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Alzheimer's disease (AD) remains one of the most common dementias of
neurodegenerative disease-related diseases. Nucleosome assembly protein
1-like 5 (NAP1L5) belongs to the NAPLL protein family, which acts as a histone
chaperone. However, the function and mechanism of NAP1L5 in AD are
still unclear. Bioinformatics analysis, RT-gPCR, and Western blotting results
showed that NAP1L5 was downregulated in the brain tissues of AD patients
and a mouse cell model of AD. NAP1L5 overexpression alleviated (Amyloid-p
precursor protein) APP metabolism and Tau phosphorylation. We further
demonstrated that NAP1L5 regulated the AD-like pathological characteristics
through the GSK3B/Wnt/B-Catenin signaling pathway. Moreover, we showed
that the Wnt/p-Catenin signaling pathway, regulated by NAP1L5, was mediated
by AQP1-mediated mechanism in N2a-APP695sw cell. In sum, these results
suggested that NAP1L5 overexpression has neuroprotective effects and might
act as potential biomarker and target for the diagnosis and treatment of AD.

KEYWORDS

NAPLLS5, Alzheimer's disease, APP metabolism, neuroinflammation, Tau
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Introduction

Alzheimer’s disease (AD) remains to be the most common form of neurodegenerative
disease-related dementia and is observed in millions of elders worldwide (Tahami Monfared
et al., 2022). The hallmarks of AD pathology include progressive memory loss and
neuropathology, which is mainly caused by extracellular amyloid-beta (Ap) plaques,
neurofibrillary tangles, neuronal loss, and neuroinflammatory responses (Guo et al., 2020).
Despite decades of research, the molecular mechanism of AD pathogenesis is unclear,
therefore, no effective treatments, especially drugs, have been shown to slow the progression
of AD (Mangialasche et al., 2010; Briggs et al., 2016; Haass and Selkoe, 2022; Panza and
Lozupone, 2022; Slomski, 2022; Topal et al., 2022; Vandendriessche et al., 2022). Therefore,
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it is urgent to explore alternative targets to uncover the
pathogenesis as well as for AD diagnosis and treatment.

Nucleosome assembly protein 1-like (NAP1L) family members
act as histone chaperones and are involved in nucleosome assembly
and disassembly, histone transport, and histone eviction with
different histone variants (Loyola and Almouzni, 2004; Park and
Luger, 2006; Okuwaki et al., 2010). In humans and mice, the
NAPIL family contains at least five members, namely NAP1L1-5,
and three of them (NAP1L2, NAP1L3, and NAP1L5) have been
demonstrated to express with only one copy of a single-exon gene
in the neuronal system (Rougeulle and Avner, 1996; Watanabe
et al., 1996; Shen et al., 2001; Smith et al., 2003). The other two
NAPI1-like proteins, identified as the histone chaperones with
similar role, are shown to be ubiquitously expressed and do not
necessarily have overlapping functions (Simon et al, 1994;
Rodriguez et al., 1997, 2000; Okuwaki et al., 2010). Until recently,
the functions of the NAP1L5 were largely unknown. NAPILS5, first
identified in the human liver malignancy as an imprinted gene, was
also found to be hypomethylated in congenital heart diseases
(Harada et al., 2002; Smith et al., 2003; Chang et al., 2021). Recently,
Wang et al. showed that NAP1L5 promoted nucleolar hypertrophy
during cardiomyocyte hypertrophy by regulating translation
activation (Guo et al., 2021). However, the role of NAP1L5 in AD
remains largely unknown.

Herein, we first showed that NAPIL5 expression was
significantly downregulated in the brain tissues of AD patients. To
rapidly determine the role of NAP1L5 in APP metabolism and Tau
phosphorylation, a mouse AD model cell was used in this study.
Further studies revealed that NAP1L5 regulated the molecular
features of AD through the GSK3B/Wnt/fB-Catenin signaling
pathway and was mediated by AQP1. Our findings first explored
a novel role of NAPIL5 in the etiology of AD and provided a
potential target to diagnose and treat AD.

Materials and methods
Animals

Mice, housed at 20-22°C in specific pathogen free room, were
had ad libitum access to food and water, on a 12-h light-12-h dark
cycle. The C57BL/6] female wild-type (W'T, 6 months) mice were
purchased from the Beijing HFK Bioscience Co., LET. APP/PS1
double transgenic mice (6 months) were purchased from Junke
biological Co., LTD (Nanjing, China, strain name, B6/J-Tg
(APPswe, PSENI1dE9); stock number, 406). All studies were
approved by the Animal Care and Use Committee of Tianjin
Medical University.

