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Abstract    
Apolipoprotein E4 (apoE4) is a risk factor for Alzheimer’s disease (AD). Here, we investigated 

brain amyloid-b (Ab) accumulation throughout the aging process in an amyloid precursor 
protein (APP) knock-in (KI) mouse model of AD that expresses human APPNL-G-F with or 

without human apoE4 or apoE3. Brain Ab42 levels were significantly lower in 9-month-old 
mice that express human isoforms of apoE than in age-matched APP-KI control mice. Linear 

accumulation of Ab42 began in 5-month-old apoE4 mice, and a strong increase in Ab42 levels 
was observed in 21-month-old apoE3 mice. Ab42 levels in cerebroventricular fluid were higher 
in apoE3 than in apoE4 mice at 6–7 months of age, suggesting that apoE3 is more efficient at 

clearing Ab42 than apoE4 at these ages. However, apoE3 protein levels were lower than apoE4 
protein levels in the brains of 21-month-old apoE3 and apoE4 mice, respectively, which may 

explain the rapid increase in brain Ab42 burden in apoE3 mice. We identified genes that were 
downregulated in a human apoE-dependent (apoE4>apoE3) and age-dependent (apoE3=apoE4) 

manner, which may regulate brain Ab burden and/or AD progression. Analysis of gene 
expression in AD mouse models helps identify molecular mechanisms of pleiotropy by the 
human APOE gene during aging.  
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1. Introduction 
Alzheimer’s disease (AD) is the most common neurodegenerative disease in the aged 

population and is characterized by the progressive loss of memory and cognitive functions. 
Approximately 50 million patients live with dementia worldwide, and AD accounts for 60–80% 
of these cases (2021 Alzheimer’s disease facts and figures). The vast majority of patients with 
AD have the sporadic or late-onset form of the disease, whereas several percent of patients with 
AD have familial AD and carry pathogenic mutation(s) in the causative genes App, PSEN1, and 

PSEN2. The App gene encodes amyloid-b protein precursor (APP) from which neurotoxic Ab 
peptides are generated. PSENs encode presenilin 1 and 2 (PS1 and PS2), which are the catalytic 

component of g-secretase complex (Selkoe 2011). Pathogenic mutations in the App gene 
increase the amount of Ab or the production of neurotoxic Ab42 peptides (Mullan et al., 1992; 
Di Fede et al., 2009; Zhou et al., 2011). A protective mutation in the App gene decreases Ab 
generation by inducing the amyloidolytic cleavage of APP at b’-site by b-site APP-cleaving 
enzyme 1 (BACE1), which is the primary enzyme responsible for Ab generation (Jonsson et 
al., 2012; Kimura et al., 2016). Following the amyloidogenic processing of APP at b-site by 
BACE1, g-secretase complex cleaves the membrane-tethered APP carboxyterminal fragment 
(APP CTFb or C99) to produce Ab species (Cole & Vassar, 2008; Thinakaran & Koo, 2008). 
Pathogenic mutations in PSEN genes increase the generation of Ab42 peptide species. Thus, the 
generation and production of neurotoxic Ab oligomers are strongly believed to be the primary 
triggers of neurodegeneration in AD (Benilova et al., 2012). 

In contrast to familial AD, the main cause(s) of sporadic AD is controversial. Although 

the major risk factor is older age, the greatest genetic risk factor for late-onset AD is the e4 
allele of APOE (Corder et al., 1993). In individuals carrying one of three alleles, e2 
(apoE2), e3 (apoE3), or e4 (apoE4), the apoE4 genotype (e3/e4, or e4/e4) increases the risk of 
developing early-onset AD compared with non-apoE4 carriers (Raber et al., 2004). ApoE is 
reported to serve a variety of functions in AD pathophysiology in addition to its major role in 
lipid metabolism (Martens et al., 2022). For example, apoE4 has a weaker ability than apoE2 

and apoE3 for clearing Ab in the brain (Castellano et al., 2011; Hashimoto et al., 2012). ApoE 
is thought to play an important role in organelle homeostasis such as ER stress and 
mitochondrial dysfunction which induce and/or progress neurodegeneration (Ridge & Kauwe 
2018; Swerdlow et al., 2014). In the central nervous system (CNS), apoE is expressed in non-
neuronal cells and mainly in astrocytes, and neurons express apoE in response to injury (Xu et 
al., 2006), suggesting a progressive or repressive function of apoE in neurodegeneration.  

Recent studies report that apoE4 drives lipid metabolic dysregulation in astrocytes and 
microglia, and induces matrisome dysregulation that increases glial activation (TCW et. al., 
2022). However, the pleiotropic contribution of apoE isoforms in the pathogenesis of and/or the 



 4 

progression of AD in aging remains controversial. In this study, by focusing on changes in Ab 
levels and gene expression in the aging brain, we investigated whether apoE4 and apoE3 
function similarly or differently during the continuous progression of AD with age. Using 

mouse models of AD, we show here the impact of different apoE isoforms on Ab accumulation 
at different ages in the brain. Furthermore, we also discuss how changes in the expression of 

genes that possibly regulate brain Ab burden may depend on human apoE rather than on 
specific apoE isoforms in the aged brain. 
 
2. Materials and Methods 
2.1 Generation of double gene knock-in (KI) mice 
AppNL-G-F/NL-G-F (C57BL/6-App<tm3(NL-G-F)Tcs, RRID:IMSR_RBRC06344) (Saito et al, 
2014), ApoE3-KI (B6;129-Apoe<tm3(APOE3)sfu>/sfuRbrc, RRID:IMSR_RBRC03390), and 
ApoE4-KI (B6;129-Apoe<tm3(APOE4)sfu>/sfuRbrc RRID:IMSR_RBRC03418) mice 
(Hamanaka et al., 2000; Mori et al., 2003) were housed in specific pathogen-free (SPF) 
conditions with a microenvironment ventilation system (Allentown Inc., Allentown, NJ, USA) 
under a 12 h light-dark cycle and had free access to food and water. Three to five male or 
female siblings were housed in each cage with a floor space of 535 cm2 that had micro barrier 
tops. All animal studies were conducted in compliance with the ARRIVE guidelines and all 
experimental protocols were approved by the Animal Care and Use committees of Hokkaido 
University and RIKEN Center for Brain Science Institute. Human apoE3 and apoE4 gene KI 
mice were backcrossed with C57BL6/J mice for 12–13 generations, and the APP-KI/apoE3 and 
APP-KI/apoE4 mice were generated by mating with AppNL-G-F/NL-G-F (APP-KI) mice. 
Homologous double KI mice were used for experiments. To exclude possible differences 
because of gender, we used only female mice for all our analyses. 
 

