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ABCA7-dependent induction of neuropeptide Y is
required for synaptic resilience in Alzheimer’s
disease through BDNF/NGFR signaling
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In brief

In this study, Tayran et al. investigate the
role of ABCA?7, certain genetic variants of
which act as risk factors for Alzheimer’s
disease (AD), using a zebrafish AD model.
They demonstrate that ABCA7-
dependent induction of neuropeptide Y
(NPY) and BDNF signaling is crucial for
maintaining key resilience processes
including synaptic integrity and astroglial
proliferation. The findings uncover a
previously unidentified mechanism by
which brain resilience is impaired in AD
patients and identify potential therapeutic
targets to mitigate AD pathology.
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SUMMARY

Genetic variants in ABCA7, an Alzheimer’s disease (AD)-associated gene, elevate AD risk, yet its functional
relevance to the etiology is unclear. We generated a CRISPR-Cas9-mediated abca7 knockout zebrafish to
explore ABCA7’s role in AD. Single-cell transcriptomics in heterozygous abca7*/~ knockout combined
with AB42 toxicity revealed that ABCA?7 is crucial for neuropeptide Y (NPY), brain-derived neurotrophic factor
(BDNF), and nerve growth factor receptor (NGFR) expressions, which are crucial for synaptic integrity, astro-
glial proliferation, and microglial prevalence. Impaired NPY induction decreased BDNF and synaptic density,
which are rescuable with ectopic NPY. In induced pluripotent stem cell-derived human neurons exposed to
AB42, ABCA7 '~ suppresses NPY. Clinical data showed reduced NPY in AD correlated with elevated Braak
stages, genetic variants in NPY associated with AD, and epigenetic changes in NPY, NGFR, and BDNF pro-
moters linked to ABCA?7 variants. Therefore, ABCA7-dependent NPY signaling via BDNF-NGFR maintains
synaptic integrity, implicating its impairment in increased AD risk through reduced brain resilience.

INTRODUCTION

Alzheimer’s disease (AD), a complex and progressive neurode-
generative disorder, continues to present a formidable challenge
to the society. This currently incurable condition, characterized
by cognitive decline, memory loss, and impaired daily func-
tioning, has spurred large research efforts aimed at elucidating
its underlying mechanisms. Among the multifaceted factors
implicated in AD etiology, genetic variations have emerged as

key players, offering insights into potential avenues of therapeu-
tic exploration.’~° Despite the growing body of genetic evidence,
the specific functions and mechanisms through which these ge-
netic variations exert their influence remain a subject of ongoing
investigation.'*>” While genome-wide association studies have
provided significant data linking certain candidate genes to AD
susceptibility, deciphering the mechanistic roles of these genes
demands scrutiny of their functional significance, which would
be facilitated by disease-mimetic representative animal models.
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Organisms that share conserved genetic elements with humans
offer a valuable platform for robust functional analysis. We devel-
oped a zebrafish model of amyloid toxicity that shows strong
parallels in the cellular and molecular readouts of the disease,
including vascular perturbations, neurodegeneration, and im-
mune reaction.®”'® This model has enabled functional investiga-
tion of AD genetic variants®'®'® and investigation of new active
and potent pharmacological agents.>?°?* One of the key
strengths of the zebrafish is its remarkable neuroregenerative
ability after amyloid toxicity, which involves activation of molec-
ular mechanisms that govern astroglial proliferation.’®?*728
Translational approaches that activate the molecular mecha-
nisms in zebrafish to counteract amyloid toxicity through
enhanced neurogenesis led to reduction of AD pathology in
this model system.?®=*® Therefore, zebrafish can serve as a use-
ful in vivo translational and functional research tool for investi-
gating the synaptic integrity and resilience mechanisms in AD.

Multiple studies have indicated that both common and rare
variants in ABCA7 are strongly and consistently associated
with AD risk and endophenotypes across different ethnic
groups.®™® ABCA7 encodes a transmembrane transporter
with a demonstrated impact on lipid transport, a process integral
to cellular membrane dynamics and overall homeosta-
sis.3487:44.46-48 By facilitating the movement of lipids across
cellular membranes, ABCA?7 influences a range of cellular pro-
cesses, including those vital for neuronal function and synaptic
plasticity.®”“6451 ABCA7 also modulates Ap metabolism, a
process central to the formation of the characteristic neuritic pla-
ques observed in AD.***" These underscore the significance of
ABCAY in orchestrating cellular mechanisms involved in AD
pathogenesis; however, its range of functions and mechanistic
relevance remain incompletely defined. This study was designed
to explore the uncharted roles of ABCA7 using a multidisciplinary
approach that leverages data from zebrafish models, human
subjects, and patient-derived induced pluripotent stem cells
(iPSCs).

RESULTS

abca7 knockout affects the astroglial proliferation,
synaptic density, and microglia following amyloid
toxicity

To determine the effects of heterozygous deletion of abca7 in the
zebrafish brain, we generated a truncated version of the gene by
deleting 44.5 kb of genomic region between exon 13 and exon 46
with CRISPR-Cas9-based gene editing (Figures 1A and 1B;
Table S1; Data S1). This genomic deletion removes the protein
domains after the second transmembrane domain including
the ATPase and transporter domains, generating a null allele,
similar to the human frameshift variation that is associated with
AD risk.®”°>** This deletion is transmitted in Mendelian ratios
(Figure 1C), genetically stable in adults (Figure 1D), and abca7*/~
animals are viable and fertile. To investigate the adult brains of
abca7*'~ zebrafish, we performed immunostaining for astroglial
(GS), microglial (L-plastin), synaptic (SV2), and proliferation
(proliferating cell nuclear antigen [PCNA]) markers in the pres-
ence or absence of Ap42 toxicity (Figures 1E and 1F). These
markers were selected because of their relevance to the neuro-
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pathology of AD: GS for its role in astroglial response, L-plastin
for microglial activity indicative of brain immune response, SV2
for synaptic integrity reflecting neural communication, and
PCNA for cellular proliferation indicative of regeneration and
repair mechanisms. Compared to wild-type animals, abca7*/~
knockouts did not change astroglial proliferation and microglial
numbers but reduced synaptic integrity (Figure 1G). After AB42
was introduced through cerebroventricular microinjection,
wild-type animals increased astroglial proliferation and the num-
ber of microglia, while synaptic integrity was reduced (Figure 1G).
abca7*'~ knockouts failed to increase astroglial proliferation and
microglial numbers, and further reduced the synaptic integrity
(Figures 1G and S1; Data S1). These results suggest that
abca7 gene function is related to AB42-induced astroglial prolif-
eration, synaptic integrity, and microglial activity.

abca? is required for neuropeptide Y (npy) expression in
response to amyloid

We performed single-cell transcriptomics in wild-type/PBS-in-
jected, wild-type/Ap42-injected, abca7*/~/PBS-injected, and
abca7*/~/AB42-injected zebrafish (Figure 2A) to investigate the
molecular basis of the abca7-dependent cellular changes. After
quality control for mitochondrial gene ratios, abundance of ribo-
somal gene expression, distribution of the number of genes per
cell, and number of reads per cell (Figures 2B and 2C), we deter-
mined the main cell-type markers to categorize the 36 cell clus-
ters (Figure 2D), which include 11 neuronal, 4 astroglial, 4 micro-
glial, 3 immature neuronal, 2 immune, 2 vascular smooth muscle
cell, 2 endothelial, 2 oligodendrocyte progenitor, 3 uncatego-
rized, 1 neuroblast, 1 oligodendrocytic, and 1 pericytic cell clus-
ter (Figures 2D, S2A, and S2B). In total, 50,691 cells passed the
quality criteria and were clustered in the final uniform manifold
approximation and projection (UMAP) (Figure 2E). 57.82% of
the cells were neurons, followed by 10.35% astroglia and
5.88% microglia (Figure 2E). The number of cells sequenced in
all clusters (Figure 2F) and the number of cells sequenced per
cell type in four samples combined and individually (Figures 2G
and S2C) were sufficient in terms of the sample size (SCOPIT>®
and detection power for differential expression, scPower®®, as
per analyses with the following parameters: cell-type frequency,
0.3; multiple testing method, false discovery rate [FDR]; p value,
0.05; mapping efficiency, 0.8; minimum number of UMIs [unique
molecular identifiers] per gene, 3; which resulted in a detection
power of 0.901 should 2,057 cells be sequenced per sample
with a read depth of 928,571). Since our sequencing parameters
fulfill these criteria for reliable detection and differential expres-
sion power (Figures 2 and S2), we proceeded with the analyses
of cell clusters.

To determine the differentially expressed genes, we used
FindMarkers functions of Seurat and found the genes that are
differentially expressed in abca7*’~ animals in comparison to
wild types in the presence of AB42 (abca7*’~ vs. wild type and
abca7*/~/AB42 vs. wild type/AB42) (Figure 2H and Data S2). Se-
lection of the top enriched gene ontology (GO) terms in every cell
type showed that NPY signaling and neurogenesis were highly
represented in astroglia, excitatory and inhibitory neurons, oligo-
dendrocyte precursor cells, and pericytes (Figure 2l). Interest-
ingly, in oligodendrocytes (ODs), these processes were not
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Figure 1. abca7 is required for synaptic integrity, microglial prevalence, and astroglial proliferation in zebrafish
(A) Schematic view of generating abca7 knockout line.