Data acquisition and bioinformatics
analysis

The Chromatin Immunoprecipitation (CHIP) data was
downloaded from the Gene Expression Omnibus (GEO) database,
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and the platform file was also downloaded to convert the probe
matrix into the Gene Symbol matrix. The “Limma” package in R
was used to perform differential expression analysis, and the
filtering conditions were fold change >1.5 and value of p <0.05.
Differential expression was shown using a heat map using the
“PheatMap” package in R. In the heat map, red represents genes
with a high expression in the sample, and blue represents genes
with a low expression in the sample. The “GGploT2” package in R
was used for volcano mapping of the differential genes. In the
volcano diagram, red represents upregulated genes and green
represents downregulated genes. The “GGPubR” package in R was
used to visualize NAP1L5 and draw boxplots.

Cell culture and cell transfection

Neuro-2a (N2a) and HEK-293 T cells were purchased from
American Tissue Culture Collection (ATCC, United States). The
N2a-APP695sw cell line that stably expresses the human APP-695
Swedish mutation (K595N/M596L) was established in our
laboratory previously (Sun et al., 2020). The N2a, HEK-293 T, and
N2a-APP695sw cells were cultured in Dulbeccos modified eagle
medium (DMEM, Gibco, Carlsbad, CA, United States) containing
10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, United States)
and 1% penicillin-streptomycin in 5% CO, and 37°C.

Cells were transfected with Entranster™-H4000 (Engreen,
China) according to the manufacturer’s protocols. pcDNA3
(Vec-NC) and pcDNA3-AQP1 (AQP1) were obtained from
GenePharma Co., Ltd. (Shanghai, China).

Lentiviral vector construction

To construct the NAP1L5-overexpressing vector, the mouse
DNA sequence encoding NAPIL5 (NM_021432.2) was
synthesized and cloned into the lentiviral vector pLVX-IRES-Puro
to generate pLVX-NAPIL5, which was commissioned by General
Biology (Anhui) Co., LTD. For the construction of the NAP1L5-
knockdown lentiviral vector pLVX-shNAP1L5, sh-NAP1L5 sense:
5’-ccggtGCCGAGGACGAGGTAATGGAA TTCAAGAGATTCC
ATTACCTCGTCCTCGGCTTTTTTg-3" and sh-NAPIL5
antisense: 5"-aattcGCCGAGGACGAGGTAATGGAATTCAAGA
GATTCCATTACCTCGTCCTCGGCTTTTTTa-3’ (the letters in
italics refer to the targeted sequences of NAPIL5 gene and the
letters in bold refer to the loop sequence) were annealed in the
DNA annealing buffer using PCR, and the reaction conditions
were set as follows: denaturation at 95°C for 2min and slow
cooling to 25°C. The cooling process took at least 45 min. Then,
the annealing products were cloned into a retrovirus pLVX-
shRNALI containing the RNA polymerase III promoter between
BamHI and EcoRI restriction sites. The virus packaging system is
a three-plasmid system consisting of the target vector (pLVX-
NAPIL5 or pLVX-shNAP1L5) and the packaging vectors psPAX2
and pMD2.G, which contain the necessary elements for virus
packaging. To construct the recombinant lentivirus, the target
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vector and packaging vector were transfected into HEK293T cells
using the polyethyleneimine (PEI) transfection reagent. The cell
supernatant rich in lentiviral particles was collected at 48 and 72h
after transfection. The lentiviral particles were concentrated using
ultrafiltration using the Millipore Amicon Ultra-15,100kDa to
obtain high-titer lentiviral concentrate. Finally, the lentiviral titer
was determined using the titer dilution assay.

Real-time quantitative PCR (RT-gPCR)

Total RNA was extracted using the Trizol method, and single-
stranded cDNA was synthesized using the reverse transcription
kit (PrimeScript™ RT reagent Kit with gDNA Eraser; TaKaRa,
China). A 20 ul PCR reaction system was prepared as follows: 2 x
SYBR Green qPCR Mix (TaKaRa, China) 10pl, 0.5ul of the
forward and reverse primers (10puM) each, 1.0pl of cDNA
template, and 8pl of sterile double distilled water. The PCR
reaction conditions were as follows: pre-denaturation at 95°C for
2 min, denaturation at 95°C for 5s; annealing at 60°C for 30s, and
extension at 72°C for 30s, 40 cycles. The relative expression of
NAPIL5 mRNA of each group (2724¢T) was calculated using the
comparative cycle-threshold (CT) method, and p-actin was used
as the internal reference. The PCR primers were synthesized by
General Biology (Anhui) Co., Ltd. The RT-qPCR primer sequences
are shown in Supplementary Table S1.

