL6IP1 (Abcam, 
ab24228). (B) Aβ40 and Aβ42 levels in cell lysates (intracellular, in) and culture medium (extracellular, ex) were measured by ELISA from SH-SY5Y cells transiently 
transfected with siARL or siNC, respectively. (C) Relative luciferase activity of the 5′UTR of BACE1 in SH-SY5Y cells transiently transfected with siNC or siARL for 
24 h, in the absence (CTRL) or presence of CNP (100 ng/mL) for further 24 h. (D) Representative western blots (Top) and quantification (Bottom) of BACE1 in SH-
SY5Y cells transiently transfected with siARL or siNC for 24 h followed by CNP (100 ng/mL) or DMSO (CTRL) incubation for further 24 h. Antibody information: 
BACE1 (Abcam, ab108394), ARL6IP1 (Abcam, ab24228). (E–J) The hippocampus of male APP/PS1 mice (6 mo old) was bilaterally injected with AAV-shARL6IP1 
(shARL) or AAV-shNC, and 4 wk later, mice were i.p. injected with vehicle (normal saline, NS) or CNP (10 μg/kg, every other day) for 2 more months, leading to 
the following four groups (9 mo old): shNC-NS, shNC-CNP, shARL-NS, and shARL-CNP, respectively. (E) Representative western blots (Top) and quantification 
(Bottom) of BACE1, sAPPβ, β-CTF, and ARL6IP1(ARL) levels in the hippocampus. Antibody information: BACE1 (Abcam, ab108394), sAPPβ (BioLegend, SIG-39138), 
β-CTF (IBL, 2B3), ARL6IP1 (Santa Cruz Biotechnology, sc-514476). (F) Soluble and insoluble Aβ40 and Aβ42 species were measured by ELISA in the hippocampus.  
(G) Immunofluorescent labeling (Left) and quantification (Right) of Aβ (green) deposits. DAPI: nucleic marker (blue). (Scale bar: 200 μm.) Aβ antibody: 4G8, BioLegend. 
(H) Representative images (Left) and quantification (Right) of Fluoro-Jade C (FJC, green)-stained cells in the hippocampus. (Scale bar: 50 μm.) (I) Representative 
images (Left) and quantification (Right) of TUNEL staining in the hippocampus. (Scale bar: 100 μm.) (J) Immunofluorescent labeling (Left) and quantification (Right) 
of IBA1 (microglia, green) and GFAP (astrocytes, red). (Scale bar: 200 μm.) Antibody information: IBA1 (GeneTex, GTX632426), GFAP (Proteintech, 60190-1-Ig). 
Data are expressed as mean ± SEM, *P < 0.05, **P < 0.01, ns: nonsignificant.
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These results indicated that ARL6IP1 mediated CNP-induced effect 
on cognitive performances.

ARL6IP1 Interacted with the 5′UTR-Targeted FXR1 in BACE1 
Translation. Given that the 5′UTR was critical in BACE1 
translation regulated by ARL6IP1 and CNP, we speculated that the 
5′UTR-targeted RNA-binding proteins (RBPs) might be associated 
with the downstream signaling of ARL6IP1. Thus, we next assessed 
the 5′UTR-targeted RBPs by RNA pulldown combined with 
liquid  chromatography  with  tandem  mass  spectrometry  (LC-
MS/MS) (37). The 5′UTR was labeled by 5-bromo-UTP (BrU) 
and in vitro transcribed, which was recognized by the anti-BrU 
antibody and pulled down for protein separation (Fig.  5A). A 
total of 360 and 22 common RBPs were found in two and three 
biological replications, respectively (Dataset S1). Bioinformatics 
analysis revealed that these RBPs were closely associated with 
neurodegenerative diseases including AD, ribosomal proteins, 
and mRNA processing (SI  Appendix, Fig.  S5), supporting the 
functional relevance of the 5′UTR in the translation initiation 
of BACE1.

