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Alzheimer’s disease (AD) is the most prevalent age-related neurodegenerative disease, which has a high heritability of up to 79%.
Exploring the genetic basis is essential for understanding the pathogenic mechanisms underlying AD development. Recent
genome-wide association studies (GWASs) reported an AD-associated signal in the Cathepsin H (CTSH) gene in European
populations. However, the exact functional/causal variant(s), and the genetic regulating mechanism of CTSH in AD remain to be
determined. In this study, we carried out a comprehensive study to characterize the role of CTSH variants in the pathogenesis of AD.
We identified rs2289702 in CTSH as the most significant functional variant that is associated with a protective effect against AD. The
genetic association between rs2289702 and AD was validated in independent cohorts of the Han Chinese population. The CTSH
mRNA expression level was significantly increased in AD patients and AD animal models, and the protective allele T of rs2289702
was associated with a decreased expression level of CTSH through the disruption of the binding affinity of transcription factors.
Human microglia cells with CTSH knockout showed a significantly increased phagocytosis of AB peptides. Our study identified CTSH
as being involved in AD genetic susceptibility and uncovered the genetic regulating mechanism of CTSH in pathogenesis of AD.

Neuropsychopharmacology; https://doi.org/10.1038/s41386-023-01542-2

INTRODUCTION

Alzheimer’s disease (AD) is the most prevalent neurodegenerative
disease and is characterized by the accumulation of extracellular
amyloid plaques, intracellular neurofibrillary tangles, progressive
neuronal loss and neuroinflammation [1, 2]. The molecular
mechanisms of AD pathogenesis remain ambiguous and this
has obstructed the development of valid treatment strategies [3].
Increasing evidence suggests that genetic factors play a critical
role in the pathogenesis of AD [4-6]. The heritability of AD is
estimated to be around 60% ~ 80% [7]. More than 100 mutations
in three causal genes (APP, PSENT and PSEN2 [4, 5]) have been
reported in patients with familial AD, but this only accounts for
about 5% or even fewer of total AD cases. For the remaining 95%
sporadic cases, high-throughput genome-wide association studies
(GWASs), whole-exome sequencing and whole-genome sequen-
cing efforts have identified a number of AD susceptibility genes
[8-11]. The association of some GWAS risk genes with AD has
been validated in Chinese populations in our previous studies
(including APOE, CLU, PICALM, BINT [12]) and others [13, 14]. There
are several reports for causal genes including C7 [15], ACAAT [16],
and ECE2 [17] in Han Chinese families with AD. Even though the
list of AD risk genes keeps on rising, these AD-related genes can
only explain a small portion of the total phenotypic variance,
indicating a substantial missing heritability [5, 18, 19]. Moreover,

most of the GWAS risk variants are located in non-coding regions,
and their complex regulatory role has been attracting consider-
able attention recently [20-25]. It is a daunting task to identify the
causal genes and characterize the function of their risk variants in
the post-GWAS era [26-30].

Cathepsin H (CTSH) is one of the cathepsin family members
[31, 32]. The most large-scale meta-analysis of AD identified CTSH as
a new AD-associated gene [8]. Proteome-wide association studies
(PWASs) of AD found that variants rs12148472 and rs34593439 in
the CTSH gene were associated with the CTSH protein abundance in
human brain tissues [9, 33, 34]. These studies have indicated that
the CTSH gene is genetically associated with AD. However, the
following issues remain to be explored: (1) The available reports
suggesting CTSH as an AD-associated gene are mainly based on
European populations or populations of European origin [8], and
whether the association between the CTSH gene and AD can be
validated in other populations, including the Han Chinese, is
unclear. (2) There are multiple AD-associated variants in the CTSH
gene, and which are causal/functional variants has not been
investigated. (3) The exact mechanisms regarding how the CTSH
variant(s) affect the AD genetic risk remain to be elucidated.

In this study, we aimed to answer the above three questions.
We performed a multiple-layer analysis that integrates genetic
analysis, functional genomic assays, and cellular assays, to identify
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the causal variant(s) in the CTSH gene that would account for its
effect on AD susceptibility. We found the rs2289702 allele T in
CTSH has a protective effect against AD risk in Han Chinese.
Further analyses showed this allele affects the transcriptional
factor binding ability of the CTSH gene and leads to a down-
regulation of CTSH expression, which in turn contributes to an
increase in the phagocytosis of AP peptides.

MATERIALS AND METHODS

Datasets and independent genetic validation in Han Chinese
populations

To investigate whether the CTSH gene is genetically associated with AD in
different populations, we retrieved data from two large-scale meta-analysis
studies of AD GWASs [8, 35]. Data from Jansen et al. [35] contained GWAS data
of 71,880 cases and 383,378 controls. Data from Bellenguez et al. [8] included
stage | GWAS data of 85,934 clinically diagnosed or proxy (individuals whose
parent(s) had dementia) AD cases and 401,577 controls. Single nucleotide
polymorphisms (SNPs) located in the —10 kb ~ 410 kb region of CTSH were
retrieved and subjected to subsequent analyses. Regional association plots for
GWAS results were generated using the Locus Zoom (http://locuszoom.org/)
[36]. Genotype data of 503 European individuals (EUR) and 504 individuals
from East Asia (EAS) from the 1000 Genomes project (Phase 3) [37] were used
to check the linkage disequilibrium (LD) among variants. The haploview
v4.1 software (https://www.broadinstitute.org/haploview/haploview) [38] was
used for LD visualization. The colocalization analysis of GWAS and expression
quantitative trait loci (€QTL) signals at the CTSH locus was performed using
the R package coloc [39] with default settings. GWAS data from Jansen et al.
[35] and Bellenguez et al. [8] were integrated with GTEx eQTL of the frontal
cortex, cortex, or cerebellar hemisphere [40], respectively.