Western blotting

To extract cell proteins, the cells were first washed twice with
pre-cooled 1x phosphate buffer saline (PBS), then Radio-
Immunoprecipitation Assay (RIPA) lysate containing protease
inhibitors and phosphatase inhibitors was added, and the cells
were lysed at 4°C for 30 min, and further lysed using ultrasound.
The protein concentration was determined using the Bicinchoninic
Acid (BCA) method. All samples were adjusted to the same
concentration, 5 x sodium dodecyl sulfate (SDS) loading bufter
was added according to the ratio of 1:4 (v/v) to the protein sample
volume, and the samples were denatured at 100°C for 10 min.
First, 8-20% SDS-PAGE gels were selected according to the
different molecular weights of the target proteins, and then the
proteins were transferred to a polyvinylidene fluoride (PVDF)
membrane. The PVDF membranes were cut based on the size of
the protein marker, and the membrane was blocked using the
blocking solution containing 5% (m/v) skimmed milk powder at
room temperature for 1h. Then, the PVDF membranes were
washed using 1 x Tris-buffered saline with Tween-20 (TBST) twice
and incubated in the primary antibody dilution solution at 4°C
overnight. The concentration of the primary antibodies was
shown in Supplementary Table S2. The next day, the PVDF
membranes were washed using 1x TBST, goat anti-rabbit
secondary antibodies (1:5,000) were added and the membranes
were incubated at room temperature for 2h, and then the PVDF
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1x TBST. The
electrochemiluminescence (ECL) method was

membranes were washed again using
used for
visualization and Image ] image processing software was used
for analysis.

Immunofluorescence assay

Paraffin-embedded mouse brain coronal sections (10 pm)
were dewaxed and hydrated, followed by antigenic repair and
elimination of endogenous peroxidase activity. 5% BSA was added
to incubate at 37°C for 30 min. Then, primary antibodies were
added and incubated overnight at 4°C. The concentration of the
primary antibodies was shown in Supplementary Table S3. Goat
Anti-Mouse IgG H&L (Alexa Fluor® 647, 1:100, ab150115,
Abcam, United States) and Goat Anti-Rabbit IgG H&L (Alexa
Fluor® 488, 1:100, ab150077, Abcam, United States) was added
and incubated for 1h at room temperature without light. DAPI
was used to redye the nucleus and the images were acquired using
a Zeiss laser confocal microscope.

TOP/FOP flash luciferase reporter assay

The TOP/FOP flash luciferase reporter assay was performed
according to a previously reported method (Yao et al., 2022).

Statistical analysis

Data are expressed as mean + standard deviation (mean + SD).
All experiments were repeated three times. SPSS 22.0 and
GraphPad Prism 8 were used for data analysis. The student’s
independent t-test was used for comparison between the two
groups. A p<0.05 was considered statistically significant.

Results

NAP1L5 was dysregulated in AD

Transcriptome sequencing has provided a large amount of
clinical data for the study of the mechanism underlying
AD. Further bioinformatic analysis of these data can help identify
novel candidate pathogenic genes. In the current study, AD
patient data from the Gene Chip Public Database (GEO) and
GSE37263 microarray data submitted by Tan MG and Lai MK
(Tan et al., 2010) was obtained and used for reanalysis using
bioinformatic tools. According to the analysis results, NAP1L5
was observed to be downregulated in the brain tissues of AD
patients and might regulate the pathological process of AD
(Figures 1A,B). To further predict the potential role in AD
regulated by NAP1L5, GSEA results from GSE37263 datasets
showed that neurodegenerative diseases, the crucial diseases of
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the nervous system involving Parkinson’s disease and AD, were
strongly correlated with the expression level of NAPIL5
(Figure 1C). Among these genes of neurodegenerative diseases,
we observed that the NAPIL5 expression was significantly

10.3389/fnmol.2022.1034766

positively correlated with NEUROD6 and NRNI1, whereas
correlated with negatively CD163, ITPKB, and AQPI
(Figures 1D-H). Consistent with our predictions that NAP1L5 was
downregulated in the brain tissues of AD patients (Figure 1),
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FIGURE 1