(B) 44.5-kb deletion in abca7 gene.

(C) Representative genotyping PCR gel from F4 generation where positive bands indicate the deletion. Every column is one adult fin-clip DNA sample amplified
with the forward and reverse primers in (B).

(D) Genotyping results with genomic DNA gPCR in F3 adults. Eight animals (four wild-type and four heterozygous deletions) were used. Heterozygous deletions
show reduced amplification (lower fluorescence). Results depicted as violin plots and individual values.

(E) Immunofluorescence (IF) for SV2 (green) and L-plastin (red) with DAPI counterstain in wild type and abca7*/~ with and without Ap42. Black and white panels
indicate individual fluorescent channels.

(F) IF for PCNA (green) and GS (red) with DAPI counterstain in wild type and abca7*/~ with and without AB42. Black and white panels indicate individual fluorescent
channels.

(G) Quantification of SV2-positive synaptic puncta, number of microglial cells, and number of proliferating astroglia.
One-way ANOVA with Tukey’s multiple comparison test was used for statistical analyses. n = 4 animals from both sexes with 24 brain sections per group.

*p < 0.0332, “*p < 0.0021, **p < 0.0002, ***p < 0.0001; not significant (ns), p > 0.0332. Scale bars, 100 um. See also Figures S1 and S4, Data S1, and
Table S1.
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Figure 2. Single-cell transcriptomics in abca7 knockout zebrafish
(A) Combined UMAP plot for single-cell transcriptomics from wild-type + PBS, wild-type + AB42, abca7*'~ + PBS, and abca7*/~ + Ap42 samples; 36 cell clusters

were identified.

(B) Percentage of mitochondrial counts and number of genes per cell.
(C) Number of genes, number of reads per cell, percentage of mitochondrial gene expression, and percentage of ribosomal genes in every sample.
(D) Dotplot for cell-type markers identify distinct cell types.
(E) UMAP pilot classifying cell types and their percent prevalence in a total of 50,691 cells sequenced.

(F) Distribution of the number of cells sequenced in all 36 clusters in every sample.

(G) Heatmap showing the number of sequenced cells per cell type.
(H) Number of differentially expressed genes (DEGs, black) and gene ontology (GO) terms related to biological processes (magenta) between wild-type + Ap42
and abca7*/~ + AB42 samples. Lower panels indicate pie chart of the percentage of GO terms and DEGs per cluster between wild-type + Ap42 and abca7*’~ +
AB42 samples, and the numbers of GO terms and DEGs per cell type as bar graphs.
(I) Tally for top GO terms in distinct cell types. Neuropeptide signaling pathway and neurogenesis are enriched in neurons, neuroblasts, astroglia, oligodendrocyte
progenitors, and vascular smooth muscle cells.

See also Figures S2-S4, Data S2 and S3, and Table S1.
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Figure 3. npy expression is reduced with abca7 knockout

(A) UMAP clustering for individual experimental groups of wild-type/PBS, wild-type/AB42, abca7*/~/PBS, and abca7*'~/AB42.
(B) Combined UMAP for wild type (green) and abca7 knockout (violet) shows overlapping cell clusters.

(C) Combined UMAP for wild-type + Ap42 (green) and abca7*’~ + AB42 (violet) identifies a specific neuronal cluster (Cluster 0) that is enriched in Ap42-treated
wild-type animals, but this cluster is significantly diminished in abca7 knockout.

(D) Top marker genes for every cell cluster identify neuropeptide Y (npy) as the top marker for cluster 0. Log fold change is a measure of the difference of
expression of the top markers in their clusters.

(E) Ridge plots for npy expression in wild-type + PBS, wild-type + Ap42, abca7+~ + PBS, and abca7*'~ + Ap42 groups in all cell clusters. The rightmost plot is
combination of all cells.

(F) Individual expression plots for npy in wild type (left) and abca7 knockout (right) after AB42. Cluster 0, expressing npy, is strongly reduced.

(G) A Distribution graph for expression score of npy in neurons. Expression score is a combinatorial measure for the percentage of cells expressing npy (y axis)
and the average relative read number per cell (x axis). Amyloid induces the expression score in wild-type animals but not in abca7 knockout.

(H) Proportions of all cell clusters in wild-type and abca7*/~ animals with and without AB42.

(I) Immunofluorescence for Npy with DAPI counterstain in wild-type and abca7 knockout animals with or without amyloid toxicity (WC, wild-type + PBS control;
WA, wild-type + AB42; AC, abca7*'~ + PBS control; AA, abca7*'~ + AB42). Quantification of image fluorescence intensities shown in the graph. One-way ANOVA
with Brown-Forsythe and Welch post test with two-stage linear step-up procedure of Benjamini, Krieger, and Yekutieli correction was used for statistical an-

alyses.

(J) ELISA assay for Npy. AB42 induces Npy protein in wild-type animals but not in abca7 knockout. Parametric t test was used for statistical analyses.
(K) MAP2 immunostaining and RT-qPCR for excitatory (SLC17A7) and inhibitory (GAD1) neuron markers. Lower graphs show RT-qPCR results for the expression

of ABCA7 and NPY in control and ABCA7 knockout neurons.

Data points are technical replicates. *p < 0.05, ***p < 0.0001; not significant (ns), p > 0.05. Scale bars, 50 um. See also Figures S2-S4; Data S1, S2, and S3;

Table S1.

altered. In ODs, differentially expressed genes (DEGs) enriched
lipid metabolism and lipoprotein activity-related processes, as
shown previously.***®” These results suggested that ABCA7
function is related to NPY signaling. The data indicate a previ-
ously unidentified regulatory role of ABCA7 on astroglial activity.
This appears to connect AB42-induced astroglial proliferation
with regenerative neurogenesis, a phenomenon relevant to
synaptic integrity.®'"'%27:39 Fyrther elucidation of these mech-
anisms may reveal why such regenerative neurogenesis
response is not seen in mammalian models.**:2%:28:33:58,59

To determine how the gene expression in every cell cluster in
the individual experimental and control groups change with
respect to Ap42 and abca7 knockout, we generated the UMAP
plots for four groups: wild type/PBS, abca7*/~/PBS, wild type/
AB42, and abca7*~/Ap42 (Figures 3A-3C and S2A). Although
all cell clusters contained sequenced cells, neuronal cluster
0 was significantly more abundant in only wild-type/AB42-in-
jected samples (green in Figure 3C), compared to abca7*’~/
AB42 cells (violet in Figure 3C). This cluster was also present in

control vehicle PBS-injected wild-type and abca7*/~ samples
(Figure 3B), suggesting that Ap42-injection might be inducing a
specific set of neuronal mechanisms, reversible by abca7
knockout. To determine the marker genes of every cell cluster,
we plotted the expression level of the top expressed gene per
cluster (Figure 3D and Data S3) and found that neuropeptide Y
(npy) was the most expressed gene in AB42-related neuronal
cluster 0. By plotting the expression levels of npy per cell cluster
in ridge plots (Figure 3E), we found that npy expression was
significantly increased in many cell types upon AB42 injection
(Figure 3E, plots for wild type + PBS and wild type + AB42), while
abca7*/~ knockout abrogated this response (Figure 3E, plots for
abca7*'~ + PBS and abca7*’~ + Ap42). This is also true when all
cells are considered together (Figure 3E, plot for npy expression
in all cells). Expression of npy after AB42 in wild-type and
abca7*'~ knockout animals (Figure 3F) is most affected in neu-
rons, as the induction of npy after AB42 is abrogated with loss
of abca7 function (Figure 3G). Determination of the cell propor-
tions of the individual clusters showed the most pronounced
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alteration in cluster 0, confirming our results (Figures 3H
and S2D).

Immunostainings for NPY confirmed the expression of the pro-
tein in the telencephalon (Figure 3l). We validated the abca7-
dependent induction of npy gene expression at the protein level
with fluorescence-based image quantifications (Figure 31 and
Data S1) and with ELISA analyses from brain lysates (Figure 3J
and Data S1). In both analyses, AB42 induced NPY protein levels
in wild-type animals but not in abca7*~ knockout animals
(Figures 3l and 3J). We verified these findings with cross-species
comparison in human neurons generated from patient-derived
iPSCs (MC0192), which were extensively characterized previ-
ously for their pluripotency, differentiation into neurons, electro-
physiological activity, isogenicity, and lack of off-target modifi-
cations in the genome.”® We confirmed the differentiation of
these iPSCs into neurons by performing immunostaining with
mature neuronal marker MAP2 and RT-gPCR for inhibitory and
excitatory neurons, GAD1 and SLC17A7, respectively (Fig-
ure 3K). We found that with ABCA7 knockout in iPSC-derived
neurons, NPY expression is reduced (Figure 3K), confirming
that Ap42-induced NPY expression requires ABCA?7 function.