2.2 Extraction and quantification of brain Ab 
Brain lysates for the Ab assay were prepared as described (Kondo et al., 2010) with a few 
modifications. Briefly, the cerebral cortex and hippocampus from the left hemisphere of the 
brain were dissected and then homogenized on ice for 30 strokes with a Dounce homogenizer in 
a 4-fold volume of TBS (20 mM Tris-HCl, pH 7.4 containing 137 mM NaCl) and protease 

inhibitor cocktail (PIC) (5 µg/mL chymostatin, 5 µg/mL leupeptin, and 5 µg/mL pepstatin). The 
lysate was subject to centrifugation (200,000 x g for 20 min at 4oC) with TLA 100.4 rotor 
(Beckman Coulter Life Science, Brea CA, USA). The resultant precipitate was further 
homogenized in a 9-fold volume of TBS with a Dounce homogenizer for 30 strokes, and was 
then centrifuged at 100,000 × g for 20 min at 4 oC with TLA 55 rotor (Beckman Coulter Life 
Science). The pellet was dissolved in an equal volume of 6 M guanidine-HCl solution in 50 mM 
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Tris-HCl (pH 7.6) with sonication (1 second with a 1 second interval of 17 cycles, with 
SONICSTAR85, WAKENYAKU, Co., Kyoto Japan) and left to stand for 1 h at room 
temperature. The sample was then centrifuged at 130,000 × g for 20 min, and the supernatant 

was used for Ab40 and Ab42 assays. Human Ab40 and Ab42 were quantified by sandwich 
ELISA (sELISA) as described previously (Tomita et al., 1998), with the exception that the 
82E1 antibody (Immuno Biological Laboratories, Fujioka, Japan, Cat 10323) rather than the 
2D1 antibody was used (Mizumaru et al., 2009).  
 
2.3 Preparation of brain lysates and immunoblotting 
The cerebral cortex and hippocampus from the right hemisphere of the brain were homogenized 
on ice for 30 strokes with a Dounce homogenizer in a 10-fold volume of buffer H (20 mM 
HEPES, pH 7.4, containing 150 mM NaCl, 5 mM EDTA, 10% (v/v) glycerol, and PIC). An 

aliquot (200 µL) of the lysate was diluted with an equal amount of 2× RIPA buffer (100 mM 
Tris-HCl (pH 7.6) containing 300 mM NaCl, 2% (v/v) Nonidet P40, 1% (w/v), sodium 
deoxycholate, 0.2% (w/v) SDS and 2× PIC) and sonicated (1 second with a 1 second interval, 
10 cycles). The detergent-solubilized sample was centrifuged at 10,000 × g for 1 min at 4 oC 
and the supernatant was used for immunoblotting as total brain lysate. Protein amounts were 
quantified with the BCA Protein Assay Kit (Cat T9300A, TAKARA, Kyoto, Japan). Indicated 
amounts of protein lysates were subjected to Tris-glycine SDS polyacrylamide gel 
electrophoresis (LaemmlI, 1970) and separated proteins were transferred onto a nitrocellulose 
membrane (Cat# P/N66485, Paul Corp., Pensacola, FL, USA) for immunoblotting. Membranes 
were blocked in 5% (w/v) non-fat dry milk (Morinaga Milk Industry, Tokyo, Japan) in TBS-T 
(20 mM Tris-HCl [pH 7.6], 137 mM NaCl, 0.05% (v/v) Tween 20 (Cat sc-29113, Nacalai 
Tesque, Kyoto, Japan)), probed with the indicated antibodies diluted in TBS-T. The membrane 
was washed with TBS-T, and immunoreactive proteins were detected using Clarity Western 
ECL substrate (Cat 1705061, Bio-Rad, Hercules, CA, USA) and quantitated on a LAS-4000 
imaging system (Fujifilm, Tokyo, Japan). Anti-human apoE (A299) antibody (1:1000 dilution; 

Cat 18171, IBL), anti-APP antibody 369 (1:5000 dilution) (Oishi et al 1997), anti-a-tubulin 
antibody (1:10,000 dilution, 10G10 Cat 013-25033, Fujifilm Waco Pure Chemicals), anti-mouse 
IgG HRP-Linked F（ab’）2 Fragment sheep (1:10,000 dilution Cat NA9310, Cytiva, 
Mariborough, MA, USA), and anti-rabbit IgG HRP-Linked F（ab’）2 Fragment donkey 
(1:10,000 dilution Cat NA9340, Cytiva) were used. 
 
2.4 Collection of cerebrospinal and cerebroventricular fluids in mice models of AD.  
Mice were injected intraperitoneally with a mixture of anesthetics (0.3 mg/kg weight 
medetomidine hydrochloride, Cat 135-17473 FujiFilm Wako; 4 mg/kg weight midazolam, Cat 
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135-13791 FujiFilm Wako; 5 mg/kg weight butorphanol tartrate, Cat 021-19001 Fujifilm 
Wako). Cerebrospinal fluid (CSF) was collected from the cisterna magna as described 
previously (Liu & Duff, 2008). Cerebroventricular fluid (CVF) was collected with a micro 
syringe via a stereotaxic micromanipulator (SMM-100, Narishige, Tokyo Japan) (bregma 1.1 
mm, 0.5 mm lateral to the midline, and 2.5 mm ventral to the skull surface). CSF and CVF were 
quickly frozen in liquid nitrogen and stored in the deep freezer (-80 oC) until use. These fluids 
were diluted in PBS buffer containing 1% (w/v) bovine serum albumin and 0.05% (v/v) Tween-

20, and Ab42 was quantified as described above. 
 
2.5 RNA-seq analysis 
The cerebral cortex and hippocampus from the right hemisphere of the brain were 
homogenized, and RNA was extracted with TRIzol reagent (Cat 15596018, Thermo Fisher 
Scientific, Waltham, MA, USA). RNA samples were submitted to Novogene (Beijing, China) 
via Nippon Genetics (Tokyo, Japan). After performing quality checks of RNA samples, 
Novogene prepared strand-specific cDNA libraries and subjected the samples to sequencing 
using NovaSeq 6000 / PE150 sequencing platform. We obtained 10.1 to 14.9 million reads per 
sample. 
 
2.6 Processing of RNA-seq data 
The raw sequencing data were mapped to the mouse genome, mm10, by STAR (version 2.7.3a) 
with a default setting. Differential gene expression analysis was performed with the package 
“DESeq2” in R (Love et al., 2014). Low-expressing genes (less than 100 RNA-seq reads per 
gene, on average) were excluded from the analysis. A difference with an FDR smaller than 0.05 
was identified as being significant. 
 
2.7 Gene ontology enrichment analysis 
Gene ontology (GO) analysis was performed with the DAVID Functional Annotation 
Clustering Tool (DAVID Bioinformatics Resources: https://david.ncifcrf.gov).  
 