NAP1L5 was downregulated in Alzheimer’s disease (AD) patients and the AD cell model. (A) A heatmap showing the differentially expressed genes
in the brain tissues of AD patients and controls according to the GEO (GSE37263) dataset. (B) Volcano plots showed that NAP1L5 was significantly
differentially expressed. (C) GSEA analysis showed that NAP1L5 expression was significantly correlated with neurodegenerative diseases in the
GSE37263 datasets. (D—H) The NAP1L5 expression was significantly correlated with NEUROD6, NRN1, CD163, ITPKB, and AQP1. (I) NAPIL5 mRNA
level was analyzed in the brain tissues of AD patients and controls from GSE37263. NAP1L5 mRNA (J) and protein (K) levels were detected in the
cell model of AD. (L,M) Relationship of NAP1L5 with alpha-smooth muscle actin (a-SMA) fraction and neuron. (L) Representative
immunofluorescence images of hippocampus CA1 showing NAP1L5 (green) merged with a-SMA (red). Scale bars, 100pm. (M) Representative
immunofluorescence images of hippocampus CA1 showing NAP1L5 (green) merged with neuron (NeuN, red). Scale bars, 100pm. Data are present
as means+SD, n =3. *p <0.05. Student’s test
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NAPIL5 mRNA levels further verified to be reduced in
N2a-APP695sw (Figure 1]), a previously verified cell model of
AD (Li et al., 2015; Zhang et al., 2017a,b; Sun et al., 2020; Yao
et al,, 2022). Additionally, the protein level of NAP1L5 was
decreased in N2a-APP695sw compared to N2a cells (Figure 1K).
Moreover, we detected the expression of NAP1L5 in the brain
regions and cell types to investigate the relationship of NAP1L5
with alpha-smooth muscle actin (a-SMA) fraction and neuron.
Immunofluorescence results showed that the expression of
NAPI1L5 was markedly reduced in the hippocampus CA1 region
of APP/PS1 mouse (Figures 1L,M). Interestingly, we observed
that the NAP1L5 protein was distributed in cytosol rather than
in nucleus, and was partly co-localized with a-SMA or expressed
in the cytosol of neuron (Figures 1L,M). Similar to previous
reports, NAP1L5, formerly known as DRLM, did not have a
nuclear localization signal, distributed in cytoplasm (Harada
et al,, 2002). Together, the results suggested that NAP1L5 might
play a certain role in regulating AD etiology figure.

NAPI1L5 regulated APP processing

To confirm the role of NAPIL5 in APP processing,
we determined the mRNA and protein levels of NAPIL5 in
lentivirus-mediated NAP1L5-overexpressing N2a-APP695sw
cells. The mRNA and protein levels of NAP1L5 significantly
increased in NAPI1L5-overexpressing N2a-APP695sw cells
(Figures 2A-E). Then, we determined whether NAPI1L5
overexpression affected APP metabolism. The APP protein level
in lenti-Null N2a-APP695sw cells dramatically increased
compared to N2a, whereas NAP1L5 overexpression strongly
reduced APP metabolism (Figures 2D,F). sAPPf is an important
metabolic intermediate in the first stage of APP amyloid pathway
degradation, which eventually leads to the production of toxic
AP (Delport and Hewer, 2022). The results showed that sAPPf
and A were significantly enhanced in N2a-APP695sw compared
to N2a, however, NAPIL5 overexpression decreased the
production of sAPPB and AP in N2a-APP695sw cells
(Figures 2D-H). Moreover, fB-secretase (BACE1l) plays an
important role in mediating the first stage of APP
proteolysis(Cervellati et al.,, 2021). Our results showed that
NAPIL5 overexpression inhibited BACE1L
(Figures 2D-T), which was consistent with the inhibition of APP
metabolism. Together, the results indicated that NAP1L5 played
a pivotal role in regulating APP processing.

expression

NAPI1LS5 repressed the
hyperphosphorylation of Tau

Abnormal hyperphosphorylation of Tau, which could cause
disruption of microtubules or enhance the misfolding of normal
Tau and its co-aggregates into filaments, is one of the hallmarks
of AD (Wang et al., 2013). Our results showed that phospho-Tau
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Ser396 and Thr231 were markedly increased in N2a-APP695sw
compared to N2a, whereas NAP1L5 overexpression reversed the
increase of phospho-Tau Ser396 and Thr231 in N2a-APP695sw
cells (Figures 3A-C). Tau hyperphosphorylation is usually caused
by several protein kinases, especially serine/threonine kinases,
including the cell-mediated gel contraction (CMGC), calcium/
calmodulin-dependent protein kinase (CAMK), and casein
kinase 1 (CK1) families, as classified by Manning et al. (2002).
Among the CMGC family members, GSK3B has been
demonstrated to phosphorylate Tau at most of the known AD
sites (Wang et al., 2013). Therefore, we measured the protein
levels of total GSK3B and phospho-GSK3B Ser9 in
N2a-APP695sw and N2a cells. We observed that the ratio of
GSK3B (pSer9) to GSK3B was reduced significantly in lenti-Null
N2a-APP695sw cells compared to N2a, whereas these changes
were reversed when NAPIL5 was
N2a-APP695sw cells (Figures 3D,E).