Npy is required for neurogenesis and synaptic integrity

To predict the target cells of npy, we determined the expression
of neuropeptide receptors (Figure S2E). Among the most highly
expressed NPY receptors was npy7r, and its expression was
predominantly in neurons (Figures 4A and S2E), Since we
observed a change in astroglia proliferation with abca7 knockout
after AB42 injection (Figure 1), we hypothesized that NPY
signaling could influence astroglia. When we compared the
most enriched ten GO terms in astroglia between abca7*'~/
Ap42 and wild type/Ap42, we found a significant enrichment in
neurogenesis and neuronal differentiation programs (Figure 4B).
The differentially expressed genes in the top ten GO terms
included upregulated quiescence-related genes id7, dla, and
notch1a, as well as gliosis-related genes s700b and gfap, while
several genes related to neurogenic potential and proliferation
such as her4.1, stmn2a, sparc, and hey1 were downregulated
(Figure 4C). Interestingly, we also determined a downregulation
in ngfra, which we have previously shown to be a key regulator
of AB42-dependent astroglial proliferation and neurogenesis in
adult zebrafish brain®'® and sufficient to induce proliferation
and neurogenesis from otherwise non-neurogenic astroglia in
APP/PS1dE9 mouse model of AD.° When we detected the ngfra
expression in individual cell types in comparison of abca7*/~/
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AB42 to wild type/AB42, we found that ngfra expression was
significantly reduced in astroglia and immature neurons
(Figures 4D and 4E), suggesting that abca7-dependent regula-
tion of astroglial proliferation could be via ngfra, a determinant
of neurogenic potential of astroglia.'®*° We previously showed
that brain-derived neurotrophic factor (BDNF) is an intermediate
for the neuro-glial crosstalk for regulation of astroglia prolifera-
tion,’® and in this study we found that bdnf expression overlaps
with npy expression in zebrafish brain (Figure S3A). Therefore,
we hypothesized that the npy-expressing neurons and ngfra-ex-
pressing astroglia could be communicating through BDNF. To
test this, we determined the bdnf expression and changes in
our dataset. We found that bdnf expression was significantly
reduced in neurons of abca7*’~/Ap42 groups in comparison to
the wild-type/AB42 group (Figure 4F), suggesting that alterations
in astroglial proliferation and neurogenic potential in abca7*/~
animals could be due to reduced bdnf in neurons and reduced
ngfra in astroglia. Our findings suggest that ABCA7 influences
astroglial proliferation through a previously unidentified pathway
linked to NPY signaling. Given the ubiquitous nature of dysregu-
lated NPY signaling across various cell types in AD, the speci-
ficity of this mechanism to astroglia in zebrafish presents an
intriguing avenue for research.

The NPY-BDNF-NGFR axis is associated with
Alzheimer’s disease

While brains in zebrafish and humans are evolution-
arily distinct, pathological mechanisms of AD are
Comparable’6,8—10,16,17,20—22,24—26,30,32,33,58,61,62 exemplified by
the remarkable similarity of molecular changes in neurons after
amyloid toxicity.*® Thus, we hypothesized that NPY and BDNF
signaling might be altered in AD patients. To test this, we first
determined the expression of ABCA7 and NPY in single nuclei
transcriptomics study of human brains'®°%®® and found that
ABCA7 and NPY were expressed in inhibitory and excitatory
neurons, while ABCA7 expression was also present in microglia
and oligodendrocytes (Figure 4G and Data S4). We analyzed hu-
man bulk RNA sequencing (RNA-seq) in brain tissue from
the Mayo Clinic, ROSMAP, and Mount Sinai Brain Bank
(MSBB). In cerebellum (CER) and superior temporal gyrus
(TCX) regions,®*®°> Brodmann areas BM10, BM22, BM36, and
BM44 brain regions,’® and dorsolateral prefrontal cortex
(DLPFC),°” we found that NPY had a consistent downregulation
trend in all cohorts (significantly downregulated in AD in Mayo-
TCX, ROSMAP, and MSBB BM44; p < 0.05; Data S5 and

Figure 4. NPY is reduced in Alzheimer’s brains and interacts with BDNF-NGFR signaling

A) Violin plot for npy and npy1r expression in every identified cell type in zebrafish.

B) Top ten enriched GO terms when abca7*'~ + AB42 and wild-type + AB42 were compared indicate altered neurogenesis mechanisms in astroglia.
C) Neurogenic genes are downregulated and quiescence genes are upregulated in astroglia after abca7 knockout.

E) Expression of ngfra is strongly reduced in astroglia.
F) Ngfra ligand Bdnf is significantly reduced in neurons.

G) Expression of ABCA7 and NPY in human brains (data reanalyzed from Lau et al.®®), showing co-expression in neurons.

¢
(
(
(D) Violin plot for expression of ngfra in astroglia when abca7'~ + Ap42 is compared to wild-type + Ap42.
(
(
(
(

H) Expression analyses in various AMP-AD brain transcriptome datasets indicate uniform downregulation of NPY with AD. Asterisks indicate statistical sig-

nificance (p < 0.05).

(I) Weighed gene co-expression network analyses based on Mayo Clinic temporal cortex (TCX) RNA-seq data indicate NPY, NPY1R, and BDNF expressions are

negatively correlating with AD and are associated with neurons.
See also Figure S4; Data S1, S2, S3, S4, and S5; Tables S1-S3.
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Table S2). NPY receptor NPY1R is upregulated in Mayo-CER
and MSBB BM10 and BM44 (p < 0.05; Figure 4H and Data
S4). In Mayo-CER and Mayo-TCX, BDNF is significantly downre-
gulated in AD in (FDR = 0.015 and 2.1E—6, respectively; Data
S4). To determine whether bulk RNA-seq results are consistent
with comprehensive single-nucleus datasets in AD patients,
we analyzed a recent extensive single-cell atlas across 427 indi-
viduals and 2.3 million brain cells, whereby a differential expres-
sion analysis at the level of specific cell types and across
different stages of disease progression defined by global AD
pathology scores was conducted.®® Consistent with our find-
ings, NPY expression was significantly downregulated in
inhibitory neurons at the early stages of the disease (log fold
change —0.547, p = 7.4E—03; https://github.com/mathyslab7/
ROSMAP_snRNAseq_PFC), suggesting that reduced NPY
expression is an early event in disease pathology. Additionally,
the consistency between bulk and single-cell RNA results and
the normalized read number analyses performed in different
AD cohorts indicate that the reduction in NPY levels is not a con-
founding consequence of neuronal loss but a specific feature of
disease etiology.

To determine whether NPY and NPY1R were associated with
AD through co-expression modules of gene expression, we
performed weighted gene co-expression network analysis
(WGCNA) on the Mayo-TCX brain samples and found that
this module was significantly downregulated in AD and en-
riched with neuronal genes (Figure 4l). Through NicheNet®®
analysis, which predicts the cellular interactions through candi-
date ligand-receptor pairs, we found that in humans, NPY inter-
acted with several cell types to regulate the expression of
various genes in target cells (Figure 5A and Data S4). The hits
include BDNF in excitatory neurons, SLC7A5 in inhibitory neu-
rons, and AGT in astrocytes (Data S5). Interestingly, in the
largest excitatory neuron cluster, the highest gene-expression
change was observed in BDNF (Figure 5A), suggesting that
the NPY-BDNF-NGFR axis was similar in humans and zebra-
fish. When we compared the NicheNet targets in humans (Fig-
ure 5A) to our previous dataset in the mouse model of AD
where the molecular regulation of induced nerve growth factor
receptor (NGFR) signaling was analyzed,’® we found that
52.8% (19/36) of the genes that were potential NPY targets in
humans (Figure 5A) were also differentially regulated after
NGFR expression in the hippocampus of the APP/PS1 mouse
model of AD (Figure S3B). This finding suggested potential
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crosstalk mechanisms between NPY-expressing neurons and
NGFR-expressing astroglia via BDNF. We confirmed this inter-
action by immunostaining in postmortem human brains (con-
trols vs. AD) coupled to image quantifications (Figures 5B and
5C) and found that in AD brains, NPY and BDNF co-localize
in neurons, and their levels were reduced in AD compared to
controls (Figures 5B and 5C; Data S1). NPY and BDNF levels
in the brain significantly correlated in neurons (R? = 0.74, p =
6.2E—59; Figure 5D).

Loss-of-function variants in ABCA7, NGFR, and BDNF
segregate in AD families

Our findings propose that ABCA7-dependent NPY activity could
establish a neuro-glial crosstalk through BDNF and NGFR that
regulates astroglial physiology, and genetic variants in these
genes may be associated with familial AD. Results from family-
based studies (demographics in AD-FBS (AD Family-Based
Study) and EFIGA (Estudio Familiar de Influencia Genetica en
Alzheimer) comprising Hispanics and non-Hispanic whites:
Table S3) showed that the ABCA7 gene was completely
(Table S3) and incompletely (Table S4) segregating in both
cohort families. Two variants from the ABCA7 genes were segre-
gating in the Hispanic and two variants were segregating in the
white non-Hispanic AD families (Table S4). This indicates the
strong association of ABCA7 with familial AD. Additionally, a
frameshift variant in the BDNF gene was completely segregating
(Tables S3 and S4) in the white non-Hispanic families but not
segregating in the Hispanic families. In the BDNF gene, a frame-
shift variant was segregated in white non-Hispanic families but
co-segregated with APOEe4 (Table S4). Taken together, the
ABCA7-NPY-BDNF-NGFR axis appears relevant to familial AD
and likely more pronounced in the white non-Hispanic ancestry.
These results also suggest that NPY activity may run through the
downstream BDNF and NGFR signaling axis.