We validated the association between rs2289702 and AD risk in three
independent AD patient cohorts of Han Chinese origin. The first cohort
included 221 AD patients with an early age at onset (age < 55) and/or an
AD familial history (FOAD), in which 169 individuals had been reported in
our previous studies [15, 41]. The other two cohorts included 1232 sporadic
late-onset AD (LOAD) patients (age of onset > 65) that have been
described in our previous studies (615 AD patients from East Han Chinese;
617 AD patients in South Han Chinese) [12, 14, 15]. Sample collection was
complied with the declaration of Helsinki, with informed consent being
obtained from all the subjects. This study was approved by the institutional
review board of the Kunming Institute of Zoology, Chinese Academy of
Sciences. Healthy controls from 160 in-house non-dementia individuals
[42] and 103 Han Chinese in Beijing and 105 Southern Han Chinese from
the 1000 Genome Project (phase 3) [37] were combined as the initial
population control group (N=368), as described in our previous study
[15]. Genotype data of 6051 East Asia individuals from the gnomAD
(https://gnomad.broadinstitute.org/) [43] were used as another population
control group.

We sequenced a small fragment (322 bp) spanning the genomic region
containing rs2289702. This fragment was amplified and sequenced using
primer pair rs2289702-F 5'- TGGCCTCTCACCGGGGAAAGCTC-3' / rs2289702-R
5'- CGCCGCTCCTCCACGCTCGT-3' (Supplementary Table S1), following
the sequencing procedure in our previous study [15]. Frequencies of the
152289702 allele T in AD patients and controls were compared by using the
Fisher's exact test. Standard-error weighted meta-analysis of rs2289702
in combined Han Chinese in this study and European GWAS datasets by
Jansen et al. [35] or Bellenguez et al. [8] was performed by using metal
(https://genome.sph.umich.edu/wiki/METAL) [44].

Functional annotation of genetic variants in the CTSH gene
Multi-omics data from AD-related brain tissues or cells were combined to
identify potentially functional variants, following the strategy and approach
described in our recent study [45]. Briefly, we used chromatin immunopre-
cipitation followed by sequencing (ChIP-seq) data of histone modifications,
assay for transposase-accessible chromatin with high-throughput sequen-
cing (ATAC-seq) data, and ChlIP-seq data of transcription factors (TFs) to
prioritize variants within the genomic region of the CTSH gene that were
located in regulatory elements and could affect TF binding. We used brain
eQTL data and allele-specific expression (ASE) analyses to further test the
regulatory role of identified variants.

For ChIP-seq data, we retrieved the ChlP-Seq data of histone modifications
related to active promoters (H3K4me3, H3K9ac) or enhancers (H3K4meT,
H3K27ac) from the ENCODE (https://www.encodeproject.org/) [46, 47] to
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identify whether the tested SNPs of the CTSH gene are located in regulatory
elements (i.e, promoters or enhancers). Peak files in bed format data of
different AD-related brain tissues and cell lines were downloaded, including
hippocampus, middle frontal cortex, inferior temporal cortex, neuronal
progenitor cultured cells, astrocytes, peripheral blood mononuclear primary
cells (monocytes), and brain microvascular endothelial cells. An FDR < 0.001
was applied to obtain relatively reliable promoter/enhancer peaks in the
genomic region of CTSH. For ATAC-seq data analysis, open chromatin data of
astrocytes, neurons, and monocytes were retrieved from public sources
[48-50] to investigate whether the tested SNPs were located in the
active transcription regions. The ATAC-seq peaks were downloaded, and an
FDR < 0.001 was used to obtain relatively reliable open chromatin peaks.

To test whether different alleles of the tested SNPs affect TF binding, we
firstly downloaded TF binding peaks for 623 TFs from the ENCODE [46, 47].
An FDR < 0.001 was applied for peak filtration. For each TF, DNA sequences
of the top 1000 peaks (ranked by peak height) were subjected to TF
binding motifs (position weight matrix, PWM) prediction, and the top three
PWMs with the most significant E-values were used for the downstream
analyses. The MEME software (https://meme-suite.org/meme/) [51] was
used for the motif prediction. For these SNPs located within the binding
motif of a particular TF, PWMs of the TF were subjected to the atSNP
algorithm [52] to predict whether different alleles of the SNP had different
binding affinities with this TF.

The association between genotype and CTSH mRNA expression level
was analyzed by using the available brain eQTL database, the GTEx
database (Genotype-Tissue Expression, http://www.gtexportal.org/home/)
[40]. We reanalyzed the ASE data from the GTEx (phs000424.v7.p2)
[40, 53, 54] to verify the cis regulatory effects of candidate variants on the
CTSH gene. Only heterozygous SNPs in GTEx individuals were suitable and
reserved for the ASE analyses. Binomial tests were used to evaluate if the
ratio of the two alleles of each variant was significantly different from the
expected 0.5 [54].

Quantification of CTSH mRNA expression in AD patients and
murine models

Expression alterations of CTSH in microglia and astrocytes were
investigated using single-cell RNA-seq (scRNA-seq) data of prefrontal
cortex from 24 individuals with mild to severe AD pathology and 24
controls [55]. Alteration of the mRNA level of the CTSH gene in AD brains
was investigated with the compiled data from the AlzData database
(www.alzdata.org) [56], which integrated and re-normalized the original
microarray data of 238 AD brain tissues and 232 control brain tissues from
four brain regions (73 AD cases and 88 controls from the frontal cortex; 52
AD cases and 39 controls from the temporal cortex; 74 AD cases and 66
controls from the hippocampus; 39 AD cases and 39 controls from
the entorhinal cortex).

We performed a correlation analysis between the mRNA level of the Ctsh
gene and pathology level using AD mouse models [57]. In brief, the Ctsh
gene expression data in AD transgenic and wild-type (WT) mice were
retrieved from the Mouseac database (www.mouseac.org) [57]; this dataset
contained the spatial-temporal mRNA expression data of 219 brain tissues
from AD mouse models with familial AD mutations and 114 brain tissues of
age-matched WT mice. The expression levels of Ctsh in the cortex and
hippocampus tissues from mice at four different ages (2, 4, 8, and
18 months) were compared between AD HO_TASTPM mice (with
homogenous APPK67ONMe7IL ang pSENTM'6Y mutations, N = 15) and WT
mice (N =38). The correlation between Ctsh mRNA level and pathology
level of AR plaques was analyzed using data from 44 AD mice
(HO_TASTPM mice, with homogenous APPX67ONME7IL gng pSEN7MI46Y
mutations, N = 15; HET_TASTPM mice, with heterogeneous APPKE7ON/M671L
and PSEN1M™Y mutations, N=16; TAS10 mice, with APpKe7oNMe7IL
mutation, N=13). The correlation between Ctsh mRNA level and
pathology level of tau was analyzed using data from 15 AD mice (with
MAPT P39t mutation, N = 15).