overexpressed in

NAPLL5 activated the Wnt/p-Catenin
signaling pathway

Recent studies demonstrated that GSK3B is one of the
important mediators of Wnt/p-Catenin signaling pathway
(Clevers and Nusse, 2012; Meffre et al., 2014; Nusse and Clevers,
2017). Since NAPIL5 overexpression increased the ratio of
GSK3B (pSer9) to GSK3B, we hypothesized that the Wnt/p-
Catenin signaling pathway might be activated by NAP1L5.
Western blotting results indicated that the f-Catenin protein level
was significantly decreased in lenti-Null N2a-APP695sw cells
compared to N2a, while phospho-p-Catenin (p-p-Catenin) was
significantly increased (Figures 4A-C). We also observed the
increase in B-Catenin and the decrease in p-p-Catenin while
NAPIL5 was overexpressed in N2a-APP695sw  cells
(Figures 4A-C). Furthermore, the TOP/FOP flash luciferase
reporter assay results showed that the activity of the Wnt/f-
Catenin pathway increased
N2a-APP695sw cells (Figure 4D).

in NAPI1L5-overexpressing

GSK3B inhibitor TDZD-8 alleviated
AD-like pathological characteristics

The previous results confirmed that NAPIL5 regulates the
GSK3B/Wnt/p-Catenin axis. Next, we treated the N2a-APP695sw
cells with the GSK3B-specific inhibitor TDZD-8 to investigate
whether TDZD-8 affected the pathological characteristics of
AD. Western blotting results suggested that the ratio of GSK3B
(pSer9) to GSK3B reduced in N2a-APP695sw cells compared to
N2a, whereas TDZD-8 treatment significantly increased the ratio
of GSK3B (pSer9) to GSK3B (Figures 5A,B). Furthermore, the
Whnt/f-Catenin signaling pathway could also be activated after
TDZD-8 treatment (Figures 5A,C,D). We, then, checked whether
the effects of TDZD-8 treatment on the pathological characteristics
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NAP1L5 overexpression inhibited APP metabolism in N2a-APP695sw cells. (A—C) N2a-APP695sw cells were stably infected with lenti-Null and
lenti-NAP1L5, and the mRNA and protein levels of NAPIL5 were detected using RT-qPCR and Western blotting, respectively. Data are presented as
mean+SD, n =3. **p <0.0001; Student's t-test. (D-1) N2a or N2a-APP695sw cells were stably infected lenti-Null or lenti-NAP1L5. APP metabolism-
related protein levels were detected using Western blotting (D), and then quantified (E-1). Data are presented as mean+SD, n =3. *p <0.05;

“*p <0.01; *'p <0.001; ***p <0.0001 for N2a-APP&95sw (lenti-Null) versus N2a (lenti-Null). **p <0.01; ###p <0.001; *###p <0.0001 for N2a-APP695sw
(lenti-NAP1L5) versus N2a-APP695sw (lenti-Null). The student’s t-test was used.
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of AD were consistent with those of NAP1L5 overexpression. The
results showed that the effects of TDZD-8 treatment on the
pathological characteristics of AD, such as APP metabolism and
Tau phosphorylation, were consistent with those of NAPIL5
overexpression (Figures 5E-L).

NAPI1LS5 regulated the AD-like
pathological characteristics through the
GSK3B/Wnt/p-Catenin signaling pathway

In addition, we confirmed that NAP1L5 regulated the AD-like
pathological characteristics through GSK3B. We first confirmed
that the mRNA and protein levels of NAPIL5 were
markedly  reduced NAPI1L5-knockdown  cells
(Supplementary Figures S1A,B; Figures 6A,B). Then, we observed
that TDZD-8 treatment increased the ratio of GSK3B (pSer9) to

in
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GSK3B in N2a-APP695sw cells stably expressing sh-NC or
sh-NAPIL5 vectors (Figures 6A,C). Moreover, the Wnt/B-Catenin
signaling pathway was activated after TDZD-8 treatment
(Figures 6A,D,E). Then, we checked whether TDZD-8 treatment
affected APP metabolism in N2a-APP695sw cells stably expressing
sh-NC or sh-NAP1L5 vectors. We observed that the protein levels
of APP, sAPPf, AP, and BACE] in the NAP1L5-knockdown or
sh-NC N2a-APP695sw cells treated with TDZD-8 were partially
rescued by knockdown of NAP1L5 (Figures 6F-]), indicating that
NAP1L5 mediated APP processing through GSK3B. We then
checked whether NAPIL5 also regulated Tau phosphorylation
through GSK3B. We found that phospho-Tau Ser396 and Thr231
were partially rescued in NAPI1L5-knockdown or sh-NC
N2a-APP695sw cells treated with TDZD-8 (Figures 6K-M).
Taken together, our findings showed that TDZD-8 antagonized
AD-like pathological characteristics by preventing NAP1L5
knockdown-mediated toxic effects.
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Frontiers in Molecular Neuroscience 07 frontiersin.org