ABCA?7, NPY, and NGFR co-expression is associated
with higher Braak staging in human brains

As NPY expression was reduced in AD (Figure 4, Table S2, and
Data S5), we investigated whether Braak stages were also
associated with co-expression among our five genes (ABCA?7,
BDNF, NPY, NPY1R, and NGFR), adjusting for sex, age at
death, RNA integrity number, and race (Table S5). Indeed,
our data confirmed that two statistical interactions were signif-
icant after multiple testing correction: NPY*NGFR (odds ratio

Figure 5. NPY interacts with BDNF-NGFR signaling

(A) NPY-centered NicheNet analysis in human brain datasets of single-nucleus RNA-seq. Excitatory neurons cluster 1 showed reduced BDNF in AD in an NPY-
dependent manner. Arrows represent the cumulative measure for log fold change.

(B) Double immunohistochemistry for NPY and BDNF in postmortem control and AD brains. Scale bars, 10 um.

(C) Quantification results of NPY and BDNF intensities in neurons. Two postmortem brains used per group. n denotes the number of neurons analyzed. Asterisks

denote p < 1.0E—15 (non-parametric Kolmogorov-Smirnov test).

(D) Correlation analyses between BDNF and NPY in 194 neurons analyzed (simple linear regression).

(E and F) CpG methylation mQTL analyses with ABCA?7 variants in humans. The epigenetic changes on NPY (E) and BDNF (F) are shown. Red line indicates
statistical significance cutoff. Every circle represents one methylation site. Blue indicates hypermethylation, and red indicates hypomethylation. Yellow bars
indicate the gene location and coding direction. Enlarged region lists all methylation sites in the corresponding genomics window. Correlation matrices between
different methylation sites are depicted as positive (red) and negative (blue). ABCA7 variants exert methylation changes in NPY and BDNF promoters in a highly
correlated manner.

(G) Working model for Abca7-dependent Npy activity.

****p < 0.0001. See also Figure S4; Data S1, S2, S3, S4, and S5; Tables S1-S3.
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[OR] = 2.06 [1.28-3.70]) and ABCA7*NGFR (OR = 3.29 [1.48-
8.72]), consistent with our previous hypothesis that the
ABCA7-NPY axis can act through NGFR signaling and that
this interaction might be associated with increasing Braak
stages in AD. By depicting co-expression patterns of ABCA?7,
NPY, and NGFR, we found that NGFR expression inversely cor-
relates with ABCA7 and NPY expression only when AD pathol-
ogy is absent or mild (Braak 0-4), while in AD pathology (Braak
5-6), this correlation was lost (Figure S3C). These results sug-
gest that in mild cases or controls, reduced ABCA7 or NPY
leads to an increase in NGFR as a potential protective reaction,
which can be absent in AD; when NPY and ABCA?7 expression
is reduced, AD brains cannot elevate NGFR levels. This statis-
tically significant differential interaction dependent on the Braak
stage was consistent with our previous study in which activa-
tion of NGFR in the brains of APP/PS1dE9 mice reduced amy-
loid and Tau burden.*®

ABCA?7 variants are associated with epigenetic
regulation of NPY, BDNF, and NGFR

To further test the potential regulatory role of ABCA7 on NPY,
BDNF, and NGFR, we identified potential methylation quantita-
tive trait locus (mQTL) signals of ABCA?7 variants in humans using
New York Brain Bank and NIA AD-FBS/NCRAD cohorts”*""
(Figures 5E and 5F). According to the regional plots (Figures 5E
and 5F), we observed that the genetic variants at ABCA7 have
nominally significant mQTL effects (p < 0.05) on the methylation
at loci of ABCA7, NPY, BDNF, and NGFR at transcriptional reg-
ulatory regions (Figures 5E and 5F; Data S5). This indicated that
ABCA7 might influence the expression of NPY, BDNF, and
NGFR through epigenetic regulation and potentially through
transcriptional activity.

BDNF and NGFR signal axis mediates ABCA7-dependent
NPY activity
Considering our previous results (Figures 1, 2, 3, and 4), we hy-
pothesized that abca7-expressing neurons could induce npy
after AB42, which could run through the npy receptor to allow
production of BDNF that regulates astroglial proliferation in ze-
brafish via NGFR (Figure 5G). This cascade could be impaired
by abca7 knockout through reducing npy availability, bdnf
expression, NGFR signaling, in turn modulating the synaptic
integrity and astroglial proliferation. To test this hypothesis, we
injected human NPY alone or together with AB42 to abca7*/~
knockout zebrafish and compared these to PBS- and AB42-in-
jected groups (Figure 6A) to investigate whether NPY could
ameliorate the alterations in astroglial proliferation, synaptic
degeneration, and microglial activity. By performing immuno-
staining for synaptic vesicle protein SV2 as a neuronal marker
and L-plastin as a microglial marker (Figure 6B), and GS as an as-
troglial marker and PCNA as a proliferating cell marker (Fig-
ure 6B), we found that NPY was sufficient to counteract the
reduction of SV2-positive synaptic puncta in Ap42-treated
abca7*'~ neurons and increase the astroglial proliferation while
not affecting the number of microglial cells (Figures 6C and
S1B; Data S1).

Since BDNF expression is affected by ABCA?7 in zebrafish and
humans (Figure 4), we hypothesized that ectopic NPY could also
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rescue the expression of BDNF in abca7 knockout animals.
Through immunostaining of BDNF and image quantifications,
we determined that abca7 knockout hampered the induction
levels of BDNF after AB42 in comparison to wild-type animals,
while NPY can rescue the normal BDNF levels after AB42 even
in the abca7 knockout background (Figure 6D). This indicates
that NPY acts upstream of BDNF. Since ectopic NPY rescued
the reduced synaptic integrity in abca7*’~ animals (Figure 6C)
and increased BDNF expression (Figure 6D), we hypothesized
that BDNF could also increase the synaptic integrity in abca7*’~
animals after AB42. We found that ectopic BDNF increased SV2-
positive puncta in abca7*~ knockouts (Figure 6E) without
altering the number of microglia, consistent with the results of
ectopic NPY (Figures 6C and 6E). These results suggest that
ABCAT7-dependent NPY and BDNF act in concert to maintain
synaptic integrity after amyloid toxicity.

Since we previously showed that NGFR signaling, which is also
reduced in AD (Figures 4 and S3C), is downstream of BDNF,'%-%°
we hypothesized that the synaptoprotective effects of NPY and
BDNF could run through NGFR signaling. To test this, we inhibited
NGFR by using a selective blocker that effectively reduces down-
stream NGFR signaling in nuclear factor kB reporter zebrafish
(Figure S3D). We found that ectopic co-treatment of BDNF and
NGFR inhibitor effectively reduced the BDNF-induced SV2-posi-
tive puncta and PCNA-GS double-positive proliferating astroglia
in the abca7*'~ background (Figures 7A and 7B), indicating that
BDNF signaling acts through NGFR. The microglial numbers are
not affected by NGFR inhibition after BDNF, indicating that a
mechanism independent of the NPY-BDNF-NGFR signaling axis
governs microglial activity in abca7*’~ knockout, consistent with
our previous findings (Figures 1 and 6C). Finally, we validated
our findings through an independent npy’/’ knockout zebrafish
model in which npy loss of function reduced SV2-positive synap-
tic puncta and BDNF expression (Figures 7C and 7D). Overall,
these results show that ABCA7-dependent NPY signaling is
required for inducing a BDNF/NGFR signaling axis that maintains
synaptic integrity and astroglial proliferation, which are required
for brain resilience to AD (Figure 7E).

DISCUSSION

In this study, we generated the first stable adult abca7 gene
knockout in zebrafish and investigated the impact of heterozy-
gous abca7 deletion in zebrafish brains in the presence and
absence of amyloid toxicity. The abca7*/~ zebrafish exhibited
altered responses to AB42 toxicity, with reduced astroglial prolif-
eration and synaptic density. npy levels increased in neurons due
to AB42 in wild-type zebrafish but decreased with abca7*’~
knockout, potentially abrogating a beneficial response in neu-
rons. Injecting human NPY restored altered processes and
BDNF expression in abca7*/~ zebrafish. BDNF can recapitulate
this rescue, and NPY-induced BDNF acts through NGFR
as blockage of NGFR suppressed the effects of BDNF. Compar-
ative studies validated the changes in NPY expression in human
AD brains and its regulatory signaling through BDNF. In human
iPSCs, ABCA7 knockout also reduces NPY expression. Our re-
sults uncovered a potential role of ABCA7 as a synaptic resil-
ience and neurogenic factor.
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Figure 6. ABCAT7 regulates synaptic integrity and astroglial proliferation through BDNF

(A) Experimental setup for investigating the biological relevance of NPY to abca7 function and amyloid-induced alterations in synaptic integrity, microglial activity,
and astroglial proliferation.