To identify the potential RBPs that contributed to CNP/ 
ARL6IP1-induced BACE1 translation, we first searched the RBPs 
that could be altered by CNP in gene expression, through analysis 
of differentially expressed genes (DEGs) in SH-SY5Y cells that sta-
bly overexpress human full-length and neuron-type APP695 
(SH-SY5Y-APP) incubated with CNP, which was reminiscent of 
cellular Aβ overload (38). Among the DEGs (Dataset S2 and 
SI Appendix, Fig. S6), some were indeed overlapped with the 
5′UTR-targeted RBPs that included pyridoxal phosphatase (PDXP), 
H1 histone family member X (H1FX), and enoyl-CoA delta isomer-
ase 1 (ECI1) (SI Appendix, Fig. S6E). However, although knock-
down of these genes successfully altered the basal protein level of 

BACE1, none of them prevented CNP-induced reduction of 
BACE1 protein (SI Appendix, Fig. S7). Thus, it was unlikely that 
the DEG-associated RBPs were involved in the regulation of BACE1 
translation by CNP.

The alternative mode could be that the potential RBPs mediate 
the CNP effect by protein–protein interactions (PPIs) with 
ARL6IP1. Through the online String software analysis, we found 
that FXR1, FXR2, and DEAD-Box Helicase 17 (DDX17) were 
common in three biological repeats and were closely interacted 
(Fig. 5B), and all of them were shown to bind to the 5′UTR by 
RNA pull-down assay (Fig. 5C). Interestingly, FXR1/FXR2 was 
predicted to interact with ARL6IP1 (http://www.cs.utoronto.
ca/~juris/data/fpclass/) (39). The subsequent Co-IP results showed 
that ARL6IP1 coimmunoprecipitated with FXR1/FXR2 but not 
DDX17 or FMR1 that is known to interact with FXR1/FXR2 
(40) (Fig. 5 D and E). However, whereas knockdown of FXR1 
(SI Appendix, Fig. S8) or FXR2 led to a decreased protein level at 
basal condition, silencing of FXR1, but not FXR2, prevented 
CNP-induced reduction of BACE1 (Fig. 5 F and G), indicating 
that FXR1, but not FXR2, was critical in ARL6IP1-mediated reg-
ulation of BACE1 translation. Indeed, silencing of FXR1 signifi-
cantly inhibited the basal level and further prevented CNP-induced 
reduction of the 5′UTR-luciferase activity (Fig. 5H), suggesting 
that the selective interaction of ARL6IP1 with FXR1 was involved 
in the regulation of the 5′UTR activity by CNP.

CNP Promoted the Interaction of ARL6IP1 with FXR1 but 
Inhibited FXR1–5′UTR Binding in Human Cells. It was interesting 
to note that the protein levels of ARL6IP1 and FXR1 were not 
dramatically altered by CNP (Figs. 3E and 5G). We speculated that 
the reduced BACE1 translation by CNP was through alternative 
protein–protein and protein–5′UTR (RNA) interactions. Thus, 

Fig. 4. ARL6IP1 mediates CNP-induced rescue of cognitive decline in APP/PS1 mice. (A and B) In the open-field task, the total distance traveled (A) and the time 
spent in the center compartment (B) between shNC-NS, shNC-CNP, shARL-NS, and shARL-CNP are not significantly different, ruling out the effect of locomotor 
activity and anxiety on the readout of the Morris water maze test. (C–F) Quantifications of escape latency (C), the passing times (D), and staying time (E) in the four 
groups, indicating that the learning and memory performances are affected by ARL6IP1 knockdown, which further prevents the effect of CNP. The representative 
trajectory maps in the probe trial are shown in F. Data are expressed as mean ± SEM, *P < 0.05, **P < 0.01, ns: nonsignificant.