Cell culture and creation of the CTSH knockout HM cell lines
HEK293T, U251 glioma cells, and human microglia (HM) cells were obtained
from the Kunming Cell Bank, Kunming Institute of Zoology, Chinese
Academy of Sciences. Briefly, the U251 cells were cultured in Roswell RPMI-
1640 medium; the HEK293T cells and HM cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco-BRL, 11965-092). All culture
medium were supplemented with 10% fetal bovine serum (FBS) (Gibco-
BRL; 10099-141), 100 U/mL penicillin and 100 mg/mL streptomycin. Cells
were maintained at 37°C in a humidified atmosphere incubator with 5% CO,.
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We established the CTSH knockout (KO) HM cell line by using the
CRISPR/Cas9 system [58]. The sgRNA targeting sequence for the CTSH gene
was designed by using the CRISPOR website (http://crispor.tefor.net/) [59].
Guide RNA CTSH-sgRNA-F 5-GGCCGTAAGACCTACAGTACGG-3' / CTSH-
sgRNA-R 5'-CCGTACTGTAGGTCTTACGGCC-3' (Supplementary Table S1)
were designed to target ¢.125-146 in the CTSH gene (with a GG added
to the 5-position of the 20-bp guide sequence to obtain efficient U6
transcription of the sgRNA and an overall efficiency of the CRISPR-Cas9
system) [58, 60]. The sgRNA sequences were cloned into the px330-
mCherry vector (Addgene plasmid #98750) [61], which expressing SpCas9
and mCherry as described in our recent study [16]. The wild-type HM cells
were transfected with the Cas9 construct targeting the CTSH gene by using
Lipofectamine 3000 (Thermo Fisher, L300015) following the manufacturer’s
protocols. In brief, 3.75 uL of Lipofectamine 3000, 2.5 ug of plasmid DNA,
and 5 pL of P3000 (Thermo Fisher, L300015) were diluted in 250 pyL Opti-
MEM to form Lipofectamine 3000-plasmid DNA-P3000 complex. After an
incubation period of 15 min at room temperature, the transfection mixture
was added to cells in a dropwise manner. Cells expressing mCherry were
sorted by flow cytometry at 48 h after transfection. Single cells were then
manually picked with a mouth pipette, and single cell clones were cultured
for about 6 weeks. The genomic DNA of the single cell clones was
extracted using AxyPrep Multisource Genomic DNA Miniprep Kit (Axygen,
26817KC1). The genomic region spanning the sgRNA targeting site was
amplified by primer pair CTSH-ID-F 5-CCTGAGAATCATAGCAGAAAGAA-3' /
CTSH-ID-R 5-ATGGGCTGGGTCACTAACTG-3’ (Supplementary Table S1) and
directly sequenced to confirm the knockout of the CTSH gene.

Western blot

We followed the procedure described in our previous studies [16, 62, 63] to
perform Western blotting for target proteins. In brief, cells were harvested
by trypsinization, washed three times with cold PBS and lysed on ice in
RIPA lysis buffer (Beyotime, P0013). After centrifugation at 12,000 x g at
4°C to remove cell debris, the protein concentration was determined by
using the BCA protein assay kit (Beyotime, P0012) following the
manufacturer’s instructions. An equal amount of cellular protein (20 ug)
for each sample was electrophoresed by using 12% (vol/vol) SDS-PAGE and
the protein in the gel transferred to a PVDF membrane (Bio-Rad, 1620177).
The membranes were blocked in 5% nonfat dry milk dissolved in TBS (Cell
Signaling Technology, 9997) containing 0.1% Tween 20 (TBST [0.1%, Sigma,
P1379]) at room temperature for 2 h, followed by a wash with TBST, and
incubated with primary antibodies of CTSH (Abcam, ab128907, 1:1000) and
GAPDH (Enogene, E12-042-3, 1:10,000), respectively, overnight at 4°C.
After three washes with TBST (each 5 min), the membranes were incubated
with secondary antibody (KPL, 1:10,000) for 1 h at room temperature. After
three further washes, the membranes were visualized using the ECL
reagents (MilliporeSigma, WBKLS0500).

Luciferase reporter assay

We cloned DNA fragments (613 bp) containing different alleles of rs2289702
into the pGL3-basic vector (Promega, E6661). DNA fragments containing
different alleles of rs12148472 (813 bp) and rs12592898 (813 bp) were
respectively cloned into the pGL3-promoter vector (Promega, E6661).
HEK293T cells (2 x 10% /well), U251 cells (2 x 10* /well), or HM cells (2 x 10*
/well) were seeded into 24-well plates for growth for 12 h and co-transfected
with each luciferase reporter vector (500 ng) and pRL-TK vector (expressing
renilla luciferase as an internal control, Promega, E2241; 50ng) using
Lipofectamine 3000 reagent (ThermoFisher, L3000015). Cells were harvested
at 48 h after transfection. Luciferase activity was determined by using the
Dual-Luciferase Reporter Assay System (Promega, E1960) and Luminoskan
Ascent instrument (Thermo Scientific). For luciferase assays in the presence of
ZFP69B knockdown, we co-transfected HM cells with the related luciferase
reporters, together with siRNA for ZFP69B (siRNAZ"5%; 50 nM) or control
SiIRNA (siRNANS, 50 nM) for 48 h. Cells were then harvested for luciferase assay.

Quantitative real-time PCR (qRT-PCR)

The relative mRNA levels of the CTSH gene and the ZFP69B gene were
quantified by qRT-PCR using the 27T method, as described in our
previous study [64]. In brief, mRNA levels of the CTSH gene and the ZFP69B
gene were measured using primer pairs RT-CTSH-F/RT-CTSH-R and KD-
ZFP69B-F/KD-ZFP69B-R (Supplementary Table S1), respectively, and was
normalized to a housekeeping gene ACTB (Supplementary Table S1). A
total of 80 ng of cDNA was subjected to qRT-PCR using iTaq Universal SYBR
Green Supermix (172-5125; Bio-Rad Laboratories) with the above indicated
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primer pairs on a CFX Connect Real-Time PCR Detection System (Bio-Rad
Laboratories). Quantification of mRNA expression of cytokines including
IL8, TNF, IL1B, IL18 and NLRP1 (Supplementary Table S1) in HM cells with or
without treatment of fluorescently-labeled AB42 in aggregated forms
(1 ug/mL) were also determined by using qRT-PCR.