(B) Immunofluorescence for SV2 + L-plastin and GS + PCNA with DAPI counterstains in abca7*~ + PBS, abca7*’~ + Ap42, abca7*’~ + NPY, and abca7*’~ +
AB42 + NPY brains.

(C) Quantification for number of SV2-positive synaptic puncta, L-plastin-positive microglia, and GS/PCNA double-positive proliferating astroglia. n = 4 animals
from both sexes and > 20 brain sections per group. One-way ANOVA with Tukey’s multiple comparison test was used for statistical analyses. No comparison bar
indicates no significance.

(D) BDNF immunoreactivity in wild-type and abca7 knockout zebrafish with and without AB42. AB42 induced BDNF (red) in wild-type animals but not in abca7
knockout. Injection of NPY with or without AB42 restores the induced BDNF expression levels. Non-parametric Kolmogorov-Smirnov test comparing cumulative
distributions and one-way ANOVA with Tukey’s multiple comparison test were used for statistical analyses.

(E) Immunofluorescence for SV2 and L-plastin with DAPI counterstain in abca7*'~ + AB42 + PBS and abca7*'~ + AB42 + BDNF zebrafish brains. Quantification for
the number of SV2-positive synaptic puncta and the number of L-plastin-positive microglia. Non-parametric Kolmogorov-Smirnov test comparing cumulative
distributions was used for statistical analyses.

BDNF rescues synaptic integrity changes in abca7*/~ knockout similar to NPY. n = 4 animals from both sexes, with 18 brain sections per group. *p < 0.0332,
**p < 0.0021, **p < 0.0002, ***p < 0.0001; not significant (ns), p > 0.0332. Scale bars, 50 um. See also Figures S1 and S4, Data S1 and S3, and Table S1.

This study confirms and augments the role of ABCA7 in multi-
ple cellular mechanisms including neuronal response to amyloid,
immune system activity, and astroglial proliferation through
involvement of NPY, a 36-amino-acid peptide with neuroprotec-
tive effects and anti-inflammatory roles.”?®° Among the highest
expression of NPY in human brain is in hippocampus,®’'~®° the
primary neurogenic location. NPY expression was reduced in
AD in humans’?%28485 and animal models,”””® which indicated

a protective and beneficial effect of this gene for the homeostatic
health of the brain. A recent large single-nucleus transcriptomics
study in human brains also confirms our findings. This study
identified that NPY- and SST-expressing inhibitory neurons
reduce NPY expression in AD and suggested that such alter-
ations could constitute a mechanism that impairs brain resilience
with aging and AD.®® Our study also identified NPY and SST to be
co-expressed in inhibitory neurons (Figure S3E), and NPY
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Figure 7. ABCA7-dependent NPY acts through BDNF/NGFR axis
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rescue effects of BDNF on synaptic integrity and astroglial proliferation. Two-way ANOVA with Tukey’s multiple comparison test was used for statistical analyses.

n = 4 animals from both sexes, with 18 brain sections per group.
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(E) Activity model for ABCA7: ABCA7-dependent induction of NPY after amyloid toxicity is required for expression of BDNF, which—through NGFR—regulates
the synaptic integrity and astroglial proliferation. ABCA7 function is relevant to brain resilience to AD in an NPY-dependent manner.
*p < 0.0332, **p < 0.0021, **p < 0.0002, ***p < 0.0001; not significant (ns), p > 0.0332. Scale bars, 50 um. See also Figures S1 and S4, Data S1 and S3, and

Table S1.

decreased in AD in association with Braak staging. We add
further mechanistic insight into the role of NPY-expressing neu-
rons in brain resilience against AD and propose that this mecha-
nism is ABCA7 dependent. Our transcriptomics and functional
studies suggest that NPY might be related to sustained neurotro-
phic effect through regulation of the availability of BDNF. Our
NicheNet analyses supported the notion that the change in
NPY in human brains was linked to reduced BDNF in neurons
in human brains (Figure 5). These findings were consistent with
the previous observations that Npy positively regulates Bdnf
expression in rat cortical neurons exposed to Ap42.”°

We also found that the abca7 knockout reduced the prolifera-
tion of astroglia, which was consistent with the reduced expres-
sion of ngfra, a key regulator of astroglial proliferation and neuro-
genesis in zebrafish brain after amyloid toxicity. Astroglia, as
neural stem cells (NSCs), could inform regenerative thera-
pies.’®%%°" The use of endogenous NSCs may limit tissue loss
and improve tissue integrity, with potential therapeutic applica-
tions in neurodegeneration.’®°> Thus, a promising strategy
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could involve stimulating endogenous astroglia to produce new
neurons, thereby replacing the lost ones and enhancing the
brain’s resilience to neurodegeneration. Previous studies
showed that induced in vivo expression of Npy in a mouse model
of AD can increase neural progenitor cell proliferation and neuro-
genesis.”* We found that abca7 significantly reduced amyloid-
induced npy expression, the reduction of which reduces the pro-
liferative response of astroglia. This reduction can be rescued by
human NPY or BDNF independently.

Taken together, we propose that ABCA7 is required for
increased NPY as a response to AD-related neuropathology
and that NPY activity is crucial for synaptic integrity and astro-
glial proliferation in AD. These two processes may help to main-
tain homeostatic brain resilience, which might be impaired in AD.
This hypothesis is supported by our genetic association studies
in which ABCA7 and NPY expression is associated with NGFR in
low-Braak stages of AD but not in high-Braak stages (Fig-
ure S3C). In conjunction with our previous findings that NGFR
imposes proliferative and neuroregenerative potential to the
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astroglia of APP/PS1dE9 AD mouse model and reduces the am-
yloid and Tau burden,*° these results support the notion that the
protective role of NGFR signaling in mammalian brains against
AD is impaired with advancing AD pathology. In AD brains,
reduction in NPY expression was present in all regions but prom-
inently in the hippocampal region, suggesting that NPY signaling
could regulate neurogenesis. The hippocampus, one of the first
brain regions to be affected in AD, contains neural progenitor
cells that continue to generate new neurons for the course of
adult hippocampal neurogenesis,”>?"?%% which is impaired in
AD.°*5 Blocking neurogenesis exacerbates neuronal loss and
cognitive decline, while neurogenesis in combination with
BDNF treatment ameliorates the behavioral readouts.”® There-
fore, neurogenesis together with neurotrophic mechanisms
can sustain the resilience of the brain and the ability to cope
with neurodegeneration. Our results suggest that abca7, through
regulating both neurogenesis and neurotrophic factor expres-
sion, may be necessary for protection or resilience against AD
neuropathology, also consistent with AD risk associated with
both common and rare ABCA?7 genetic variants. Our results pro-
pose a previously unknown biological crosstalk between
ABCA?7, NPY, BDNF, and NGFR, which are genetically associ-
ated with AD.°

While our study primarily focuses on astroglia and neuronal re-
sponses, we acknowledge the significant NPY signature
observed in other cell types. The emphasis on astroglia and neu-
rons arises from our data, which highlighted these cells’ pivotal
role in response to AB42 toxicity in the context of abca7 deletion.
Notably, neurons showed the most significant upregulation of
NPY expression upon AB42, a finding that was not observed in
the abca7 knockout, suggesting a critical neuronal response
that could be mediated through NPY signaling (Figures 3F and
3G). The astroglial population demonstrated a pronounced
downregulation in neurogenic genes and upregulation in quies-
cence genes after abca7 knockout (Figures 4B and 4C), further
drawing our attention to these cell types. Nevertheless, the wide-
spread NPY expression changes across multiple cell types sug-
gest a broader regulatory role for ABCA7, meriting further inves-
tigation beyond the scope of this study.

Although we have established a link between abca7 and npy,
and subsequent effects on neural resilience and astroglial prolif-
eration, the cellular mechanisms through which abca7 loss of
function alters npy expression requires further investigation.
ABCAT7’s impact on lipid metabolism is believed to influence
AB processing, potentially leading to the aggregation of AP
neuritic plaques, a hallmark of AD.*®°" Moreover, ABCAT7’s inter-
actions with other proteins involved in lipid metabolism and im-
mune-response regulation further underscore its role in AD pa-
thology, where NPY could partake. A possible mechanism
could involve the structural and functional assembly of lipid rafts
through ABCAY7 activity, as this has been demonstrated in lym-
phocytes®” and previously hypothesized as a general regulatory
pathway.®” This is consistent with the proposed role of ABCA7 in
regulating lipid metabolism and localization on the cell mem-
brane.***®*% NPY also interacts with the lipid bilayer on the
cell surface in a conformation-dependent manner,® and altered
lipid content and organization could affect the activity of NPY
directly or indirectly through its various receptors such as

¢ CellP’ress

OPEN ACCESS

NPY1R, which we found to be expressed in neurons in humans
and zebrafish. Previous studies demonstrated that NPY and
BDNF can stimulate each other’s expression in a feedforward
loop,”®787° suggesting that loss of ABCA7 function could impair
this neurotrophic signaling by disrupting the lipid-mediated NPY
signaling, resulting in reduced BDNF expression in neurons.
This downregulation of BDNF might affect astroglial behavior,
potentially influencing processes such as proliferation and neu-
rogenesis through NGFR-mediated pathways. This crosstalk
highlights the interconnectedness of lipid metabolism, NPY
signaling, and BDNF-mediated effects on cellular responses in
an ABCA7-dependent mechanism and suggests potential thera-
peutic targets and directions.