http://www.pnas.org/lookup/doi/10.1073/pnas.2220148120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220148120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220148120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220148120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220148120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220148120#supplementary-materials
http://www.cs.utoronto.ca/~juris/data/fpclass/
http://www.cs.utoronto.ca/~juris/data/fpclass/
http://www.pnas.org/lookup/doi/10.1073/pnas.2220148120#supplementary-materials
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we assessed ARL6IP1 interaction with FXR1 in SH-SY5Y cells 
treated with CNP. As shown in Fig. 6A, the abundance of FXR1 
in ARL-precipitated fraction and conversely that of ARL in 
FXR1-precipitated fraction were significantly enhanced in CNP-
treated cells. The augmented interaction between ARL6IP1 and 
FXR1 was then confirmed by additional immunofluorescent 
images (Fig.  6B). In comparison, colocalization of ARL6IP1 
with FXR2 was not altered by CNP (Fig. 6B). To visualize the 
5′UTR in cells, we first cloned the 5′UTR into the recently 
developed VN-dEcCas6-VC plasmid, which allowed Cas6-based 
fluorescence complementation (Cas6FC) to detect target RNAs 
(41). As shown in Fig. 6C, although the Venus-labeled 5′UTR 
could be clearly visualized, the green signals were relatively 
week that the colocalization with FXR1 was barely detectable. 
Thus, we alternatively used the MS2–MS2 phage coat protein 
(MCP) RNA tracking system (42). As shown in Fig. 6D, the 
MCP-labeled GFP could be clearly visualized and quantified, 
and the colocalization of GFP with FXR1 allowed to measure 
the potential binding of the 5′UTR with FXR1, which was 
significantly decreased in cells treated with CNP. To further 
verify this, RNA immunoprecipitation (RIP) combined with RT-
qPCR showed that the BACE1 mRNA that bound to FXR1 was 
significantly reduced in CNP-treated cells (Fig. 6E), indicating 
that CNP reduced FRX1–5′UTR interaction in human cells.

CNP Enhanced ARL6IP1–FXR1 Interaction and Inhibited FXR1–
5′UTR Binding in Murine Cells. To further confirm that CNP-
mediated regulation of BACE1 in mice was through the same 
mechanism as in human cells, we assessed the interaction between 
ARL6IP1 and FXR1 in murine cells. RNA pull-down assay showed 
that FXR1 could bind to the 5′UTR in HT22 cells (Fig. 7A), and 
the interaction of ARL6IP1 with FXR1 was significantly increased 
by either ARL- or FXR1-probed immunoprecipitation (Fig. 7B). 
To assess the alteration of FXR1–5′UTR binding in mice, we used 
in utero electroporation which mediated the transfer of MS2–MCP 
system into the brain. As shown in Fig. 7C, the GFP-coupled MCP 
was clearly visualized, which could be colocalized with FXR1 in 
the brain slices, indicating a successful gene transfection. In CNP-
treated mice, the colocalization between FXR1 and the 5′UTR 
was significantly reduced. These results indicated that the dynamic 
interaction of ARL6IP1–FXR1–5′UTR occurred in human and 
murine cells treated with CNP, which could be responsible for the 
inhibition of BACE1 translation and Aβ generation (Fig. 7D).

Discussion

RNA–protein interactions are not static but dynamically regulated 
(43). With advances in technology, it is reported that the dynamic 
RBP–RNA binding occurs during translational arrest and 