Electrophoretic mobility shift assay (EMSA)

We performed an EMSA assay for rs2289702 following the manufacturer’s
protocol. In brief, the nuclear proteins of HEK293T cells and HM cells were
extracted by using the nuclear protein extraction kit (Beyotime, P0028).
The probes containing different rs2289702 alleles (Supplementary Table S1;
EMSA-rs2289702-C-F/EMSA-rs2289702-C-R;  EMSA-rs2289702-T-F/EMSA-
rs2289702-T-R) were labeled by the EMSA probe biotin labeling kit
(Beyotime, GS008). The probes (each 50 fmol) and nuclear extracts (2-8 pg)
were incubated at room temperature for 20 min to allow complexes to
form. After electrophoresis and membrane transfer, the complexes were
detected using the chemiluminescence EMSA kit (Beyotime, GS009).

RNA-seq and data analyses

We performed RNA-sequencing (RNA-seq) for WT and CTSH knockout HM
cells, following the procedure described in our previous studies [15, 16].
Briefly, total RNA isolated from WT HM cells and 4 strains of HM cells with
knockout of the CTSH gene (CTSH-KO1, CTSH-KO2, CTSH-KO3, and CTSH-
KO4) was subjected to RNA-seq on the lllumina-HiSeq 4000 platform.
Principal component analysis and differential expression analysis were
performed using the DESeq2 [65] based on the rlog normalized counts.
The P values were adjusted (P-adjust) by the Benjamini & Hochberg (BH)
method. We defined differentially expressed genes (DEGs) between
different conditions if P-adjust <0.01. The consistently upregulated or
downregulated genes in all 4 CTSH knockout cell strains were identified
by VENNY analysis (http://bioinfogp.cnb.csic.es/tools/venny/index.html).
Pathway enrichment analysis of the DEGs was performed using STRING
(https://string-db.org) [66] to show the overall pattern of CTSH knockout on
pathway enrichment. The gene set enrichment analyses (GSEA) [67] were
performed using the R package clusterProfiler [65] with gene sets from
the GOBP, KEGG, WikiPathways (WP), and the Reactome (REACTOME)
pathway databases [68]. The RNA-seq data were deposited at GSA (https://
ngdc.cncb.ac.cn/gsa/) under accession number HRA003434.

Assessment of the endocytosis activity of microglia cells

WT HM cells and CTSH knockout HM cells (2 x 10° /well) were seeded into 12-
well plates and allowed to grow for 24 h. The plates were then treated with
1 pg/mL of fluorescently-labeled AP42 containing oligomeric, aggregated,
and fibrillary forms (ChinaPeptides Co., Ltd.), respectively. We harvested cells
at the indicated time points: (1) AP treatment for 1 h; (2) AP treatment for 3 h;
(3) AB treatment for 3 h, followed by AB removal for 1 h; (4) AR treatment for
3 h, followed by AB removal for 3 h. Fluorescence intensity of cells was
measured by using flow cytometry (BD, Influx, USA) at 535 nm. The FlowJo
software was used to view and analyze the flow cytometric data. Cells with or
without AB treatment for 3 h were harvested for quantification of mRNA
levels of cytokines by using qRT-PCR (Supplementary Table S1).

Statistical analysis

The number of samples and AD mouse models was specified in the
caption for each experiment. We used the Pearson’s correlation test to test
the correlation between Ctsh mRNA expression and AB pathology (scored
by AB plaques) and between Ctsh mRNA level and pathology level of tau.
We used two-way ANOVA with the Sidak’s multiple comparisons and
the Tukey’s multiple comparisons to test significant differences of multiple
groups, one-way ANOVA test with adjustment of Tukey's multiple
comparisons to test significant differences of multiple comparisons. And
we used two-tailed Student's t test to compare significant differences
between two groups with PRISM software (GraphPad Software, Inc, La
Jolla, CA, USA). A P<0.05 was defined to be statistically significant
(* P<0.05, ** P<0.01, *** P<0.001, and **** P<1.0x 107%.

RESULTS

Multiple SNPs in CTSH confer genetic susceptibility to AD in
European populations

In order to fine-map the genetic association of CTSH with AD, data
from available large-scale meta-analyses of AD GWASs from
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Jansen et al. [35] were retrieved and (re)analyzed. We found a total
of 377 SNPs within the —10 kb ~ +10 kb region of the CTSH gene.
Among these SNPs, 36 SNPs were associated with genetic risk of
AD (P < 0.05; Supplementary Table S2). Considering the multiple
testing correction (0.05/377 =1.33x 10, 9 SNPs (including
rs2289702) had a P value < 1x10™* and were regarded as
showing a significant association with AD (Supplementary
Fig. S1A). The association of these SNPs with AD was later
validated when we retrieved and (re)analyzed another large-scale
meta-analyses of AD GWASs from Bellenguez et al. [8] (Supple-
mentary Fig. S1B, P < 0.05; Supplementary Table S3). Most of these
AD-associated SNPs were linked with each other according to the
LD analysis, especially in European populations (EUR) of the 1000
Genomes project (phase 3) [37] (Supplementary Fig. S1C, D). In
order to investigate whether the CTSH gene is the only causal
gene at this locus, we performed a colocalization analysis for CTSH
and other genes. Results showed that CTSH is the only gene that
had a strong evidence of colocalication at the CTSH locus
(posterior probability of 0.83, 0,86, and 0.92 in GTEx frontal cortex,
cortex, and cerebellar hemisphere [40], respectively) in brain
tissues (Supplementary Table S5). Therefore, it is likely that the
CTSH gene is the only causal gene at the CTSH locus.