Large genomic deletions may alter the regulatory elements
within the non-coding regions of the genome. Before deter-
mining the target part of abca7 gene to be deleted in zebrafish,
we analyzed the DNA sequence based on the latest zebrafish
genome annotation (May 2017, GRCz11/danRer11). We found
that CpG islands, GC content, repeating elements, and cis-reg-
ulatory traces were lower compared to other genomic regions
(Figure S3F), suggesting that the deletion itself may cause mini-
mal regulatory burden. Our downstream analyses, normalization
steps, and cross-species comparison coupled to statistical con-
siderations also support that the changes we observe in our
study are unlikely to be associated with regulatory regions
deleted during the knockout generation. We also used abca7
heterozygous knockout, allowing the other strand to compen-
sate for potential cis/trans regulations in the genome.

We identified expression of npyr8a in zebrafish, which can
potentially bind to Npy, yet the functional role of this receptor sub-
type needs further investigation. Although Abca7 knockout
changes microglial activity and numbers, NPY does not, suggest-
ing that Abca7’s role on microglial dynamics is NPY independent
and requires further analyses. ABCA7 is a critical regulator of lipid
metabolism, and it could regulate secretion of neuropeptides or
functional maturation and organization of receptor complexes
on the lipid bilayer of the membrane. This potential mechanistic
relationship requires further analyses of lipid content of Abca7
knockout animals and can point toward a general alteration in
secretory pathways. Further studies should also focus on the po-
tential protective role of ABCA? in the context of other neurode-
generative pathologies, given that ABCA?7 variants are also asso-
ciated with the risk of non-AD neurodegenerative diseases.®”*°

Limitations of the study

Despite its strengths, this study has limitations. The use of iPSC-
derived neurons with ABCA7 knockout is insightful but limited by
the number of replicates and iPSC lines. Increasing biological
replicates and incorporating diverse donor iPSCs will enhance
robustness. Extended disease models, such as knockout
mice, will be informative for and add in vivo mammalian animal
model data. Longitudinal studies examining the effects of
ABCA7 knockout over time may help in understanding the pro-
gression of cellular and molecular changes associated with
AD. Finally, the interaction of ABCA7 knockout with other ge-
netic, epigenetic, and environmental factors that contribute to
AD can be explored to provide a more comprehensive view of
its role in disease pathogenesis.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Caghan Kizil (ck2893@
cumc.columbia.edu).

Materials availability
The knockout zebrafish line is available upon reasonable request.

Data and code availability

Accessible datasets are as follows: NCBI-GEO: GSE244550 (single cell
dataset), AD Knowledge Portal: https://adknowledgeportal.synapse.org (bulk
brain RNA seq dataset in AMP-AD).
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Antibodies

Recombinant Anti-Glutamine
Synthetase (GS) [EPR13022(B)

Anti-PCNA [PC10]
sv2

L-plastin (Gift by Michael Redd)
BDNF (for zebrafish tissue)
BDNF (for human tissue)

NPY
MAP2 [clone AP20]

Goat anti-Mouse IgG2a Cross-Adsorbed
Secondary, Alexa Fluor™ 488

Goat anti-Mouse IgG1 Cross-Adsorbed
Secondary, Alexa Fluor™ 488

Goat anti-Mouse 1gG (H + L) Cross-Adsorbed
Secondary, Alexa Fluor™ 488

Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed

Secondary, Alexa Fluor™ Plus 555

Abcam

Abcam

Developmental Studies
Hybridoma Bank - DSHB

Redd et al.”
Sigma-Aldrich/Chemicon

Developmental Studies
Hybridoma Bank - DSHB

Sigma-Aldrich
Millipore Sigma/Chemicon
Thermofisher

Thermofisher

Thermofisher

Thermofisher

Cat# ab176562; RRID:AB_2868472

Cat# ab29; RRID:AB_303394
Cat# SV2; RRID:AB_2315387

Cat# AB1534sp

Cat# BDNF-#9;
RRID:AB_2617199

Cat# HPA044572
Cat# MAB3418X; RRID:AB_571048
Cat# A-21131; RRID:AB_2535771

Cat# A-21121; RRID:AB_2535764

Cat# A-11001; RRID:AB_2534069

Cat# A-32732; RRID:AB_2633281

Biological samples

Postmortem human brain tissue

New York Bran Bank, this paper

Chemicals, peptides, and recombinant proteins

TR-AB42

B-amyloid 1-42 peptide

Recombinant human Neuropeptide-Y
Recombinant human BDNF protein

LM11A-31 dihydrochloride (CAS: 1243259-19-9)
MESAB/Tricaine

Bhattarai et al.’®

Abcam
Sigma-Aldrich
R&D Systems
MedChemExpress
Sigma-Aldrich

Cat# ab120301
Cat# 5017
Cat#11166-BD
Cat# HY-11015
Cat# A5040

Critical commercial assays

Neural Tissue Dissociation Kit (P)
MMESSAGE mMACHINE SP6 kit
MEGAshortscript T7 kit

MMESSAGE mMACHINE T3 transcription kit
10X Chromium system

Chromium i7 multiplex kit

Infinium MethylationEPIC kit

Infinium Global Screening Array-24 v3.0 kit
STEMdIff forebrain neuron differentiation kit
STEMdiff forebrain neuron maturation kit
Human Neuropeptide Y (NPY) ELISA kit
RNA Pico Chip Assay

Miltenyi Biotec
Invitrogen

Invitrogen

Invitrogen

10X Genomics

10X Genomics

llumina

llumina

Stemcell Technologies
Stemcell Technologies
Millipore

Agilent Biotechnologies

Cat# 130-092-628
Cat# AM1340
Cat# AM1354
Cat# AM1348
Cat# 120237

Cat# 120262

Cat# 20087709
Cat# 20030772
Cat# 08600

Cat# 08605

Cat# EZHNPY-25K
Cat# 5067-1513

BCA Assay kit Pierce Cat# 23225
Deposited data

Zebrafish abca7 single cell sequencing raw data This paper GEO: GSE244550
Human bulk and single-nucleus RNA-seq data Isetal.’
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Experimental models: cell lines

Abca7 knockout patient iPSC-derived
neurons (MC0192)

Kawatani et al.*®

Experimental models: Organisms/strains

abca7 knockout zebrafish
npy mutant zebrafish
Tg(NF-kB:GFP) reporter zebrafish

This paper
This paper
Kanther et al

|.1DO

Oligonucleotides

abca7_sgRNA56 F: 5'-taatacgactcactataGGG
CAAATCAAAAAGTCCATgttttagagctagaa -3/
abca7_sgRNA58 F: 5'-taatacgactcactataGGA
TCATGGGTCTGGGCTCAgttttagagctagaa -3’
Genotyping Rev, universal tail:

5'- AAAAGCACCGACTCGGTGCCAC TTTTT
CAAGTTGATAACGGACTA -3

Screening for abca7 deletion Forward:

5- GAGGCCAAAACGGGAATATATGTG-3

Screening for abca7 deletion Reverse:
5'- GTGACCCACATTACCACTGTTTG-3
Screening for npy deletion Forward:

5'- GAAGATGTGGATGAGCTGGGCA -3
Screening for npy deletion Reverse:

5'- GCTCACCTCTGCCTTGTTATGAGG -3’
qRT-PCR for iPSCs: GAPDH: forward:
5- GTCTCCTCTGACTTCAACAGCG -3
qRT-PCR for iPSCs: GAPDH reverse:
5'- ACCACCCTGTTGCTGTAGCCAA -3
qRT-PCR for iPSCs: ABCA?7: forward:
5-CCTTGCACAGCTTGTTGGAG -3’
qRT-PCR for iPSCs: ABCA7 reverse:
5'- CTGCTAGGTCCCCTGACACT -3
qRT-PCR for iPSCs: NPY: forward:
5-CGCTGCGACACTACATCAAC -3’
qRT-PCR for iPSCs: NPY reverse:
5-CTCTGGGCTGGATCGTTTTCC -3
qRT-PCR for iPSCs: SLC17A7: forward:
5-CTGGGGCTACATTGTCACTCA -3
qRT-PCR for iPSCs: SLC17A7 reverse:
5-GCAAAGCCGAAAACTCTGTTG -3
qRT-PCR for iPSCs: GAD1: forward:
5'-GCGGACCCCAATACCACTAAC -3
qRT-PCR for iPSCs: GAD1 reverse:
5'-CACAAGGCGACTCTTCTCTTC -3’

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

Software and algorithms

Cell Ranger Single Cell Software Suite
Seurat_4.1.3

R package v4.2.2.1

GraphPad Prism

Zen software (blue edition v3.2) for Zeiss LSM800
ROSMAP_snRNAseq_PFC code

10X Genomics

Buther et al.'”’