Fig. 5. ARL6IP1 interacts with the 5′UTR-targeted RBP FXR1. (A) Schematic diagram for the RNA pulldown combined with MS assay. 5-bromo-UTP (BrU) was 
randomly incorporated into the 5′UTR upon in vitro transcription. The BrU-labeled 5′UTR was mixed with cell lysates and pulled-down by BrU antibody for 
subsequent MS analysis. (B) The BACE1 5′UTR-targeted RBPs FXR1, FXR2, and DDX17 are interacted with each other, analyzed by online STRING software. 
(C) Representative western blots of FXR1, FXR2, DDX17, and GAPDH in immunoprecipitated extracts by RNA (BACE1 5′UTR) pull-down assay in SH-SY5Y cells. 
Antibody information: FXR1 (Abcam, ab129089), FXR2 (Proteintech, 12552-1-AP), DDX17 (Abcam, ab180190), GAPDH (Proteintech, 60004-1-Ig). (D) Representative 
western blots of FXR1, FXR2, and DDX17 in immunoprecipitated extracts by ARL6IP1(ARL) antibody in SH-SY5Y cells. Antibody information: FXR1 (Abcam, 
ab129089), FXR2 (Proteintech, 12552-1-AP), DDX17 (Abcam, ab180190), ARL6IP1 (Abcam, ab24228). (E) Representative western blots of FXR1, FXR2, and FMR1 
in immunoprecipitated extracts by flag antibody in SH-SY5Y cells transiently transfected with the 3×flag-ARL6IP1 plasmid for 72 h. Antibody information: FXR1 
(Abcam, ab129089), FXR2 (Proteintech, 12552-1-AP), FMR1 (Abcam, ab259335), ARL6IP1 (Abcam, ab24228). (F) Representative western blots of BACE1 (i) and FXR2 
(ii), and the quantification (Right) in SH-SY5Y cells transfected with FXR2 siRNA (siFXR2) or siNC for 24 h, followed by CNP (100 ng/mL) or DMSO (CTRL) treatment 
for further 24 h. Antibody information: BACE1 (Abcam, ab108394), FXR2 (Proteintech, 12552-1-AP). (G) Representative western blots of BACE1 (i) and FXR1 (ii), 
and the quantification (Right) in SH-SY5Y cells transfected with FXR1 siRNA (siFXR1) or siNC for 24 h, followed by CNP (100 ng/mL) or DMSO (CTRL) treatment for 
further 24 h. Antibody information: BACE1 (Abcam, ab108394), FXR1 (Abcam, ab129089). (H) Relative BACE1 5′UTR-luciferace activity in SH-SY5Y cells transfected 
with siFXR1 or siNC for 24 h, followed by CNP (100 ng/mL) or DMSO (CTRL) for 24 h. Data are expressed as mean ± SEM, *P < 0.05, **P < 0.01, ns: nonsignificant.
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correlates with cellular functions of RBPs (44, 45). Although alter-
ations of RBPs are one of the prominent features of AD (46), how 
RBP might be involved in the pathogenesis of AD is not com-
pletely understood. In our study, the reduced interaction of FXR1 
with the 5′UTR underlies CNP-induced inhibition of BACE1 
translation, providing evidence that the FXR1 functions as RBP 
that directly regulates amyloidogenesis. As the protein levels of 
FXR1 and ARL6IP1 are not altered by CNP, the dynamic nature 
of RNA–protein interactions expands our understating of disease 
mechanisms inspired by large-scale genomics and proteomics 
studies (47–49).

BACE1 protein and activity are increased in the brain of AD 
(50). It is reported that BACE1 translation is inhibited by the 
presence of the 5′UTR (51). The 5′UTR activity could be regu-
lated by cis-elements especially upstream of AUGs (52, 53), and 
a variety of factors including double-stranded RNA-activated 
protein kinase, E3 ligase CHIP, eukaryotic initiation factors 2α 
and 4B, and translation elongation factor Tu of mitochondria (23, 
54–57), highlighting an important role of BACE1 translation in 
the pathophysiology of AD (58). In our study, CNP seems to 
inhibit Aβ generation by preferentially reducing the protein of 
BACE1 relative to APP and ADAM10 in cultured cells and the 
brain of APP/PS1 mice. Moreover, the following evidence supports 
that CNP reduces BACE1 protein through the 5′UTR-dependent 
translation: BACE1 mRNA is not altered; the inhibitor of transla-
tion but not transcription, proteosome, and lysosome blocks this 
effect; and CNP directly inhibits the 5′UTR-luciferase activity. As 
CNP reaches the brain quickly, it is not surprising that the cog-
nitive deficits of APP/PS1 are improved.

BACE1 inhibition consistently increases sAPPα level in mice 
and humans (59–61). Similarly, α-CTF, the intracellular fragment 
of APP catalyzed by ADAM10, is also elevated in primary neurons 
and brain by BACE1 inhibition (31, 62). However, α-CTF can 