https://doi.org/10.3389/fnmol.2022.1034766
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Wang et al. 10.3389/fnmol.2022.1034766
A B Cc D
N2a N2a-APP695sw
TDZD8 — — — — — — + o+ o+ .
DMSO + + + + + + —_— = 15 #i 15 * 25 *k #H
kDa 9 huded = <
e [C - 2 3
810 ERKY E
55—1:...._..--*' GSK3B(pSer9) g f\é‘ % '8
2 g 1.0
100_" - — — e e ‘-.| B-Catenin % 05 8 05 S
! e & 205
1oo+ ——— —— - G - - — -| p-B-Catenin g 00 0.0 = 0.0
— - TDZD8 — - + - - +
55— s s S | B-TubLIIN TbzD8 TpzD8
—I ‘ DMSO  + + DMsO  + - DMSO  + + =
E F G H
N2a N2a-APP695sW
TDZD-8 — — — — — — + o+ o+
DMSO + + + + + + — — — 40 sokkk  HEHE 25 ok #
kDa 35 - 2.0
c 30 3 £
100_[ o Sy } APP ‘_;] 25 |%| 3 315
S = >
70_E—-—--—..----°| SAPPB 52 ¢ & 10
T 15 a <
46—‘.—._.———————“AB S 3 05
05
70—[-0————---—---‘BACE1 00 00
T TozDs — =  + TDZD-8 08 T Tt
55—}‘~..*...| B-Tubulin mso +  + — omMso +  +  — pvMso  +  +  —
| J K L
N2a N2a-APP695sw . - i TR
TDZD-8 — — — — — — + + o+ I N2a/APP695sw
< DMSO  + + + + + + — — — e g8 Bl N2a/APP6E95sW
2 kDa o o
Y 55 —". M| Tau gz % 4
g 55—y o __..--,_.__.|ssgs Kl 22
f i O —— --4?1T231 0
- _ + TDZD-8 — - + TDZD-8 — - +
TbzD-8 55 —{—--.-—-—-—‘ BTubulin  pues o+ 4 oMso  +  +  —
DMSO  + + -
FIGURE 5
GSK3B inhibitor TDZD-8 promoted APP metabolism and repressed GFAP generation and Tau phosphorylation in N2a-APP695sw cells. (A—-L), N2a
and N2a-APP695sw cells were treated with DMSO or TDZD-8 (25uM) for 48h. The GSK3B, phosphorylated GSK3B at serine 9 [GSK3B (pSer9)],
B-Catenin, and phosphorylated p-Catenin were measured using Western blotting (A), and then quantified (B—D). The APP metabolism-related
protein levels were measured using Western blotting (E), and then quantified (F—I). The Tau and phosphorylated Tau protein levels were measured
using Western blotting (J), and then quantified (K,L). Data are presented as mean+SD, n =3. *p <0.05; **p <0.01; ***p <0.0001 for N2a-APP695sw
(DMSO) versus N2a (DMSO). #p <0.05; ##p <0.01; #***p <0.001; #**#*p <0.0001 for N2a-APP695sw (TDZD-8, 25uM) versus N2a-APP695sw (DMSO).
The student’s t-test was used.

NAP1L5 reduced AD-like pathological
characteristics by downregulation of
AQP1

Our previous predictions have shown that NAPIL5 is
negatively correlated with the expression level of AQP1, which
has been suggested as a key regulator involved in the pathogenesis
of AD (Misawa et al., 2008; Jjaz et al., 2021; Park et al., 2021).
Noteworthy, AQP1 was also the trigger of Wnt/p-Catenin
signaling pathway. Downregulation of AQP1 could ameliorate
cognitive function by activating the Wnt/p-Catenin signaling
pathway in a mouse model of AD (Yu et al., 2020). Therefore,
we wondered whether NAPIL5 regulated the Wnt/f-Catenin
signaling pathway through a molecular mechanism mediated by
AQPI1. We first showed that the mRNA and protein levels of
AQP1 were markedly reduced in NAPIL5 overexpressing
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N2a-APP695sw cells (Figures 7A-E). Next, we showed that
overexpression of AQP1 could partly counteract the activation of
Wnt/p-Catenin signaling pathway induced by NAPIL5
(Figures 7F-K). These interesting results led us to ask whether
AQP1 also involved in regulation of APP metabolism and Tau
phosphorylation in NAPIL5 overexpressing N2a-APP695sw
cells. In line with our findings from bioinformatics prediction,
the process of APP metabolism to produce AP was partially
restored in NAP1L5 overexpressing N2a-APP695sw cells while
AQP1 was co-overexpressed (Figures 7L-P). Similarly, NAP1L5
overexpression could inhibit the hyperphosphorylation of Tau,
while co-overexpression of AQP1 partly abolished the inhibition
on hyper-phosphorylation of Tau protein (Figures 7Q-S).
Collectively, these results suggested that NAP1L5 alleviated
AD-like pathological characteristics through AQP1-mediated
mechanism in N2a-APP695sw cell.