2.8 Quantitative real-time PCR (qPCR) 
Extracted RNA used in RNA-seq analysis was treated with DNase (ThermoFisher TURBO 
DNase AM2238) and reverse transcribed with PrimeScriptTM 1st strand cDNA Synthesis Kit 
(Takara: 6110A) for qPCR. qPCR was performed with Brilliant III Ultra-Fast SYBR Green 
QPCR Master Mix (Agilent Technologies: #600882) on the BIO-RAD Touch Real-Time PCR 
Detection System under the following conditions: 40 cycles; 95 °C (10 s) and 60°C (20 s). Data 
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were analyzed with the ΔΔCt method and were normalized to Actb mRNA levels. The primer 
sets used for RT-qPCR are shown in Supplementary Table 2. 
 
3. Results  

3.1 Accumulation of brain Ab in mouse models of AD with isoforms of human apoE 
during the aging process 

To uncover the influence of human apoE isoforms on brain Ab accumulation during the aging 
process, we analyzed three lines of the mouse model of AD; APPNL-G-F/NL-G-F/human apoE4 
(apoE4 mouse), APPNL-G-F/NL-G-F/human apoE3 (apoE3 mouse), and APPNL-G-F/NL-G-F/mouse apoE 

(APP-KI mouse). APPNL-G-F/NL-G-F mice, which harbor the Iberian mutation (I716F) near the g-
secretase cleavage site and the Swedish mutation (K670N/M671L) near the b-secretase 
cleavage site (Saito et al., 2014), generate mainly humanized Ab42 rather than Ab40. We 
investigated Ab accumulation in the cerebral cortex and hippocampus in these mouse models. 
The amount of human Ab in 3-month-old (young adult stage), 5- and 9-month-old (middle adult 
stages), 13-month-old (early-aged stage), and 21-month-old (late-aged stage) mice was 

quantified with a sELISA specific for human Ab. As expected, Ab40 accumulation increased 
with age. The accumulation of Ab40 clearly began in middle adulthood (9 months old) in APP-
KI mice, which express endogenous mouse apoE earlier than mice that express either human 

apoE3 or apoE4. ApoE3 or apoE4 mice began accumulating Ab40 after 13 months of age, and 
by 21 months of age, the quantity of Ab40 was higher in APP-KI mice than in apoE4 and apoE3 
mice during the aging process (Fig. 1A). These data were consistent with a previous report that 

human apoE reduces Ab deposition in a human APP transgenic mouse model of AD (Holzman 
et al., 1999).  

Ab42 accumulation was observed in 3-month-old APP-KI mice and reached saturation 
(500–600 pmol/g tissue weight) when these mice were 5 months old. Interestingly, this level of 

Ab42 was maintained throughout the aging process even at 21 months of age without a 
noteworthy increase in Ab42 accumulation in aged mice (Fig. 1B, C). In contrast to APP-KI 
mice, Ab42 accumulation in apoE4 mice linearly increased after 5 months of age, whereas 
apoE3 mice at an age of 13 months maintained lower levels of Ab42. Remarkably, at 21 months 
old, this level of Ab42 increased in apoE3 mice and reached a similar level to that in apoE4 
mice (> 800 pmol/g tissue). In summary, apoE4 contributed to the continuous accumulation of 

Ab42 with age, whereas apoE3 tended to suppress Ab42 accumulation in early-aged mice. A 
greater number of aged (21-month-old) mice, expressing either apoE4 or apoE3, accumulated 

more Ab42 than APP-KI mice. These observations suggest that human apoE suppresses the 
accumulation of brain Ab by the middle adult stage, but is ineffectual in the brain in late-aged 
mice. The ineffectiveness of human apoE appears earlier in the lifespan in apoE4 mice but later 
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in apoE3 mice, which may be the primary reason for the later onset of AD in apoE3 than in 
apoE4 carriers. Our findings in mouse models may be consistent with those in human studies 
that showed that individuals harboring the apoE3 allele tended to have onset of AD at an older 
age than those subjects carrying the apoE4 allele (Raber et al., 2004; Spinney et al., 2014). 

     The levels of Ab40 and Ab42 were both higher in APP-KI mice than in apoE3 and apoE4 
mice by 9 months of age. This may indicate a lower ability of mouse apoE than of human apoE 

isoforms to clear Ab as suggested by a previous study (Fagan et al., 2002). Those authors 
reported the continuous and higher accumulation of Ab in mouse expressing mouse apoE than 
in mouse expressing apoE3 and apoE4 during the aging process from 18 to 24 months of age. 

To investigate whether human apoE isoforms have a higher ability to clear Ab than 
mouse apoE, we quantified Ab42 in the CSF in 3-, 7-, and 14-month-old APP-KI, APP-
KI/apoE4-KI, and APP-KI/apoE3-KI mice (Fig. 2A-C). Approximately 2000 pg/mL of Ab42 
was detected in 3-month-old apoE3 and apoE4 mice. Ab42 levels in APP-KI mice were slightly 
lower than in mice expressing human apoE, but there were no significant differences between 

them (Fig. 2A). At 7 months old, the levels of Ab42 in apoE4 and apoE3 mice were higher than 
in APP-KI mice, but these differences were also not significant (Fig. 2B). However, we found a 

clear difference in Ab42 levels in the CSF among the three mice models at 14 months of age 
(Fig. 2C). Ab42 levels in the CSF were significantly lower in APP-KI mice than in apoE4 (p < 
0.05) and in apoE3 (p < 0.0001) mice. Furthermore, Ab42 levels in the CSF in apoE4 mice 
were also significantly lower than in apoE3 mice (p < 0.01). To confirm the effect of human 

apoE in middle adult mice, we collected CVF from 6- to 7-month-old mice and quantified Ab42 
levels (Fig. 2D). We detected over 1500 pg/mL and approximately 1000 pg/mL of Ab42 in the 
CVF in apoE3 and apoE4 mice, respectively. The amount of Ab42 in the CVF in APP-KI mice 
was less than 500 pg/mL. The level of Ab42 in the CVF in APP-KI mice was significantly 
lower than in apoE4 (p < 0.01) and apoE3 (p < 0.0001) mice. Ab42 levels in the CVF in apoE4 
mice was significantly lower than in apoE3 mice (p <0.01). The levels of Ab42 in the CSF and 
CVF have an almost inverse relationship with Ab42 levels in the brain parenchyma in similar-
aged (5- and 9-month-old) mice (compare Fig. 2B and D with Fig. 1B and C). 