Functional genomics analysis showing rs2289702 in CTSH as a
functional variant mediating the genetic association between
CTSH and AD

We performed functional annotations of SNPs in the CTSH gene to
identify the exact functional variant among these AD-associated
variants in the CTSH gene. Through integrating the available ChIP-
Seq data and ATAC-seq data from AD-related brain tissues and
cells [46-50], we found that among those AD-associated SNPs in
the CTSH gene, only rs2289702 was located in a genomic region
with active transcription (Fig. TA). We used eQTL data from the
GTEx project (GTEx, http://www.gtexportal.org/home) [40] to
investigate whether these AD-associated SNPs were associated
with mRNA expression of the CTSH gene. We found that the
genotype TT of rs2289702 was prominently associated with a
decreased mMmRNA expression level of CTSH in the cerebellar
hemisphere, frontal cortex, and cortex tissues (Fig. 1B). Similar
results could be observed for genotype CC of rs12148472 and
genotype GG of rs12592898 (Fig. 1B).

Because the eQTL effect could be affected by the linkage
among different variants, we performed a dual-luciferase reporter
assay to identify which SNP was the functional variant that
regulates gene expression. We found a significant difference
between alleles C and T of rs2289702 on luciferase reporter
activity (Fig. 1C), whereas no significant difference was observed
between alleles T and C of rs12148472 (Fig. 1C) and between
alleles A and G of rs12592898 (Fig. 1C). This result indicated that
rs2289702 is the functional variant, and the association of CTSH
mMRNA expression with genotype CC of rs12148472 and genotype
GG of rs12592898 (Fig. 1C) was most likely caused by the linkage
with rs2289702. Taken together, the integrative analysis of the
ChlIP-seq and ATAC data (Fig. 1A) and the luciferase reporter assay
(Fig. 1C) showed that rs2289702 is the main functional variant
mediating the association between the CTSH gene and AD.

The rs2289702-T allele leads to a decreased binding affinity of
transcription factors

We used the EMSA assay to explore the potential effect of the
different rs2289702 alleles on the binding affinity of TFs. The EMSA
results showed that variant rs2289702 could affect the binding
affinity of TFs (Fig. 2A), and the rs2289702-T allele exhibited a
significantly weaker binding of TFs than the rs2289702-C allele
(Fig. 2A) in HEK293T cells. Similar results were observed in HM cells
for rs2289702 alleles (Supplementary Fig. S2). An in silico
prediction of TF binding motifs downloaded from ENCODE
[46, 47] showed four TFs (ZFP69B, MAZ, ZFX, and HNRNPLL) that
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could bind to the genomic region covering rs2289702 and their
binding affinities were significantly affected by different alleles of
rs2289702 (P4 < 0.05, Fig. 2B). Notably, ZFP69B was the most
significant TF to have its binding site disrupted by rs2289702
(Fig. 2B). Consistent with this prediction, knockdown of ZFP69B in
HM cells (Supplementary Fig. S3) significantly reduced the
luciferase reporter activity of allele C of rs2289702, but have no
significant effect on allele T of rs2289702 (Fig. 2C), indicating that
C>T change of rs2289702 significantly disrupted the binding
affinity of ZFP69B.

To discern the potential effect of different alleles of rs2289702
on gene expression patterns, we analyzed the allele-specific
expression (allelic imbalance) of this variant using data from
various human tissues in the GTEx database [40, 53, 54l.
Consistent with the above results, we found that the rs2289702-
C allele, but not the T allele, exhibited a significantly preferential
expression in human tissues, especially in brain tissues (Fig. 2D).
We investigated the mRNA level of the CTSH gene in 293 T cells
with a heterozygous status of rs2289702 alleles. Compared to the
293T cells with a homozygous CC genotype, cells with a
heterozygous CT genotype of rs2289702 showed a significantly
reduced mRNA level of CTSH (Fig. 2E and Supplementary Fig. S4).
These results indicated that rs2289702-T allele, which showed a
protective effect on AD risk, could down-regulate the CTSH
expression through the disruption of TF binding.

The association of rs2289702 with AD can be validated in Han
Chinese populations

The above association analysis and functional genomics annota-
tion provided convincing data for an active role of rs2289702 in
conferring genetic risk to AD. We attempted to show whether an
association between rs2289702 and AD exists in independent Han
Chinese populations. We genotyped rs2289702 in three Han
Chinese AD populations using Sanger sequencing. Consistent with
the GWAS results in the reported European populations [8, 35], a
significantly lower frequency of the rs2289702-T allele was
observed in the FOAD patients (N = 221, frequency = 0.045, odds
ratio (OR) [95% confidence interval (Cl)] = 0.44 [0.25-0.74]), LOAD
patients (Eastern Han, N=615, frequency=0.050, OR [95%
Cl] = 0.49 [0.34-0.71]; Southern Han, N =617, frequency = 0.049,
OR [95% CI]=0.48 [0.33-0.69]), and combined AD patients
(N=1453, frequency =0.049, OR [95% Cl]=0.48 [0.35-0.65])
compared with controls (N =368, frequency =0.098; Table 1).
The association of rs2289702 with AD could be consistently
observed when 6051 East Asian individuals from the gnomAD
(https://gnomad.broadinstitute.org/) [43] were used as the popu-
lation control (Table 1). Meta-analysis for rs2289702 with data
from Han Chinese populations in this study and data from
European populations [8, 35] further validated the association
between rs2289702 and AD. These results confirmed the
association of the CTSH gene with AD in both Han Chinese
populations and European populations and suggested that this
gene may have a key role in AD development.

Increased CTSH mRNA expression in brain tissues of AD
patients and AD mouse models