be decreased under some conditions. In 5×FAD mice, BACE1 
haploinsufficiency or inhibition causes a reduction of α-CTF, with 
sAPPα being increased or unchanged (61, 63), and loss of BACE1 
leads to an early increase but late decrease of α-CTF starting at 
120 postnatal days (64). Interestingly, enhancement of α-CTF by 
siBACE1 in cultured neurons could be reversed by APP overex-
pression (65). In human iPSC-derived neurons with PSEN1 
mutation or γ-secretase inhibitor, siBACE1 causes a slight decrease 
of α-CTF (66). These conditions correlate commonly with an 
enhanced α- and β-CTF level as a result of APP overexpression 
or γ-secretase inhibition. Accumulation of intracellular C99, 
which is more relevant to neuronal damage than Aβ in the brain 
of AD patients (67), impairs lysosomal proteolysis and mitophagy 
(68, 69). Thus, reducing C99 from high level could relieve lyso-
somal inhibition, resulting in an efficient degradation of α-CTF. 
In line with this, lysosomal inhibitor chloroquine increases α-CTF 
relative to β-CTF in a dose-dependent manner (70, 71). In our 
study, CNP, in a similar way to BACE1 inhibitor, reduces β- and 
α-CTF in the brain of APP/PS1 and 5×FAD mice, which is in 
agreement with our previous report (23). Whereas sAPPα is sig-
nificantly increased in animal models, the failure of sAPPα eleva-
tion in cultured cells by CNP might be associated with a partial 
reduction instead of complete loss of BACE1. It is tempting to 
speculate that depending on experimental conditions and, par-
ticularly the basal level of APP/C99, BACE1 inhibition could lead 
to a reduction of α-CTF.

Although gene mutation or knockout of ARL6IP1 causes spas-
tic paraplegia or developmental delay (20, 22), ARL6IP1 KD 
significantly inhibits BACE1 expression, Aβ level, and neurode-
generation in the current study, suggesting that ARL6IP1 defi-
ciency is rather beneficial for AD. In human cells, ARL6IP1 KD 
also reduces the 5′UTR-luciferase activity and blocks CNP-induced 
inhibition of BACE1 translation, indicating that ARL6IP1 

Fig. 6. CNP promotes ARL6IP1–FXR1 interaction but inhibits FXR1–5′UTR binding in human cells. (A) Western blots show FXR1 that is coimmunoprecipitated 
with ARL6IP1 (ARL, Top), or ARL that is coimmunoprecipitated with FXR1 (Middle) is enhanced in SH-SY5Y cells treated with CNP (100 ng/mL) for 24 h, whereas 
the protein level of ARL and FXR1 in input is not significantly altered (Bottom). Antibody information: FXR1 (Abcam, ab129089), ARL6IP1 (Abcam, ab24228).  
(B) Immunofluorescent images show the colocalization of ARL with FXR1 (i) or FXR2 (ii) in SH-SY5Y cells treated with CNP (100 ng/mL) or DMSO (CTRL) for 24 h. 
(Scale bar: 25 μm.) PCC: Pearson’s correlation coefficient. Antibody information: ARL6IP1 (GeneTex, GTX85516), FXR1 (Santa Cruz Biotechnology, sc-374148), 
FXR2 (Santa Cruz Biotechnology, sc-32266). (C) Immunofluorescent images of Venus (green, autofluorescence) and FXR1 (red) in SH-SY5Y cells cotransfected 
with BACE1 5′UTR-8xCBS and VN-dEcCas6-VC plasmid for 48 h. (Scale bar: 10 μm.) FXR1 antibody: Santa Cruz Biotechnology, sc-374148. (D) Representative 
immunofluorescent images (Left) and quantification (Right) of the colocalization between FXR1 (red) and the 5′UTR-labeled GFP (green, autofluorescence), in SH-
SY5Y cells cotransfected with MS2-BACE1 5′UTR and MCB-GFP plasmid for 24 h, with CNP (100 ng/mL) or DMSO (CTRL) treatment for further 24 h. (Scale bar: 10 
μm.) FXR1 antibody: Santa Cruz Biotechnology, sc-374148. (E) Relative BACE1 mRNA levels measured by RT-qPCR in cell extracts immunoprecipitated by FXR1 or IgG 
antibody. SH-SY5Y cells were treated with CNP (100 ng/mL) or DMSO (CTRL) for 24 h. Data are expressed as mean ± SEM, *P < 0.05, **P < 0.01. ns: nonsignificant.
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mediates the effect of CNP through the 5′UTR. Moreover, 
AAV-mediated delivery of ARL6IP1 shRNA, alone, reduces 
BACE1 protein level and Aβ load, inhibits microglial and astro-
cytic activation, and improves cognitive functions in APP/PS1 
mice; in the presence of ARL6IP1 shRNA, CNP does not show 
further effects, supporting that ARL6IP1 is a target molecule of 
CNP.