The level of Ab42 in the CSF decreased with age in all of the mouse models examined 
(Fig. 2A-C), but apoE3 mice had higher levels of Ab42 than apoE4 and APP-KI mice at the 
adult and aged stages. This indicated that human apoE had a higher ability for clearing Ab42 
than mouse apoE from the brain parenchyma into the CSF, at least from the middle adult- to the 

early-aged stages. The magnitude for Ab42 clearance was stronger in apoE3 than in apoE4 
mice. This finding is consistent with a previous observation (Castellano et al., 2011), although 
discrepancies with regard to the isoform-dependency of apoE levels in the CSF persist 

controversial (Riddell et al., 2008; Wildsmith et al., 2012). Ab accumulation in the brain of 9-
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month-old APP-KI mice may be caused by the low Ab clearance ability of mouse apoE (Fagan 
et al., 2002). However, the low Ab clearance activity of mouse apoE continued in these animals 
until they were at least 14 months old, and Ab levels in the brain of APP-KI mice did not 
increase throughout aging (5 months to 21 months old). Therefore, in terms of the ability of 

only apoE to clear Ab42 from the brain, it may be difficult to explain how the accumulation of 
Ab42 increases linearly in the brain of apoE4 mice during the aging process, and how the level 
of Ab42 dramatically increased in late-aged (21-month-old) apoE3 mice.  

To resolve these issues, we first investigated brain apoE levels in 13- and 21-month-old 
mice (Fig. 3). However, a previous study shows no differences between apoE3 and apoE4 
turnover in the brains of young adult (3.5-month-old) mice (Wildsmith et al., 2012). Human 
apoE expression was examined by immunoblotting using brain lysates from apoE3 and apoE4 
mice and an antibody specific for human apoE. The level of brain apoE3 decreased in aged (13-
month-old) mice and was significantly lower in 21-month-old mice than in age-matched  
apoE4 mice. The levels of APP did not change significantly (Fig. 3A), suggesting a specific 
decrease in apoE3. The decrease in apoE3 in the aged mouse brain may trigger the rapid 

increase in Ab accumulation in the brain in 21-month-old apoE3 mice, even though apoE3 has a 
better ability for clearing brain Ab than apoE4. However, we cannot exclude other possibilities, 
such as pleiotropic effects by human APOE gene expression, which may increase brain Ab42 
levels in mice that express human apoE. Thus, we next analyzed changes in gene expression in 
aged mouse brains in the presence or absence of human apoE expression. 
 
3.2 Characteristic change in gene expression in apoE3 and apoE4 mice models 

To determine the factors responsible for differences in brain Ab accumulation between apoE3 
and apoE4 in early- (13-month-old) and late-aged (21-month-old) mice, we performed RNA 
sequencing analysis in the brains of APP-KI, apoE3, and apoE4 mice (Figs. 4 and 5; 
Supplementary Table 1).  

First, we analyzed the gene profiles of 13-month-old apoE3 and apoE4 mice, and 
compared them to the gene profiles of age-matched APP-KI mice (Figs. 4A and 5A). We 
identified 196 genes with altered expression in either apoE3 or apoE4 mice versus APP-KI 
mice. Of these, the expression of 58 genes was specifically changed in apoE3 mice, while the 
expression of 49 genes was altered in apoE4 mice. Of the 89 remaining genes found to have 
common alterations in expression in both apoE3 and apoE4 mice, 82 genes were downregulated 
and six genes were upregulated in both types of mice. One gene was upregulated in ApoE4 mice 
but was downregulated in ApoE3 mice. These results indicate that the majority of genes were 
downregulated in 13-month-old mice in the presence of human apoE but not in the presence of 
mouse apoE (Figs. 4A and 5A, Supplementary Table 1). GO enrichment analysis revealed 
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that the annotation of genes that specifically changed their expression in apoE3 mice largely 
belonged to “gene transcription by RNA polymerase II” and “immune system” 
(Supplementary Fig. S1A). Genes for “immune response” also assumed top ranking in apoE4 
mice (Supplementary Fig. S1B). The annotation of genes that were commonly changed in both 
apoE3 and apoE4 mice belonged to “cytokines production”, “immune response”, and “gene 
transcription by RNA polymerase II” (Supplementary Fig. S1C). GO enrichment analysis 
suggested that alterations in gene expression were related mostly to the “immune system” in 
mice harboring the human apoE gene. 

More changes in gene expression were observed in 21-month-old than in 13-month-old 
mice (Figs. 4B and 5B). We identified 387 genes with altered expression in either apoE3 or 
apoE4 mice versus APP-KI mice. There were 267 specific genes that exhibited changes in 
expression in apoE3 mice, while 66 genes showed altered expression in apoE4 mice. 
Furthermore, 54 genes exhibited changes in gene expression that were common to both apoE3 
and apoE4 mice, of which 39 genes were upregulated and 15 genes were downregulated. One 
gene was upregulated in apoE4 mice but was downregulated in apoE3 mice. When compared 
with 13-month-old mice, these results indicate that many genes were upregulated at 21 months 
of age in the presence of human apoE (Figs. 4B and 5B, Supplementary Table 1). GO 
enrichment analysis revealed the annotation of genes that had changed in 21-month-old mice. 
ApoE3 mice showed specific changes in the expression of genes for “protein translation”, 
“mitochondrial function”, “endoplasmic reticulum function”, and “ATP synthesis” 
(Supplementary Fig. S1D). ApoE4 mice showed specific changes in the expression of genes 
for “cell surface proteins” and “synapse components” (Supplementary Fig. S1E). The 
annotation of genes that were commonly changed in both apoE3 and apoE4 mice belonged to 
“actin function”, “synapse formation”, and “lipid metabolism” (Supplementary Fig. S1F). GO 
enrichment analysis indicated that there were changes in gene expression related to “glial cell 
function” in mice carrying the human apoE gene. 

Among the genes whose expression was significantly altered in mice that harbored human 
apoE, we focused on 12 genes that exhibited changes in their expression in a human apoE 
isoform-dependent manner in 13- and 21-month-old mice (indicated with red letters in 
Supplementary Table 1), and whose changes in expression and possible functions are 
summarized in Table 1 for (A) 13-month-old and (B) 21-month-old mice, and with MA plot 
(Fig. 5).  

The following is a summary of genes whose expression had changed in 13-month-old 
mice. [1] The Sgk1 gene encodes serum-/-glucocorticoid kinase 1 (SDG1) and was 
downregulated in apoE3 mice. [2] The Arc gene encodes the activity-regulated cytoskeleton-
associated protein (Arc) and was downregulated in both apoE3 and apoE4 mice. [3] The Trem2 
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gene encodes a receptor type I membrane protein and was downregulated in both apoE3 and 
apoE4 mice. [4] The Atp5h gene is embedded in the intron of the KCTD2 gene (ATP5H/KCTD2 
locus). The expression of these genes was downregulated in apoE4 mice. [5] The Ide gene 

encodes an insulin-degrading enzyme, which is also known to degrade Ab (Qiu & Folstein 
2006). That gene was downregulated in apoE4 mice. [6] The expression of Vgf, whose name is 
non-acronymic and indicates “nerve growth factor inducible”, was upregulated in apoE4 mice 
(Table 1A, Fig. 5A).  