To investigate whether the mRNA expression levels of the CTSH
gene are changed in brain tissues of AD patients, we compared
the CTSH mRNA expression levels in brain tissues of AD patients
(N=238) and controls (N =232), using the data retrieved from
AlzData (www.alzdata.org) [56]. We found a significantly increased
mRNA expression level of CTSH in three brain regions of AD
patients including the hippocampus, temporal cortex, and frontal
cortex as compared to those of controls (Fig. 3A). We also analyzed
the expression alterations of CTSH in microglia and astrocytes
using single-cell RNA-seq (scRNA-seq) of prefrontal cortex from 24
individuals with mild to severe AD pathology and 24 controls [55].
Results showed that the CTSH expression was consistently
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Fig. 1 Functional genomics analysis identifies rs2289702 as a functional variant in the CTSH gene. A Functional annotation of SNPs in the
CTSH gene using ChIP-seq data and ATAC-seq data [46-50]. B Association of allele C of rs2289702 (upper), allele T of rs12148472 (middle), and
allele G of rs12592898 (below) with an increased mRNA expression of CTSH in the cerebellar hemisphere, frontal cortex, and cortex. Data from
the GTEx project [40] were reanalyzed by using a linear regression test. C Luciferase reporter assays showing a higher luciferase activity for the
allele C (risk allele) than the allele T of rs2289702, whereas no significant difference was observed between alleles T and C of rs12148472 and
between alleles A and G of rs12592898 in HEK293T cells, U251 cells, and HM cells. Data are presented as mean * standard deviation (SD), and
were analyzed by using two-tailed Student’s t test. *P < 0.05; **P < 0. 01; ***P < 1.0x 107*,
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Fig.2 SNP rs2289702 affects the binding affinity of transcription factors. A SNP rs2289702 affected transcription factor binding affinity. The
EMSA assays showed that allele C had a stronger binding affinity than allele T of rs2289702 in HEK293T cells (left) and quantification of the
binding affinity (right). The arrows indicated two binding bands and the free probe. B Program affiliated prediction showing the location of
rs2289702 in the binding motifs of transcription factors ZFP69B, ZFX, MAZ and HNRNPLL. The P value of the differential binding affinities of
allele C and T of rs2289702 with each TF was computed by the atSNP algorithm [52]. C Knockdown of ZFP69B in human microglia (HM) cells
affected the luciferase activity of the reporter vectors with different rs2289702 alleles. D Allele-specific expression of rs2289702 in GTEx human
tissues [40]. The allele counts for the reference (Ref) allele and the alternative (Alt) allele were plotted, with each dot representing individual
samples. Different tissues were marked by different colors. The blue line referred to the linear regression of all samples, and the gray shade
represented the 95% confidence interval for the regression. The dashed line referred to the diagonal line. P value was measured by binomial
tests. E Relative mRNA expression level of the CTSH gene in HEK293T cells with genotypes CC and CT of rs2289702. Values in A and E are
presented as mean * SD. ns not significant; *P < 0.05; **P < 0.01; two-tailed Student’s t test for A and E; two-way ANOVA test adjusted by Sidak’s
multiple comparisons test for C.

Table 1. Association of rs2289702 with AD in independent Han Chinese populations and meta-analysis.

Samples AD cases Han Chinese controls® GnomAD controls?

AC/AN AC/AN P OR 95% ClI AC/AN P OR 95% ClI
FOAD? 20/442 72/736 1.05% 1073 0.44 0.25-0.74 789/12102 1.14x 107" 0.68 0.41-1.07
Eastern Han with LOADP 62/1230 9.02x 107 0.49 0.34-0.71 433x1072 0.76 0.57-0.99
Southern Han with LOAD® 61/1234 5.69x 107 0.48 0.33-0.69 320x 1072 0.75 0.56-0.98
Combined® 143/2906 267x10°° 0.48 0.35-0.65 1.13x1073 0.74 0.61-0.89
Meta-analysis (Jansen et al.?) Ncases = 73333 Nctl = 383746 7.48x107° 0.99 0.98-0.99 Nctl = 389429 2.19x 107 0.99 0.98-0.99

Meta-analysis (Bellenguez et al.?) Ncases = 87387 Nctl = 401945 3.10x107'° 0.92 0.90-0.94 Nctl = 407628 7.99% 1078 0.93 0.91-0.96
AC/AN allele count/total number of alleles, OR odds ratio, 95% Cl 95% confidence interval, Ncases number of cases, Nct/ number of controls.

2FOAD: 221 AD patients with an early age at onset (age < 55) and/or an AD familial history, including 169 patients reported in our previous studies [15, 41].
PEastern Han Chinese with late onset Alzheimer’s disease (LOAD): 615 sporadic AD patients from East China; Southern Han Chinese with LOAD: 617 sporadic
AD patients in South China [12, 14, 15].

“We combined FOAD, Eastern Han with LOAD, and Southern Han with LOAD together as a population for comparison.

9Han Chinese controls, 368 healthy controls as described in our previous study [15]; GhomAD controls, genotype data of 6051 East Asians from the gnomAD
(https://gnomad.broadinstitute.org/) [43] as another population control. P values were calculated by Fisher's exact test.

*Meta-analyses of rs2289702 in combined Han Chinese in this study and European GWAS dataset by Jansen et al. [35], and in combined Han Chinese in this
study and European GWAS dataset by Bellenguez et al. [8]. P values were calculated by standard-error weighted meta-analysis.

upregulated in AD patients compared with controls in both models based on the data from the Mouseac (www.mouseac.org)
microglia and astrocytes (Supplementary Table S6). Similarly, the [57] (Fig. 3B). Moreover, the mRNA expression level of the Ctsh
mRNA expression levels of the Ctsh gene were significantly gene was highly correlated with the pathological levels of AB and
increased in the cortex and hippocampus tissues from AD mouse tau in the hippocampus and cortex tissues of AD mouse models
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(Fig. 3C, D). Overall, we found that the mRNA expression level of
the CTSH gene was upregulated in AD brain tissues and was
positively correlated with the AP pathology in AD mouse models.
As rs2289702 allele C was associated with increased gene
expression, we suggested that an increased CTSH mRNA expres-
sion might be a key factor for AD development.
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The CTSH gene was strongly expressed in glial cells in the brain
according to the available single-cell sequencing data [55, 69, 70].
Microglia are the most abundant immune cell type in the human
brain [71], and play important roles in the clearance of pathological

Pathology-Tau (score)
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Fig. 3 Alterations of the CTSH mRNA level in the brain tissues of AD patients and AD mouse models. A The mRNA expression of the CTSH
gene in the entorhinal cortex, frontal cortex, temporal cortex, and hippocampus tissues [56]. The difference between AD patients and controls
was quantified by using two-tailed Student’s t test. Values are presented as mean+SD. ns not significant; *P<0.05; **P<0.01;
#x%p < 1,0x 10™%. B The Ctsh mRNA expression in brain tissues of mice at different ages (2, 4, 8, and 18 months) from wild type mice (WT,
N = 38) and HO _TASTPM mice (with homogenous APP K67ONM671L 3 pSEN1M146Y mutations, N = 15). Values are presented as mean + SD and
were quantified by using the two-way ANOVA with the Sidak’s multiple comparisons test. ns, not significant; **P < 0.01; ****P<1.0x 107,
Correlation between Ctsh mRNA expression and A level (C) and between Ctsh mRNA expression and Tau pathology (D) in AD mouse models.