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1034766
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Wang et al. 10.3389/fnmol.2022.1034766
A B (o3 D E
sh-NC sh-NAP1LS
TDZD8 — — + + — — + +
EE:/also + o+ = — 4+ 4+ = = 15 ns £4 - zz,o gz.o "
15—‘—--—— - —‘ NAP1LS < * 53 L) 315 215
AL [9) - 2 & bl
55—|------Q‘| GSK3B 3 25 — g 10 £ 10
] Q s g
55—‘- — - e - .‘ GSK3B(pSer9) § 0.5 = T, 8 os 8 o5
z X & by
100—W. - -n-‘ p-Catenin 00 s, 00 o0
I X Tpzp8 — + — * Tozp8 — + — + TDZD8 — TozD8 — o+~ *
100—%—— —--——‘ p-B-Catenin owso ¢ — 4 - owso ¢ — 4 — o+ — 4 — omso + — 4+ —
55—‘-..-‘“‘ B-Tubulin
F G H |
sh-NC sh-NAP1LS
TDZD-8§ — — + + — — + +
1.5 #it
DMSO + + — — + + — — = s 20 *
kDa £ kK
310 c 151 —
100_‘_-——--——‘ APP é . E
70_‘-- -— __.-,.-‘ SAPPB § 05 .511.0
46 }'_ — ]| A b <05 .
70—‘—--—-——~<—-—-—| BACE1 00 2. I 0.0
_ T0zD8 TozDE — v — o+
55—{....---.‘ B-Tubulin DMSO + — + — omso 4 — 4 —
J K L M
sh-NC sh-NAP1LS
TDZD-8 — — + + — — + + 3 "
. MO 4 & — _ R . . [ sh-NC
3 kDa 52 [ sh-NAP1LS
e 55—[-----..‘ Tau % o
8 55—[.-—.. .-..--" 306 1
@ =
55—!-....._.- -——‘ T231 .
D8 — + — o+ 55-}------*‘ B-Tubulin TozDs — + — o+
DMSO + — + — DMSO + — + —
FIGURE 6
NAP1L5 regulated APP metabolism and Tau phosphorylation through the GSK3B/Wnt/f-Catenin signaling pathway in N2a-APP695sw cells.
(A—M), N2a-APP695sw cells, stably transfected with sh-NC or sh-NAP1L5, were treated with DMSO or TDZD-8 (25pM) for 48h. The NAP1L5,
GSK3B, phosphorylated GSK3B at serine 9 [GSK3B (pSer9)], B-Catenin, and phosphorylated p-Catenin levels were measured using Western
blotting (A), and then quantified (B—E). The APP metabolism-related protein levels were measured using Western blotting (F), and then
quantified (G=J). The Tau and phosphorylated Tau protein levels were measured using Western blotting (K), and then quantified (L,M). Data are
presented as mean+SD, n =4. *p <0.05; **p <0.01; **p <0.001; ***p <0.0001 for TDZD-8 (25uM) versus DMSO in N2a-APP695sw cells
transfected with sh-NC. #p <0.05; #*p <0.01; *#*p <0.001; ###¥p <0.0001 for TDZD-8 (25pM) versus DMSO in N2a-APP695sw cells transfected
with sh-NAP1LS5. ns, not significant; the Student’s t-test was used.

Discussion

Increasing evidence indicates that AD is a complex
neurodegenerative disease. Although most clinical trials have
failed for a multitude of reasons, the understanding of the
underlying molecular mechanisms of AD is still in its infancy
because of the complexity of its pathophysiology (Asher and
Priefer, 2022; Qiu, 2022; Therriault et al., 2022; Uwishema et al.,
2022). More specific biomarkers or therapeutic targets that can
accelerate the efforts to improve and simplify the areas of
differential diagnosis and understand the molecular basis of AD
are urgently needed (Konickova et al., 2022).