The following are genes whose expression had changed in 21-month-old mice. [7] The 

Ndrg2 (N-myc down-regulated gene family member 2) gene encodes a/b-hydrase fold protein 
and was upregulated in apoE4 mice. [8] The Abca1 gene encodes ATP-binding cassette 
transporter 1 that plays an important role in cholesterol efflux. Abca1 expression was 
upregulated in apoE4 mice. [9] The Timp3 gene encodes a metalloprotease inhibitor, TIMP3. 
Upregulation of TIMP3 expression was observed in apoE4 mice. [10] The Apod gene encodes 
apolipoprotein D (apoD) and was upregulated in apoE4 mice. [11] Calr gene encodes 
calreticulin, an endoplasmic reticulum resident protein 60. This gene was upregulated in apoE3 
mice. [12] The Vegfa gene encodes the vascular endothelial growth factor A (VEGF-A) and was 
upregulated in apoE3 mice. [3] The Trem2 gene was downregulated in apoE3 mice, and [6] Vgf 
gene expression was upregulated in apoE3 mice (Table 1B, Fig. 5B).  
 
3.3 Confirmation of changes in gene expression using RT-qPCR analysis  

We confirmed changes in gene expression in 12 genes (e.g., Atp5h, Ide, Trem2, Arc, 
shown in Table1) through quantification with RT-qPCR (Fig. 6). The Atp5h gene was 
significantly downregulated in 13-month-old apoE4 but not apoE3 mice. The Atp5h gene was 
significantly downregulated in both 21-month-old apoE3 and apoE4 mice, the magnitude of 
which was greater in apoE4 than in apoE3 mice. The magnitude of Atp5h expression in 21-
month-old mice was also stronger than in 13-month-old mice, indicating that this regulation was 
age dependent.  The downregulation of Ide in 13-month-old apoE4 mice was confirmed with 
RT-qPCR. Ide expression showed a trend of downregulation in 21-month-old apoE4 (p =0.089) 
and apoE3 (p = 0.053) mice. The Trem2 gene was significantly downregulated with the 
exception of 21-month-old apoE4 mice. These results of three genes coincided with data from 
RNA-seq analysis. Taken together, these three genes, Atp5h, Ide, and Trem2, were 
downregulated in the presence of human apoE, and the magnitude of this downregulation is 
likely to be greater in apoE4 than in apoE3 mice. 

In contrast to these three genes, the Arc gene was strongly downregulated in 13-month-
old apoE3 and apoE4 mice, a finding that was consistent with results from the RNA-seq data 
analysis. Arc expression may be regulated in an age-dependent manner in the presence of 
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human apoE without isoform specificity. Overall, the expression profiles of the four genes 
assessed by RT-qPCR completely matched changes in expression identified by RNA-seq 
analysis in both apoE isoforms and age dependency. 
 
4. Discussion  

In this study, we revealed the effects of human apoE3 and apoE4 isoforms on Ab 
accumulation through the life span and compared gene expression profiles in the brain with 
mouse apoE at early (13-month-old) and late (21-month-old)-aged stages in double-KI mouse 
models. In AD pathobiology, there are a variety of reports on the functional differences of apoE 
isoforms in cells and animals. However, the role of apoE4, the strongest genetic risk factor for 
AD, remains controversial with regard to the pathogenesis and progression of AD (Martens et 
al., 2022). One reason for this controversy may be the lack of factors for aging in animals 
because aging itself is the greatest risk factor for AD. The aging process includes various and 
complex molecular alterations such as epigenetic modifications of genes, post-translational 
modifications of proteins, and changes in the composition of membrane lipids. Moreover, this 
complexity may be intertwined in the individual aging process because of the pleiotropic nature 
of the apoE gene (Hou et al., 2019). To understand the complex roles of human apoE in brain 

Ab burden during aging, we first revealed the process of Ab accumulation in the brain of three 
mouse models, APP-KI/apoE4 (apoE4), APP-KI/apoE3 (apoE3), and APP-KI/mouse apoE 
(APP-KI), throughout their aging process. The analysis was performed in young adult (3-
month-old), middle adult (5- and 9-month-old), and in early (13-month-old) and late (21-month-
old)-aged female mice.  

Since APP-KI (APPNL-G-F/NL-G-F) mice exhibit longevity without the influence of 

transgenes and because Ab pathology in these mice is similar to that in the brain of patients with 
AD (Saito et al., 2014; Saito & Saido 2018), we analyzed brain Ab accumulation throughout 
the aging process and revealed the distinct process in Ab42 accumulation among mouse models 
that express human apoE3, human apoE4, and mouse apoE. Our study took the aging factor into 

account to understand the roles of apoE isoforms in the progression of Ab accumulation. In 
humans, apoE4 plays a significant role in early and middle onset AD (Raber et al., 2004; 

Spinney et al., 2014), which is consistent with our data that showed that Ab42 accumulates 
linearly in the brain with age in apoE4 mice. Interestingly, brain Ab42 levels were dramatically 
increased in late-aged (21-month-old) apoE3 mice. This suggests that apoE3 may be a risk 
factor for the progression of late-onset AD, and that apoE4, as described elsewhere, is a major 
risk factor for the progression of AD pathology in the earlier stages of aging rather than apoE3. 
The higher risk of apoE4 during the middle adult to aged stages may be attributed to a weaker 

Ab clearance ability of apoE4 than apoE3 (Castellano et al., 2011). In our study, we propose 
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that apoE3 is a novel risk factor in late-aged (21-month-old) mice, which may be caused by a 
reduction in apoE3 protein in the aged brain. 

To further understand the influence of apoE isoforms on Ab accumulation in the brain of 
aged individuals, we performed gene expression analysis in three mouse models at the early 
(13-month-old) and late (21-month-old)-aged stages, and identified genes whose expression 
significantly changed in an apoE isoform-dependent and -independent (or human apoE-
dependent) manner, and in an age-dependent and -independent manner. We selected twelve 
genes whose expression was strongly and significantly changed. This included genes that are 
reported as being risk factors for, or that are relevant to, AD (Table 1). Among these twelve 
genes, the expression profiles of the following four genes (Atp5h, Ide, Trem2, and Arc) were 
confirmed with RT-qPCR. 