Carl Zeiss

Mathys et al.®®

Version 6.1.2; RRID:SCR_017344
Version 4.1.3; RRID:SCR_007322
Version 4.2.2.1

Version 9.5.1; RRID:SCR_002798
Version 3.2; RRID:SCR_013672

https://github.com/mathyslab7/
ROSMAP_snRNAseq_PFC

(Continued on next page)
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G*Power, Release 3.1.9.3. Faul et al.,'%? https://www.psychologie.hhu.de/ ~ RRID:SCR_013726
arbeitsgruppen/allgemeine-psychologie-
und-arbeitspsychologie/gpower

Other

cell strainer 40 um Falcon Cat# 352340

Sytox Blue Invitrogen Cat# S34857

Dycle Ruby Invitrogen Cat# V10309

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Housing and maintenance of animals

All animal experiments were performed in accordance with the applicable regulations and approved by the Institutional Animal Care
and Use Committee (IACUC) at Columbia University and or Norwegian Food Safety Authority. Columbia University has the following
accreditations: Columbia University Assurance - #D16-00003 (A3007-01), Columbia University USDA Registration - #21-R-0082,
Columbia University AAALAC Accreditation - #000687, Columbia University NYDOH - #A141. The animal care and use program
at Columbia University is accredited by the AAALAC International and maintains an Animal Welfare Assurance with the Public Health
Service (PHS), Assurance number D16-00003 (A3007-01). Animals were handled with caution to reduce suffering and overall animal
numbers.

Randomization

To minimize selection bias, zebrafish were randomly assigned to experimental and control groups, ensuring each fish had an equal
chance of placement in any group, thus making the groups comparable at the experiment’s start. In experiments with known or potential
confounding variables (e.g., age, sex, or batch effects in transgenic lines), a randomized block design was utilized. Zebrafish were
grouped into blocks based on known variables, and individuals within each block were then randomly assigned to experimental groups.

Effect sizes

Animal experiment sample sizes were determined with G*Power (https://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-
psychologie-und-arbeitspsychologie/gpower). Single cell sequencing sample size was calculated with SCOPIT®® and detection po-
wer for differential expression was analyzed with scPower.*® Animals from both sexes were used.

Blinding
Samples were blinded to group assignments during outcome evaluations. The person analyzing the results was different from the
person conducting the experiments.

Health status

The full-time dedicated veterinary staff has training and experience with the species used in the University research programs and is
available 24 h a day, 7 days a week. Animals are checked daily at a minimum, but more frequently as needed. An intensive care unitis
available, which provides continuous monitoring and medical care, if needed. Within the University program, the Attending Veteri-
narian or his delegates are authorized, by the Institutional Official, to intervene to alleviate pain or distress as deemed appropriate.
Health status of animals was regularly checked observationally, pathologically, and molecularly. No health issues were detected for
the animals used for this study.

Human brain samples
Human brain samples were obtained from New York Brain Bank within institutional regulations of Columbia University. The clinical

data analyses conducted at Columbia University and Mayo Clinic were approved by the respective Institutional Review Boards.

Authentication of cell lines
The iPSCs used were previously characterized for pluripotency, differentiation potential, and genetic stability.*°

METHOD DETAILS
Gene editing and generation of abca7 knockout zebrafish line

Cas9 mRNA synthesis: The template DNA containing the capped Cas9-mRNA, (pCS2-Cas9) was linearized by Not/ digestion and
then purified by reaction purification kit (Invitrogen). Using mMESSAGE mMACHINE SP6 kit (Invitrogen), capped Cas9-mRNA
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was synthesized and then purified by ethanol precipitation as indicated in the manufacturer protocol. sgRNAs targeting middle (exon
13) and end region (exon 46) of the abca7 gene were selected through the CRISPRscan (https://www.crisprscan.org) web tool. Oligo
for middle region sgRNA: 5-taatacgactcactataGGATCATGGGTCTGGGCTCAgttttagagctagaa-3 and oligo for end region sgRNA:
5-taatacgactcactata-GGGCAAATCAAAAAGTCCATgttttagagctagaa-3 were prepared based on a cloning-free method. Each
sgRNA oligo was used as forward primer in a PCR reaction with gRNA universal tail primer 5-AAAAGCACCGAC
TCGGTGCCAC TTTTTCAAGTTGATAACGGACTA-3 as reverse primer. PCR reaction for each sgRNA was set up with a 100 pL re-
action volume containing 1X Q5 buffer, 2 uM each primer, 0.2 mM each dNTP, 2 uL. Q5 DNA Polymerase (NEB). Amplification was
done with an initial denaturation at 95°C for 30 s followed by 40 cycles at 95°C for 10 s, 60°C for 10 s, and 72°C for 10 s, and a final
extension at 72°C for 5 min. The PCR products were then purified by PCR purification kit (Invitrogen) and used as template DNA to
generate each sgRNA by in vitro transcription using MEGAshortscript T7 kit (Invitrogen). The size and quality of the gRNAs were visu-
alized in 3% agarose gel electrophoresis. The mix of sgRNAs and capped mRNA was injected directly into one-cell stage zebrafish
embryos. For every embryo, 2 nL solution containing 600 pg Cas9 mRNA and 100 pg sgRNA from each was injected. To confirm the
deletion, specific primers binding on the upstream and downstream regions of the gRNA target sites were designed. 10 single 2-day
post injection (dpi) embryos were collected individually and each of them was put into a 1.5 mL Eppendorf tube. Genomic DNAs of
single embryos were prepared by alkaline lysis method.'®® 3 uL genomic DNA solution from each embryo was used in a 25 uL. PCR
reaction containing 1X Taq buffer, 2 uM each primer, 0.2 mM each dNTP and 0.5 uL Tag DNA polymerase. PCR fragment indicating
the deletion was visualized in 2% agarose gel electrophoresis. Subsequent DNA sequencing confirmed the partial deletion in abca7
gene. Injected embryos were raised and then 4-month chimeric FO candidates were crossed to the wild type AB strain fish and their
2-day old embryos were screened by PCR and genotyped by Sanger sequencing. F1 embryos were raised to adulthood (4-month-
old) and then were screened by Sanger sequencing following the PCR on the target site of the genomic DNA prepared from their tail
fins. In the end, 16 fish having the partial deleted abca7 gene were identified.

Generation of npy™’7 mutant zebrafish
To generate npy mutant zebrafish, we used the CRISPR/Cas9 system. The Cas9 target site was identified by using the Ensembl
(https://www.ensembl.org/; npy: ENSDARG00000036222) and CHOPCHOP (http://chopchop.cbu.uib.no/). The selected npy single
gRNA target was 5'- GGGAGAGGACGCACCTG-3'. The single gRNA was synthesized by IDT (Alt-R CRISPR-Cas9 sgRNA 2 nmol).
One-cell stage embryos of nacre (mitfa®°2)'%* were injected with a mixture of the single guide RNA (12.5 pg) and Cas9 mRNA (100
pg). Cas9 mRNA was synthesized from the pT3TS-nCas9n plasmid (Addgene, Plasmid #46757) with mMMESSAGE mMACHINE T3
transcription kit (Thermo Fisher Scientific). The injected embryos were raised to adult fish (FO). To screen founder zebrafish carrying
germline transmitted mutations, F1 embryos outcrossed from FO and wildtype zebrafish were collected and analyzed by PCR. For
genomic DNA (gDNA) extraction, single F1 larvae at 3 dpf were euthanized by overdose of MS222 and transferred to a 1.5 mL tube.
Each larva was lysed with 30 pL lysis buffer (25 mM NaOH, 0.2 mM EDTA), then placed on a heating block at 95°C for 30 min. After the
incubation, the lysis reaction was neutralized by adding 30 uL neutralization buffer (40mM Tris-HCI, pH 5) to the tubes, which were
subsequently vortexed, spun down, and stored at 4°C until use. The target genomic site was amplified using a quantitative PCR ma-
chine (Applied Biosystems Instruments). PCR was done on the extracted gDNAs using the following primers: forward primer, 5'-GAA-
GATGTGGATGAGCTGGGCA-3' and reverse primer, 5'-GCTCACCTCTGCCTTGTTATGAGG-3'". To perform PCR, 5 uL SYBR green
master mix (Thermo Fisher Scientific) was mixed with 0.25 pL of forward and reverse primer and 4.25 uL water to make a 10 pL re-
action mixture. This reaction was added to a 96 well gPCR plate (Thermo Fisher Scientific) and 0.25 pL of extracted gDNA were mixed
with this reaction. The amplified samples were then analyzed based on their melting curves and by gel electrophoresis and compares
to wildtype. After the screening process, the npy™?” mutant zebrafish carrying a 44-bp deletion was identified. F2 heterozygotes
were inbred to generate F3 homozygous npy mutants for this study. The deletion leads to a frameshift mutation in the N terminus
sequence encoding for the signal peptide. As a result, the mutant npy allele encodes for the first 26 amino acid of the npy signal pep-
tide (missing the last 2 amino acids) followed by 29 amino acids, that are completely different from the wild type Npy, failing to pro-
duce a mature peptide.