Recent evidence has revealed an increased number of RBPs that 
are involved in human genetic diseases (72). We have established 
a RBP list by targeting the 5′UTR of BACE1, which should pro-
vide a comprehensive source for further understanding of BACE1 
translation initiation. As some of the RBPs, including PDXP, 
H1FX, and ECI1, are changed by CNP in gene expression through 
DEG analysis, it is possible that these RBPs could contribute to 
CNP-induced BACE1 regulation. However, despite that silencing 
of the individual RBPs alters BACE1 protein level, CNP-induced 
reduction of BACE1 is not affected (SI Appendix, Fig. S7). Thus, 
CNP may alternatively use ARL6IP1 to link to the potential RBPs 
that are not altered in gene expression. Indeed, by excluding 
DDX17 and FXR2, the involvement of FXR1 in mediating the 
function of ARL6IP1 is supported by the following findings: 
FXR1 is coimmunoprecipitated and colocalized with ARL6IP1, 
this interaction is enhanced by CNP, and silencing of FXR1 inhib-
its 5′UTR-luciferase activity and prevents CNP-induced reduc-
tion of BACE1. We speculate that the protein–protein interaction 
between ARL6IP1 and FXR1 plays an important role in BACE1 
translation that is regulated by CNP.

FXR1 controls synaptic plasticity through the 5′UTR-dependent 
mechanism (73). Importantly, FXR1 also colocalizes with Aβ 
plaques (74), suggesting a close association with amyloidogenesis. 
The FXR1–RNA interaction is supported by a recent report 
demonstrating that liquid–liquid phase separation (LLPS) pro-
motes FXR1-activated translation of the stored mRNA (75). The 
5′UTR in translation initiation could involve the cap-dependent 
and -independent mechanisms (76), and the latter involve the 
so-called cap-independent translation enhancers (CITE) that bind 
mRNA-recruiting translation machinery such as ribosomal pro-
teins and eIFs (77). In our study, although whether LLPS is 
involved in the dynamic interaction of FXR1 with the 5′UTR 
remains to be further investigated, the reduced FXR1–5′UTR 
binding is correlated with the decreased 5′UTR activity and 
BACE1 translation, indicating that FXR1 regulates translation 
initiation of BACE1. Moreover, as the luciferase reporter is 
designed with an uncapped sequence of the 5′UTR, the signifi-
cantly reduced luciferase activity by FXR1 KD suggests an involve-
ment of CITE mechanism. In line with this, many translation 
initiation components including eIFs and RNA helicases are found 
in the 5′UTR-targeted RBPs (Dataset S1), which might cooperate 
with FXR1 to regulate the 5′UTR activity.

We propose a model that CNP exhibits a therapeutic potential 
for AD by inhibiting BACE1 translation (Fig. 7D). Under basal 
condition, the 5′UTR–FXR1 binding contributes to the mainte-
nance of BACE1 translation; upon CNP treatment, the enhanced 
ARL6IP–FXR1 interaction promotes the dissociation of FXR1 

Fig. 7. CNP enhances ARL6IP1–FXR1 interaction and reduces FXR1–5′UTR binding in murine cells. (A) Representative western blots of FXR1 in immunoprecipitated 
extracts by RNA pulldown using BrU-labeled 5′UTR in HT22 cells. FXR1 antibody: Abcam, ab129089. (B) Western blots show FXR1 that is coimmunoprecipitated 
with ARL6IP1 (ARL, Top), and ARL that is coimmunoprecipitated with FXR1 (Middle) is increased in HT22 cells treated with CNP (100 ng/mL) for 24 h, whereas the 
protein level of ARL and FXR1 in input is not altered relative to CTRL (Bottom). Antibody information: FXR1 (Abcam, ab129089), ARL6IP1 (Santa Cruz Biotechnology, 
sc-514476). (C) Immunofluorescent images (Left) and colocalization analysis (Right) of the 5′UTR-labeled GFP (green), FXR1 (red), and DAPI (blue) in brain slices 
cotransfected with MS2-BACE1 5′UTR and MCB-GFP, in the absence (CTRL) or presence of CNP (10  μg/kg). (Scale bar: 10 μm.) FXR1 antibody: Santa Cruz 
Biotechnology, sc-374148. (D) Schematic diagram depicts the dynamic interaction of ARL6IP1–FXR1–5′UTR in the regulation of BACE1 translation by CNP. The 
enhanced ARL6IP1–FXR1 interaction correlates with the reduced FXR1–5′UTR binding, which contributes to CNP-induced inhibition of BACE1 translation and Aβ 
generation. Data are expressed as mean ± SEM, **P < 0.01.