Atp5h expression was downregulated in both apoE3 and apoE4 mice, and the magnitude 
of this change was stronger in apoE4 than in apoE3 mice. The Atp5h gene encodes ATP 
synthase H+ transporting mitochondrial Fo, which is a component of Complex V and plays an 
important function in ATP generation. This gene is embedded in the intron of the Kctd2 gene, 
which encodes potassium channel tetramerization domain-containing protein 2; a genome-wide 
association study (GWAS) linked the ATP5H/KCTD2 locus with AD risk (Boada et al., 2014). 
Since this locus is closely associated with energy production in mitochondria, the 
downregulation of the Atp5h gene in the presence of human apoE may therefore be associated 

with the impairment of mitochondrial functions in neurons, which increases Ab load in aged 
individuals. Indeed, mitochondrial function is usually decreased in the brain of AD patients 
(Ridge & Kauwe 2018; Swerdlow et al., 2014). Downregulation of the Atp5h gene in the 

presence of human apoE, especially the apoE4 isoform, may cause Ab load in the brain to 
increase with age. 

The Ide gene encodes IDE, which degrades insulin and Ab (Qiu & Folstein 2006). In 
patients carrying the apoE4 allele, IDE expression is high in the middle stage of AD (Braak 
stages 3–4) and is reduced in the later stages of AD (Braak stages 5–6) (Delikkaya et al., 2019). 
Our data show that IDE expression was significantly downregulated in early-aged (13-month-
old) mice in the presence of apoE4. The downregulation tended to be continued in both 21-
month-old apoE3 and apoE4 mice. Although IDE acts bidirectionally to advance AD by 

degrading brain insulin, and to suppress AD by degrading Ab, insulin degradation rather than 
Ab lysis is thought to be the main function of IDE (Delilkkaya et al., 2019). Secreted Ab is 
degraded mainly by neprilysin rather than by IDE (Iwata et al., 2001; Saito et al., 2005). 
Therefore, the downregulation of Ide gene expression may be associated with the intracellular 

increase in Ab, which is also toxic to mitochondrial function in neurons (Martens et al., 2022).  
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The Arc gene encodes Arc, which regulates the endosomal pathway for Ab generation, 
and the genetic depletion of Arc reduces Ab load in the APP-Tg mouse model of AD (Wu et 
al., 2011). A gene polymorphism in Arc is associated with a reduced risk of AD (Landgren et 
al., 2012), and Arc-expressing cells are decreased in the cortex in a mouse model of AD 
(Wegenast-Braun et al., 2009). In the current study, Arc gene expression was downregulated 
in early-aged (13-month-old) apoE3 and apoE4 mice. This downregulation was not observed in 
late-aged (21-month-old) mice. The decrease in ARC in early-aged mice may be a response to 

the increasing Ab burden in the presence of human apoE, and the loss of this response in late-
aged mice may contribute to the increase in Ab accumulation in the mouse brain. 

The Trem2 gene encodes a receptor type I membrane protein that associates with TYRO 
protein kinase-binding protein (TYROBP). This protein complex activates microglia, increasing 
phagocytosis and cytokine production, which are thought to be protective reactions against 

neurotoxic Ab accumulation. TYROBP associates with TREM2 and a decrease in TYROBP 
increases Ab accumulation in the brain (Audrain et al., 2021). Therefore, reduced function 
and/or expression of TREM2 is associated with a risk of AD progression (Guerrreiro et al., 
2013). Downregulation of Trem2 expression in apoE3 and apoE4 mice at 13 and 21 months of 
age suggests a reduction in protective reactions by microglia in the presence of human apoE. 
Our GO analysis suggests that genes associated with glial cell functions are downregulated in 
human apoE-expressing aged mice. 

Eight other genes with significantly altered expression, as assessed by RNA-seq analysis, 
have also been linked with AD. In mice, the consumption of a high-fat diet increases Sgk1 gene 
expression, which leads to neurodegeneration along with tau pathology (Elahi et al., 2021). The 
Vgf gene is a key regulator of AD; its expression is increased in the x5 FAD mouse model, 

which decreases Ab levels significantly in the brain (Beckmann et al., 2020). The Ndrg2 gene 
is upregulated in late-onset AD brains (Michelmore et al., 2004), but its roles in AD pathology 
remain unclear. The Abca1 gene is found by genome-wide AD linkage studies and is linked to 
the risk of late-onset AD (Sundar et al., 2007). Lack of ABCA1, a cholesterol transporter in the 

brain, is associated with a decrease in apoE together with increased Ab deposition in the brain 
(Hirsch-Reinshagen et al., 2005; Koldamova et al., 2005; Wahrle et al., 2005). Timp3 
encodes TIMP3, which inhibits the cleavage of APP. The levels of apoE receptor 2 and TIMP3 
are increased in the brain of AD patients and in APP-Tg mice (Hoe et al., 2007). The Apod gene 
is upregulated in AD but not in frontotemporal dementia (Bhatia et al., 2019). ApoD may 
respond to cellular stresses in the degenerative brain (Dassati et al., 2014). Loss of apod 
increases brain amyloid plaques in the APP-PS1 mouse model of AD (Li et al., 2015). 
Furthermore, apoD, together with apoE2 and apoE3 but not apoE4, plays an important role in 
the transfer of peroxidated lipids produced by high levels of neuronal ROS (reactive oxygen 
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species) into glia (Liu et al., 2017; Moulton et al., 2021). The Calr gene encodes calreticulin, 
which regulates gene transcription mediated by nuclear hormone receptors (Dey & Matsunami 
2011). Calreticulin has been identified as a negative biomarker in the serum of patients with 
AD. Serum calreticulin levels decrease as AD progresses (Lin et al., 2014). The Vegfa gene 
encodes VEGF-A, which is involved in the development of AD. The genetic variants of the 
vegfa gene are reported to be strong protective factors against AD (Petrelis et al., 2022). 

Interestingly, the expression of many genes was altered in the presence of human apoE, in 
either apoE3 or apoE4 mice at 13 and 21 months old. Some of these genes that we have 

described here may contribute to the progressive accumulation of Ab in the brain at early- and 
late-aged stages in an apoE4- and/or apoE3-dependent manner. Among 12 selected genes, we 
identified four genes and summarized their possible functions as candidates that may increase 

Ab burden in the presence of human apoE. Further biochemical and/or biological analyses of 
these genes may offer insight into the molecular functions of human apoE in the progression of 

sporadic AD with an increased Ab burden. 
 
5. Conclusions  

Brain Ab42 levels were significantly lower in both apoE4 and apoE3 mice than in APP-
KI mice that did not express human apoE at 9 months of age. The accumulation of Ab42 was 
followed by a linear increase in Ab42 in 5-month-old apoE4 mice. Ab42 levels increased 
dramatically after 13-month-old in apoE3 mice and reached the level of Ab42 found in late-
aged (21-month-old) apoE4 mice. APP-KI (5- to 21-month-old) mice had a constant level of 

Ab42 and there was no increase in Ab42 during the aging process. Taken together, human apoE 
suppresses Ab42 accumulation in the young- and middle-adult stages, but increases it in the 
early- and late-aged stages.    