The Ctsh gene expression data and AB and Tau pathology data of APP mutant mice (13 mice with homozygous APPKE7ON/MS7IL o tation, 15

mice with homozygous APPX67ONM671L_pgpN 1 MT

" mutations, 16 mice with heterozygous APPK67ONMS71L_pGEN1M146Y mytations) and 15 mice

with MAPT P3°'" mutation were retrieved from Mouseac [57] for the Pearson’s correlation test.

proteins including AR and hyperphosphorylated tau [72, 73]. To
understand the potential function of CTSH in AD, we established
CTSH knockout HM cell lines and were able to obtain four cell strains
(CTSH-KO1, CTSH-KO2, CTSH-KO3, and CTSH-KO4) with successful
knockout of this gene, as confirmed by Western blotting (Fig. 4A)
and Sanger sequencing (Supplementary Fig. S5). We performed
RNA-seq for these KO cell strains. We found that differentially
expressed genes (DEGs; P-adjust < 0.01) in the CTSH KO cells (Fig. 4B)
were enriched in the vesicle related pathway (P=1.99x 107,
Fig. 4C), which is important for endocytosis and exocytosis functions
[74-76]. Consistently, in GSEA analysis, 25 pathways were com-
monly enriched in all CTSH KO cell strains (P < 0.05, Supplementary
Table S4). Except for pathways related with synaptic functions,
metabolism process, and vesicle transportation, several immune-
related pathways were also enriched. As shown in the Venn
diagram, a total of 839 genes were consistently upregulated, and
927 genes were consistently downregulated in all four CTSH KO cell
strains (Fig. 4B). Among these consistently regulated DEGs, we
found that genes involved in positive regulation of endocytosis (e.g.,
PICK1, HYAL2) [77, 78] were significantly upregulated in CTSH KO
cells, whereas genes involved in negative regulation of endocytosis
(e.g., CAVI1, RACI1, and MTMR2) [79-81] were significantly down-
regulated in CTSH KO cells (Fig. 4D).

Based on the above observation for altered expression for
genes involved in endocytosis and vesicle-related pathway, we
investigated whether CTSH knockout would affect the microglial
phagocytosis of AP peptides. After the WT HM cells and CTSH KO
HM cells were treated with different forms of fluorescently-labeled
AB42 (oligomeric, aggregated, and fibrillary), we found a
significantly higher signal of fluorescently-labeled AB42 in CTSH
KO cells than in WT cells, especially for the oligomeric form of Af
according to flow cytometry assay (Fig. 4E and Supplementary
Fig. S6). After the removal of fluorescently-labeled AP42, we
observed a similar level of fluorescent signal between the WT and
KO cells for a continual observation up to 3 h (Fig. 4F), indicating
that CTSH KO would not affect the degradation of AP. This result
suggested an increased phagocytic ability for microglia cells with
CTSH KO and was consistent with a protective effect of reduced
CTSH expression in AD brain tissues. Moreover, we found that the
above short-term treatment of AR to HM cells did not induce
remarkable mRNA expression of pro-inflammatory cytokines that
might affect the phagocytic ability of HM cells (Supplementary
Fig. S7). Collectively, these results indicated that CTSH played a
critical role in the microglial phagocytosis of AB42 and a reduced
expression of this gene had a beneficial effect.

DISCUSSION

Up to now, GWASs and proteome-wide association studies (PWASs)
have suggested the CTSH gene to be associated with AD
[8, 9, 33-35], but the exact functional variant and mechanism are
still to be identified. Moreover, whether the association of the CTSH
gene with AD can be confirmed in other non-European populations
is an open question. In this study, by analyzing the genetic data
from whole-exome sequencing of the Han Chinese AD patients
from our previous studies [15, 41], combined with the available data
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from the large-scale AD GWASs of European populations or
populations of European origin [8, 35], we found that genetic
variants in the CTSH gene were significantly associated with AD risk,
and this genetic association could be validated in independent
populations of different origins (Table 1). Further functional
genomics analyses showed that variant rs2289702 of the CTSH
gene was the causal variant mediating the association between the
CTSH gene and AD (Fig. 1), with a protective effect of rs2289702
allele T on AD risk that leads to a decreased level of TF binding and a
decreased mRNA expression of the CTSH gene (Fig. 2). We also
found that the level of CTSH expression was significantly lower in
the brain tissues of healthy controls compared to those of AD
patients (Fig. 3A). Moreover, CTSH knockout affected these genes
related to endocytosis and significantly increased A342 phagocy-
tosis in microglia cells (Fig. 4). All these lines of evidence provided
robust evidence to indicate that rs2289702-T in the CTSH gene
confers a protective effect on AD by downregulating the expression
level of CTSH.

CTSH is one of the members of the cathepsin superfamily and is
mainly located in the lysosome [82, 83]. The cathepsin superfamily is
a large group of proteins that consists of 11 cysteine proteases
(Cathepsin B, C, F, H, K, L, O, S, V, X, and W), two serine proteases
(Cathepsin A and G), and two aspartic proteases (Cathepsin E and D)
[84]. The main function of the cathepsin [85] is the degrading of
proteins by proteolysis in the lysosome. Previous studies have
revealed that cathepsin proteins play active roles in the pathogen-
esis of the AD [84, 86-89]. The elevated protein level or activity of
Cathepsin B (CTSB) was reported to be associated with increased
amyloid plaques, neuroinflammation in AD, and related neurode-
generative diseases [90, 91]. Recently, it has been found that the
accumulation of high molecular weight kininogen in the AD brains
may affect microglial function by altering phagocytosis and
cathepsin (CTSS and CTSL) activity [92]. Our study found that
increased CTSH expression is a risk factor for AD. This finding was
consistent with a recent study that showed increased CTSE
expression affected AD pathogenesis through upregulating neu-
roinflammation [93]. It is of note that the most significantly changed
pathways affected by CTSH KO in HM cells are related to nervous
system development, cell morphogenesis, metabolic process, cell
migration, cell junction, and vesicle (Fig. 4C). This observation
indicated that CTSH might play multiple roles in regulating the
function of glia cells, which would eventually affect the function of
neurons and AD pathogenesis. It would be worthwhile to explore
whether the expression level of the CTSH gene was negatively
associated with cognition/plasticity in the future study. The exact
regulating mechanisms of CTSH in AD pathogenesis are deserved to
be further explored.