http://www.pnas.org/lookup/doi/10.1073/pnas.2220148120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2220148120#supplementary-materials
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from the 5′UTR, leading to an inhibition of BACE1 translation, 
Aβ deposition, and the resulting glial activation, contributing to 
the rescue of cognitive decline in APP/PS1 mice.

Materials and Methods

Experimental details are included in SI Appendix, Materials and Methods.

Animal Work. All mouse generation, husbandry, and experimental procedures 
were approved by the Commission of Chongqing Medical University for ethics of 
experiments on animals, in accordance with international standards. APP/PS1 and 
5×FAD transgenic mice were purchased from Jackson Laboratory (Nanjing, China). 
Only male adult mice were included. APP/PS1 mice intraperitoneally (i.p.) injected 
with CNP in the absence or presence of hippocampi were bilaterally injected shAR-
L6IP1-AAV, followed by behavioral tests. To compare the efficacy, 5×FAD mice were 
i.p. injected with CNP or LY2811376. To cotransfect with MS2-BACE1 5′UTR and 
MCB-GFP plasmid, in utero electroporation was performed on pregnant ICR mice 
(Ensiweier biotech, Chongqing, China). Details of animal treatment and brain sam-
ple preparation, behavioral tests, measurement of CNP concentration, and in utero 
electroporation are included in SI Appendix, Materials and Methods.

Cell Culture. SH-SY5Y, HT22, BV-2, U251MG, and SH-SY5Y-APP cells were 
grown in DMEM containing F12 (DMEM-F12, Gibco) or DMEM (Gibco) with 
10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Beyotime 
Biotechnology) at 37 °C under 5% CO2 and 95% O2.

WB, CO-IP. Denatured protein samples were separated by 8% SDS-PAGE gels, 
and a specific 16.5% Tris-tricine gel was used for CTF detection. For CO-IP, cell 
extracts were incubated with antibodies that were coupled with Protein A/G beads 
(MedChemExpress, HY-K0202), and the resultant IP pellets were detected by WB.

RNA Pulldown, RIP, and RT-qPCR. RNA pull-down assay was performed accord-
ing to the protocol of RiboTrap Kit (MBL International). RIP assays were performed 
using Magna RIP RNA-binding protein immunoprecipitation kit (Millipore). For 
RT-qPCR, total RNA was extracted using RNAiso plus kit (Takara), and cDNA was 
generated with the reverse transcriptase kit (R233-01-AC, Vazyme). The BACE1 

mRNA level was detected using SYBR Green PCR Master Mix kit (Q711-02/03, 
Vazyme) with Bio-Rad IQ5 detection system (Bio-Rad).

Biochemical Assays. Cell viability was measured by using CCK-8 Cell Counting 
Kit (MedChemExpress), Aβ1-40 and Aβ1-42 were measured by using ELISA kit 
(Elabscience, E-EL-H0542c, E-EL-H0543c), and luciferase activity was measured 
by using Luciferase Reporter Gene Assay Kit (Beyotime Biotechnology, RG089S/
RG042S), according to the manufacturer’s instructions.

Pathological Techniques. Immunohistochemistry was performed by using 
immunohistochemical test kit (PV-9002, ZSGB-BIO), FJC staining was performed 
by using Fluoro-Jade C staining Kit (Biosensis, TR-100-FJ), and TUNEL staining was 
performed by using One-Step TUNEL Apoptosis Assay Kit (Meilunbio, MA0224), 
according to the manufacturer’s instructions.

Statistical Analysis. All data were analyzed with GraphPad Prism9 (GraphPad 
Software) and shown as mean ± SEM. The statistical comparisons between the two 
groups were tested using Student’s t test. The comparisons among groups were 
tested using one-way or two-way ANOVA. Statistical significance was achieved 
at P < 0.05.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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