In the middle adult and early-aged stages, the levels of Ab42 in the CSF and CVF were 
significantly higher in apoE3 mice than in apoE4 mice, suggesting a weaker clearance ability of 

Ab from brain parenchyma in apoE4 mice at these stages. However, in 21-month-old mice, the 
level of apoE3 protein in the brain was lower than that of apoE4 protein, which may explain the 

rapid increase in Ab42 levels in late-aged apoE3 mice. Throughout the aging process, many 
genes must interact together to express AD pathology including Ab accumulation in the brain. 
To identify the genes that are regulated by human apoE isoforms in aged individuals, we 
examined gene expression profiles in the brains of 13- and 21-month-old mice. We found 
several interesting genes whose expression we classified into the apoE isoform-dependent and 
the human apoE-dependent categories, together with aging factors. Although some of these 
genes are known to be associated with AD, they have not been sufficiently analyzed to 
determine whether their expression is apoE and/or age dependent.Among the genes examined, 
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we identified four gene candidates that influence Ab load in the presence of human apoE. 
Altered regulation of these genes in the presence of the human apoE and during the progression 

of aging may generate distinct processes of Ab accumulation in the brain.  
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Figure Legends 
 

Figure 1. Ab accumulation in the brain of APP-KI mice with or without human apoE 
throughout the aging process 

Brain Ab levels of APP-KI (blue), APP-KI/apoE4-KI (red), and APP-KI/apoE3-KI (green) mice 
at 3, 5, 9, 13, and 21 months old were examined for Ab40 (A) and Ab42 (B). The amounts of 
Ab42 are compared among three mouse models at the indicated ages (C). Statistical 
significance was determined by one-way ANOVA with Tukey’s post hoc test for multiple 
comparisons (means ± S.E.; n = 3–7; *p < 0.05, **p < 0.01, ****p < 0.0001).  
 

Figure 2. Ab42 levels in the CSF and CVF of APP-KI mice with or without human apoE 
Ab42 in cerebrospinal fluid (CSF) (A-C) and cerebroventricular fluid (CVF) (D) of APP-KI 
(blue), APP-KI/apoE4-KI (red), and APP-KI/apoE3-KI (green) mice at 3 (A), 7 (B), 14 (C), and 
6–7 (D) months old were quantified by sELISA. Statistical significance was determined by one-
way ANOVA with Tukey’s post hoc test for multiple comparisons (means ± S.E.; n = 3–5; *p < 
0.05, **p < 0.01, ****p < 0.0001).  
 
Figure 3. Brain apoE levels in early- and late-aged APP-KI/apoE-KI mice  
Human apoE levels in the cerebral cortex and hippocampus in APP-KI (M), APP-KI/apoE4-KI 
(E4), and APP-KI/apoE3-KI (E3) mice at 13 and 21 months old were quantified by 

immunoblotting with anti-human apoE, anti-APP, and anti-a-tubulin antibodies (A). Band 
density was standardized against the density of a-tubulin, and the value of apoE4 was assigned 
a reference value of 1.0 (B). The levels were compared between 13- and 21-month-old apoE3 
(green) and apoE4 (red) mice with unpaired Student’s t-test (means ± S.E.; n = 3; *p < 0.05). 
 
Figure 4. Genes with altered expression in APP-KI/apoE3-KI and APP-KI/apoE4-KI mice 
during early and late aging  
Venn diagrams indicate the numbers of specifically identified genes and commonly identified 
genes for APP-KI/apoE3-KI and APP-KI/apoE4-KI mice versus APP-KI mice at 13 (A) and 21 
(B) months of age. Detailed results of respective genes are shown in Supplementary Table 1.  
 
Figure 5. MA plot of genes with altered expression in the brain of APP-KI/apoE3-KI and 
APP-KI/apoE4-KI mice compared with APP-KI mice  
MA plots show the difference in gene expression in the cerebral cortex and hippocampus of 
APP-KI/apoE3-KI (upper graph) and APP-KI/apoE4-KI (lower graph) mice compared with 
APP-KI mice at 13 months old (A) and 21 months old (B). The graphs include only 
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differentially regulated genes between APP-KI/apoE3-KI and APP-KI, and between APP-
KI/apoE4-KI and APP-KI. The red dots indicate genes whose expression changed significantly 
in apoE4 mice, and the green dots indicate genes whose expression changed significantly in 
ApoE3 mice. The orange dots represent genes that share common alterations in expression in 
apoE3 and apoE4 mice. All genes that displayed significant changes in their expression are 
described in Supplementary Table 1. 
 
Figure 6. Quantification of gene expression by qPCR  
Selected data from qPCR analysis of 12 genes (Table 1). The expression profiles of four genes 
from among these 12 genes selected from RNA-seq coincided with the results from RT-qPCR. 
Statistical significance was determined by Student’s t-test (means ± S.E.; n = 4 (two biological 
replicates with two technical replicates). *p < 0.05, **p < 0.01, ***p < 0.001, n.s: not 
significant; 13M, 13-month-old; 21M, 21-month-old.  
 
Supplementary Figure Legends 
 
Supplementary Figure S1. GO terms enriched in APP-KI/apoE4-KI and APP-KI/apoE3 
mice 
Selected results from gene ontology analysis of brain transcriptome ranked by fold changes in 
gene expression in control vs. apoE3- or apoE4-KI mice. GO terms enriched in indicated 
conditions are shown (A-F). The value of axis indicates -log10 p-value. (A) Specific terms of 
APP-KI/apoE3 mice at 13 months of age. The top three clusters among significant terms 
(FDR<0.05) are shown. (B) Specific terms of APP-KI/apoE4 mice at 13 months of age. A top 
cluster (FDA<0.05) is shown. (C) Specific terms that are common in APP-KI/apoE3 and APP-
KI/apoE4 mice at 13 months of age. The top three clusters among significant terms (FDR<0.05) 
are shown. (D) Specific terms of APP-KI/apoE3 mice at 21 months of age. The top four clusters 
among significant terms (FDR<0.05) are shown. (E) Specific terms of APP-KI/apoE4 mice at 
21 months of age. The top two clusters among significant terms (FDR<0.05) are shown. (F) 
Specific terms that are common in APP-KI/apoE3 and APP-KI/apoE4 mice at 21 months of 
age. The top three clusters among significant terms (FDR<0.05) are shown.  
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(A) Genes with altered expression in 13-month-old human apoE mice 
 Gene 

name 
 

13-month-old Function and relationship with AD  
(related references) 

apoE3 apoE4 

1 SgK1 ↓  Serum-/-glucocorticoid kinase 1(sSDG1), the upregulation 
promotes tau pathology. 
(Human Mol. Genet. 2021, 30, 1693) 