Our study had several limitations. First, rs2289702 is located in
the first exon of the CTSH gene and encodes a missense variant
that changes glycine (Gly) to arginine (Arg) in some isoforms of
CTSH (Fig. 1A), which is in line with a recent study showing that a
missense variant in NDUFA6 would affect schizophrenia risk by
affecting YY1 binding and NAGA expression [94]. Although this
variant is not located in the key domains that affect the Cathepsin
H activity, we did not know whether this variant would play other
cellular functions as we did not perform focused assays. One
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Fig. 4 Knockout of the CTSH gene in human microglial cells alters gene expression pattern and increases phagocytosis of Ap42.
A Successful knockout of the CTSH gene in wild type human microglia (HM) cells by using the CRISPR/Cas9 system. Four CTSH knockout (KO) cell
strains (CTSH-KO1, CTSH-KO2, CTSH-KO3, CTSH-KO4) were selected for the assays. The GAPDH was used as the loading control. B Venn diagram of
differentially expressed genes among the four CTSH knockout cell strains. C Pathway enrichment analyses of differentially expressed genes between
wild type and CTSH KO in HM cell strains. FDR, false discovery rate. D Heatmap of genes enriched in endocytosis pathway. E Phagocytosis of A42 in
WT and CTSH KO HM cells. Cells were treated with 1 pg/mL of fluorescently-labeled Ap42 in three different forms (oligomeric, aggregated, and
fibrillary). Cells were harvested at 1 h and 3 h after the treatment and were analyzed by flow cytometry at 535 nm. Data are presented as mean + SD
and are quantified using a two-tailed Student’s t test. ns not significant; *P < 0.05; **P<0. 01; ****P<1.0x 10™%. F Fluorescent intensity of
fluorescently-labeled Ap42 in HM WT cells and CTSH KO cells after the removal of the fluorescently-labeled Ap42. Data are presented as mean + SD.
ns not significant; *P < 0.05; **P < 0. 01; ***P < 1.0 x 10~>; two-way ANOVA with the Tukey’s multiple comparisons test.
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workable way is to test the effect of this variant in human-induced
pluripotent stem cells with different alleles of rs2289702, which
deserves a test in future study. Second, cultured microglia may
behave differently from microglia in vivo, especially in response to
stimuli. It would be desirable to confirm that CTSH KO would have
an ameliorating effect on AD development using animal models
[95].

In summary, we performed a functional genomics assay and
identified causal variant underlying the protective CTSH locus for
AD. Further studies with this gene are definitely needed to fully
uncover the involvement of CTSH in AD pathogenesis.
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Supplementary Figure S1. The linkage disequilibrium (LD) pattern of AD-
associated SNPs in the CTSH gene.

(A-B) GWAS results [1, 2] of SNPs in the -10 kb ~ +10 kb region of the CTSH gene.
The regional association plot for GWAS results was based on the AD GWAS data
from Jansen et al.[1] and Bellenguez et al.[2]. The pairwise LD (+?) of different SNPs
with the most strongly associated SNP rs12148472 was indicated by different colors,
and 9 AD-associated SNPs had a P value < 1.0 x 10™*. (C-D) The LD pattern of 9 AD-
associated SNPs in European (EUR, C) and East Asian (EAS, D) populations based
on the 1000 Genomes project (phase 3) [3]. The value in each square refers to 72x100.
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Supplementary Figure S2. SNP rs2289702 affects the binding affinity of
transcription factors in human microglial cells.

SNP 152289702 affected transcription factor binding affinity. The EMSA assays
showed that allele C had a stronger binding affinity than allele T of rs2289702 in
human microglial cells. The arrows indicated three binding bands and the free probe.
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Supplementary Figure S3. Knockdown of ZFP69B in human microglia cells. The
human microglia cells cultured in 6-well cell plates were transfected with the small-
interring RNA (siRNA) for ZFP69B (siRNAZPB; 50 nM) and control siRNA
(siRNANC, 50 nM) for 48 h before the harvest. The relative mRNA level of ZEP69B
was quantified by primer pair KD-ZFP69B-F/ KD-ZFP69B-R (Table S1) using the
quantitative real-time PCR, and was normalized to housekeeping gene ACTB. Values
are presented as mean = SD. *, P < (.05, two-tailed Student’s ¢ test.
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Supplementary Figure S4. Sanger sequencing showing the HEK293T cell strains
with genotypes CC and CT of rs2289702.

Sequencing chromatograms showing the HEK293T cell strains with homozygous and
heterozygous alleles of rs2289702 C>T. The NM_004390.4 of the CTSH gene was
used as the reference sequence.
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Supplementary Figure S5. Sanger sequencing showing the knockout of the CTSH
gene in human microglia (HM) cell clones.

Sequencing chromatograms showing the sgRNA-targeted region in four HM knockout
cell clones (CTSH-KO1, CTSH-KO2, CTSH-KO3, and CTSH-KO4). The
NM_004390.4 of the CTSH gene was used as the reference sequence (Ref-Seq).
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Supplementary Figure S6. Knockout of the CTSH gene increased phagocytosis of
AP42 in human microglia (HM) cells.
Wild-type (WT) HM cells and HM cells with CTSH knockout (KO) were treated with
1 pg/mL of fluorescently-labeled AB42 in three different forms (oligomeric,
aggregated, and fibrillary). Cells were harvested at 1 h and 3 h after the treatment and
were analyzed by flow cytometry at 535 nm to detect cells with AB42 phagocytosis.

The experiments were repeated twice with similar results.
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Supplementary Figure S7. Relative mRNA levels of pro-inflammatory cytokines
in human microglial cells treated with or without Ap.

Wild-type (WT) HM cells and HM cells with CTSH knockout (KO) were treated with
1 pg/mL of fluorescently-labeled AB42 in aggregated forms. Cells were harvested at 3
h after the treatment and were analyzed by using quantitative real-time PCR to detect
the relative expression level of pro-inflammatory cytokines (primer pairs were listed
in Supplementary Table S1), with a housekeeping gene ACTB as an inner control.
Values are presented as mean + SD. ns, not significant, one-way ANOVA test adjusted
by Tukey’s multiple comparisons tests.
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