As one of the members of the NAP1L protein family, NAP1L5
was identified as an imprinted gene in human liver malignancy and
congenital heart diseases and an important regulator of translation
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activation during cardiomyocyte hypertrophy (Harada et al., 2002;
Chang et al,, 2021; Guo et al,, 2021). However, the role of NAPIL5 in
various diseases, including AD, remains largely unknown. Herein,
we first investigated the relationship between the expression of
NAPIL5 and AD. GSE37263 microarray data reanalysis using
bioinformatic tools revealed that NAP1L5 was reduced in the brain
tissues of AD patients, indicating that it might play a role in the
pathological process of AD. Consistent with these results, NAP1L5
expression was confirmed to be decreased in a cell model of AD. In
addition, NAP1L5, upon the results form bioinformatics analysis, was
strongly correlated with neurodegenerative diseases. Further analysis
suggested that the NAP1L5 expression was significantly correlated
with NEUROD6, NRN1, CD163, ITPKB, and AQP1, which have
been proven to play important role in AD (Pey et al., 2014; Fowler
et al., 2015; Piras et al,, 2019; Zhang et al., 2020; Park et al., 2021).
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were stably infected Lenti-Null and Lenti-NAP1L5, NAP1L5 and AQP1 mRNAs were determined by RT-gPCR (A,B); the protein levels of NAP1L5 and
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The accumulation of Af peptides has been demonstrated to be one of
the hallmarks of AD that can cause oxidative stress, neuroinflammatory
responses, mitochondrial dysfunction, and endosome-lysosome
abnormalities, which all lead to cognitive and memory deficits in
several Tg AD mice models (Cheignon et al,, 2018; Butterfield and
Halliwell, 2019; Samaey et al., 2019; Brewer et al., 2020; Huang et al.,
2020; Ismail et al., 2020; Marshall et al., 2020). APP can be processed
to produce AP through the amyloidogenic pathways consisting of a
series of cleavage enzymes like B-secretase and y-secretase complex
(Delport and Hewer, 2022). In the current study, our results showed
that NAP1L5 overexpression strongly inhibited the protein levels of
APP, sAPPB, and AP in N2a-APP695sw cells, indicating that both
APP protein level and the amyloid pathway degradation might
be inhibited. Moreover, NAP1L5 overexpression significantly reduced
the B-secretase BACE1 expression level, which was consistent with the
inhibition of APP metabolism. Together, we showed that NAP1L5
played a crucial role in regulating APP expression and APP processing
in N2a-APP695sw cells.

The tauopathies, a class of diseases caused by the misfolding
of the Tau protein, were also the main pathological characteristics
of AD that induced the abnormal hyperphosphorylation of Tau
(Wang et al., 2013). In the current study, we observed that NAP1L5
overexpression markedly reduced phospho-Tau Ser396 and
Thr231 in N2a-APP695sw cells, indicating that NAP1L5
overexpression could alleviate the tauopathies of AD. We further
demonstrated that NAP1L5 also regulated the activity of GSK3B,
a protein kinase that can phosphorylate Tau at most of the known
AD sites, by phosphorylating GSK3B at Ser9, whose activity also
involves in the Wnt/p-Catenin signaling pathway (Clevers and
Nusse, 2012; Meffre et al., 2014; Nusse and Clevers, 2017). Our
results showed that the Wnt/p-Catenin signaling pathway could
be activated by NAPIL5 overexpression. GSK3B inhibitor
TDZD-8 exerted a similar effect as NAP1L5 overexpression on the
pathological characteristics of AD. We further showed that
TDZD-8 antagonized AD-like pathological characteristics by
preventing NAP1L5 knockdown-mediated toxic effects, indicating
that NAP1L5 regulated AD-like pathological characteristics by
regulation of the GSK3B/Wnt/p-Catenin signaling pathway.

To date, there is still a gap between the decreased NAP1L5 and
the inhibition of Wnt signaling pathway and no evidence have
shown the interaction between NAPI1L5 and Wnt pathway.
Herein, we found that AQP1, a key regulator or trigger of Wnt/p-
Catenin signaling pathway involved in the pathogenesis of AD
(Misawa et al., 2008; Jjaz et al., 2021; Park et al.,, 2021), was
negatively correlated with NAP1L5 expression, indicating that
AQP1 might involve in NAP1L5-mediated regulation of the
Whnt/f-Catenin signaling pathway. As expected, we have shown
that NAP1L5 could alleviate AD-like pathological characteristics
through AQP1-mediated mechanism in N2a-APP695sw cell.

In summary, our results first showed that NAPIL5 was
downregulated in the brain tissues of AD patients as well as in a cell
model of AD. The function of NAP1L5 was confirmed by the
detection of the key pathological characteristics of AD using
cellular experiments. Further investigation of the mechanism of
NAPIL5 indicated that NAPIL5 overexpression inhibited the
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AD-like pathological characteristics through the GSK3B/Wnt/f-
Catenin signaling pathway, which could be mediated by AQP1.
These findings demonstrated a novel role of NAP1L5 and suggested
that NAP1L5 might be a potential target to diagnose and treat AD.
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