2 Arc ↓ ↓ Regulates the endosomal pathway of Ab generation. Arc-KO 
reduces Ab load. (Cell 2011, 147, 615-628) 

3 Trem2 ↓ ↓ Type I membrane protein associates with TYRO, the complex 
activates microglia to increase phagocytosis and cytokine 
production. (NEJM. 2013, 368,117) 

4 Atp5h  ↓ ATP synthase H+ transporting mitochondrial Fo. Important 
function in ATP generation. AD risk by GWAS.  
(Mol. Psych. 2013, 19, 682) 

5 Ide  ↓ Insulin-degrading enzyme degrades Ab. (Neurobiol. Aging 2006, 
27, 190) 

6 Vgf  ↑ Vgf is the nerve growth factor inducible. Key regulator of AD. 
VGF increased in x5 FAD mice. (Nat Commun. 2020, 11, 3942 ) 

 
(B) Genes with altered expression in 21-month-old human apoE mice   

 Gene 
name 
 

21-month-old Function, relationship with AD 
(Related references) 

apoE3 apoE4 

7 Ndrg2  ↑ a/b-hydrase fold protein. Upregulated in LAD.  
(Neurobiol. Dis. 2004, 16, 48). 

8 Abca1  ↑ Cholesterol transporter, a risk of LAD. Lack of Abca1 decreases 
apoE. (Neurobiol. Aging 2007, 28, 856).  

9 Timp3  ↑ Metalloprotease inhibitor. The level increases in AD.  
(J. Neurosci. 2007, 27, 10895) 

10 Apod  ↑ Related to ROS-induced glial lipid droplet. 
 (PNAS 2021, 118, e2112095118) 

11 Calr ↑  Calreticulin, ER protein, regulates gene expression mediated by 
nuclear hormone receptor. (Int. J. Mol. Sci., 2014, 15, 21740) 

12 Vegfa ↑  Gene variant is protective against AD. (Aging 2022, 14, 2524) 

(6) Vgf ↑  Described above (A) 

(3) Trem2 ↓  Described above (A) 

 
Table 1. Genes whose expression changed in an apoE isotype-specific or age-dependent 
manner, and their reported possible roles in the brain pathophysiology of AD. 
The expression of 12 genes was significantly changed in a human apoE isotype-specific or age-
dependent manner in early- (A 13-month-old) and late-aged (B 21-month-old) apoE4 and apoE3 
mice, as assessed by RNA-seq analysis. The arrows indicate gene upregulation (red) and 

downregulation (blue). Possible roles in the brain Ab load and/or AD pathology are shown in 
the right-most column.  
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Titles of Supplementary Tables and Data 
 
Supplementary Table 1. List of genes whose expression was significantly changed in APP-
KI/apoE3-KI and APP-KI/apoE4-KI mice versus APP-KI mice at 13 and 21 months of age.  
 
Supplementary Table 2. Primer sequence used in RT-qPCR analysis 
 
Supplementary Data (Text Files) Gene expression analysis of 13- and 21-month-old mice 
The following two txt files are not included in single PDF files for review because the file 
occupied >2000 pages when the files were transformed into PDF files. The editor and reviewers 
can access the following site to obtain two txt files. 
https://www.dropbox.com/scl/fo/76jwscahy76qjzjcn083f/h?dl=0&rlkey=1rxnqh1akwkg114n0djtdyzsm 

DESeq2_result_13M_ALL_gene.info.txt 
DESeq2_result_21M_ALL_gene.info.txt 
 
 
Supplementary Data (Excel File) Gene ontology analysis.  
The excel file (Supplementary Data_GO.xlsx) was transformed into the following 6 PDF files 
and attached to the main text file to make a single PDF file for review. 
Supplementary Data_GO_13month_E3.pdf  (Data of Supplementary Figure S1A) 
Supplementary Data_GO_13month_E4.pdf  (Data of Supplementary Figure S1B) 
Supplementary Data_GO_13month_common.pdf  (Data of Supplementary Figure S1C) 
Supplementary Data_GO_21month_E3.pdf  (Data of Supplementary Figure S1D) 
Supplementary Data_GO_21month_E4.pdf  (Data of Supplementary Figure S1E) 
Supplementary Data_GO_21month_common.pdf  (Data of Supplementary Figure S1F) 
 
 
 















Supplementary Figure S1A

(A) Enriched GO terms specific for  APP-KI/apoE3 mice at 13-month-old

-log10 pValue



(B) Enriched GO terms specific for  APP-KI/apoE4 mice at 13-month-old

Supplementary Figure S1B

-log10 pValue



Supplementary Figure S1C

-log10 pValue

(C) Enriched GO terms common for  APP-KO/apoE3 and APP-KI/apoE4 mice at 13-month-old



Supplementary Figure S1D

-log10 pValue

(D) Enriched GO terms specific for  APP-KI/apoE3 mice at 21-month-old



Supplementary Figure S1E

-log10 pValue

(E) Enriched GO terms specific for  APP-KI/apoE4 mice at 21-month-old



Supplementary Figure S1F

-log10 pValue

(F) Enriched GO terms common for  APP-KO/apoE3 and APP-KI/apoE4 mice at 21-month-old



Supplementary Table 1 



 

 gene forward reverse 

1 Sgk1 TGGCACGCCTGAGTATCTGG GCAGGCCGTAGAGCATCTCA 

2 Arc AAGCGGGACCTGTACCAGAC CGTCCTGCACTTCCATACCC 

3 Trem2 TCCCAAGCCCTCAACACCAC GCTCCCATTCCGCTTCTTCAGG 

4 Atp5h GGCTGGGCGTAAACTTGCTC CACATTGGCCCTGTAGTAAGCCC 

5 Ide GGCCATAGAGGACATGACAGAGG CTTTATGTCTCCTCGGTGCGTC 

6 Vgf GTCCACCAAACTCCACCTGC GAGCACTTCGTTCCAGTCCG 

7 Ndrg2 CATCCAACACGCACCCAACC CTTGGTCTCCAACCACCAGC 

8 Abca1 TCAGCATCCTCTCCCAGAGC GAGAACGGCCACATCCACAAC 

9 Timp3 CATCGTGATCCGGGCCAAAG CATCGTGATCCGGGCCAAAG 

10 Apod GAGCAACGTCTCAGAGCCAG GCAGGAGTACACGAGGGCAT 

11 Calr CGTGAAGCTGTTTCCGAGTGG CTCATAGGTGTTGTCTGGCCG 

12 Vegfa ACCCACGACAGAAGGAGAGC GCACACAGGACGGCTTGAAG 

control bact GCTGTGCTGTCCCTGTATGCCTCT CTCAGCTGTGGTGGTGAAGC 

 

Supplementary Table 2. Primer sequence used in RT-qPCR analysis 
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