Microinjection, tissue preparation, and immunohistochemistry

Cerebroventricular microinjections (CVMI) into adult zebrafish brain were performed as described.'*'® 8-12 months old abca7+/~
heterozygous knockouts and their respective age-matched wild type siblings of both sexes were used for the experiments. The an-
imals were injected with the followings: PBS (control), human amyloid-beta42 (Ap42, 20 uM), human Neuropeptide Y (10 png/mL),
BDNF (100 ng/mL), NGFR inhibitor (NGFRi) LM11A-31 (20 uM). Total injection volume was 0.5-1 pL. At 3 days post injection (dpi),
animals were euthanized and subjected to histological tissue preparation. The zebrafish heads were dissected and fixed overnight
at 4°C using 4% paraformaldehyde. After few washes the heads were incubated overnight in 20% Sucrose with 20% ethylenedia-
minetetraacetic acid (EDTA) solution at 4°C for cryoprotection and decalcification. The following day, fish heads were embedded in
cryoprotectant sectioning resin O.C.T. and cryosectioned into 12-um thick sections on SuperFrost Plus glass slides. For immuno-
histochemistry, the sections were dried at room temperature, followed by washing steps in PBS with 0.03% Triton X-100
(PBSTx). Primary antibodies were applied overnight at 4°C. Next day, the slides were washed 3 times with PBSTx and then appro-
priate secondary antibodies were applied for 2 h at room temperature. The slides were then washed several times before mounting
using 70% glycerol in PBS. Antibodies used are listed in Table S1. For antigen retrieval of PCNA and SV2, slides were heated in
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10 mM Sodium citrate (pH: 6.0) at 85°C for 15 min before primary antibody incubation. For antigen retrieval of NPY, slides were heat-
ed in 50 mM Tris-HCI (pH:8.0) at 95°C for 5 min before primary antibody incubation.

Single-cell sequencing in zebrafish and data analyses

The telencephalon of the 10-month-old fish (one male and two females per genotype into one biological replicate) were dissected in
ice-cold PBS and directly dissociated with Neural Tissue Dissociation Kit (Miltenyi Biotec, Cat. No. 130-092-628) as described pre-
viously."""'%° After dissociation, cells were filtered through 40 uM cell strainer into 10 mL 2% BSA in PBS, centrifuged at 300 g for
10 min, and resuspended in 4% BSA in PBS. Viability indicator dyes Sytox Blue (Invitrogen, Cat No. S34857) and Dycle Ruby (Invi-
trogen, Cat. No. V10309) were used to sort the cells by FACS. Samples from abca7 heterozygous knockout and wild type negative
siblings were sorted in separate FACS machines (Sony MA900-FP) to ensure as minimum incubation time for the samples placed on
ice (Figure S4). The resulting single cell suspension was promptly loaded on the 10X Chromium system.'°® 10X libraries were
prepared as per the manufacturer’s instructions. Generated libraries were sequenced via lllumina NovaSeq 6000 as
described.%1:105:107.108 | tota), 54,482 cells were sequenced. The raw sequencing data was processed by the Cell Ranger Single
Cell Software Suite (10X Genomics, v6.1.2) with the default options. On average, 96.65% of the total 1,70 billion gene reads were
aligned to the zebrafish genome release GRCz11 (release 105). The resulting matrices were used as input for downstream data anal-
ysis by Seurat.'’

Read alignment and quality control

The single cell expression matrices were read by Read10X function of Seurat'%® (version 4.1.3) R package (v4.2.2.1). The Seurat ob-
jects were created by filtering out the any cells with less than 200 expressed genes, and with genes expressed in less than 3 cells.
After filtering out the low-quality cells, Seurat objects were normalized, and the top 2,000 variable genes were used for further ana-
lyses. After identifying the anchors (FindIntegrationAnchors), the datasets were integrated (IntegrateData). We used DoubletFinder''°
to identify and remove doublets, and the rest of the analyses were done on singlets. The integrated Seurat object included 50,691
cells with 26,122 genes. The data were scaled using all genes, and 30 PCAs (RunPCA) were identified. Cell clustering, marker
gene analyses, differential gene expression and preparation of feature plots were performed as described.''#°8191.111 Resolution
of 1 was used to identify the clusters. In total, 35 clusters were identified. The main cell types were identified by using s700b and gfap
for Astroglia; sv2a, nrgna, grinia, grin1b for Neuron; pdgfrb and kcne4 for Pericyte; cd74a and apoc1 for Microglia; mbpa and mpz for
Oligodendrocyte; apinra for OPC; myh11a and tagin2 for vascular smooth muscle cells, lyve1b for lymphatic endothelial cells and kdrl
for vascular cells.'®'" To find differentially expressed genes (DEGs), we used FindMarkers function of Seurat with 0.25 logfc.thres-
hold, and for GO-term analyses, DEGs were used as described."”

Expression analyses in AD cohorts

Analysis of the human AD bulk RNA-seq data has been reported previously."'>'"® To assess differentially expressed genes (DEG)
between AD and control, multiple linear regression models were used to compare the conditional-quantile-normalized expression
values between AD and control participants while adjusting for covariates including RNA integrity number (RIN), sex, age at death,
sequencing flow-cell or batch, tissue source, and participant race, where applicable, followed by multiple testing corrections using
false discovery rate. For expression data from the Mount Sinai Brain Bank, AD vs. control DEG was also performed in a subset of non-
Hispanic white (NHW) participants. The associations between gene expression and Braak stage were assessed in TCX, CER, and
DLPFC, following similar multiple linear regression models where age at death, sex, RIN, sequencing flow-cell or batch, and
APOE-¢4 allele dosage were adjusted. Multiple testing was corrected using false discovery rate. Cell-intrinsic DEG results were
retrieved from previously published work.''® The construction of the WGCNA''* was described previously.''®> We reported the
co-expression modules containing the genes of interest.

The single-nucleus RNA-seq data'® were generated using frozen postmortem tissue from the temporal cortex of 12 individuals with
pathologically confirmed AD''® cases, and 12 age-, sex-matched control individuals with approval from the Mayo Clinic Institutional
Review Board and written informed consent from the participants or their qualified next-of-kin. Briefly, to assess tissue quality, RIN
was measured using RNA Pico Chip Assay (Agilent Biotechnologies, 5067-1513) on an Agilent 2100 Bioanalyzer using total RNA ex-
tracted from ~20mg of brain tissue. Single nuclei suspension was collected on high-quality tissues (RIN >5.5) using an established
protocol with modification.”'” The nuclei were incubated with mouse anti-Human Nuclear Antigen [235-1] (Abcam, ab191181) anti-
body at 1:200 dilution and sorted using a BD FACSAria |l sorter. Single cell RNA-seq libraries were prepared using the Chromium
Single Cell 3’ Gel Bead and Library Kit v3 (10X Genomics, 120237) and the Chromium i7 Multiplex Kit (10X Genomics, 120262) ac-
cording to the manufacturer’s instructions. DNA libraries were sequenced at the Mayo Clinic Genome Analysis Core (GAC) using the
lllumina HiSeg4000 sequencer.

Raw reads were aligned to human genome build GRCh38 and a premature mRNA reference file. After QC, log-normalization, and
clustering of the snRNA-seq data, cluster marker genes were calculated as the genes that are 1) expressed in over 20% AD and con-
trol nuclei, 2) overexpressed in the cluster (logFC >0.25), and 3) the Bonferroni-adjusted p-value for the overexpression is less than
0.05 based on rank-sum test. The cell types were subsequently assigned based on information from multiple approaches. First, the
statistical enrichment of cluster marker genes in a list of marker genes' ' for neurons, astrocytes, oligodendrocytes, endothelial cells,
and oligodendrocyte progenitor cells (OPCs) was calculated using hypergeometric tests. The second approach was to check the
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existence of well-recognized cell type markers in top cluster markers: SYT1, SNAP25, GRIN1 for neurons; SLC17A7, NRGN for excit-
atory neurons; GAD1, GAD2 for inhibitory neurons; VCAN, PDGFRA, CSPG4 for oligodendrocyte progenitors (OPCs); MBP, MOBP,
PLP1 for oligodendrocytes; C3, CSF1R, CD74 for microglia; AQP4, GFAP for astrocytes; FLT1, CLDN5 for endothelial cells; and
PDGFRB for pericytes. Combining the above two approaches and the ScType automated cell type identification,''® we assigned
cell types and subtypes to each cluster.

In silico interaction mapping

NicheNet '2° analysis tool was applied, in a targeted fashion, to study the interaction between NPY and its potential target genes in
each cluster through NicheNet R package. Prior knowledge of ligand-target interaction has been compiled and optimized by
NicheNet from multiple data sources to give a prior model which contains the regulation strength of ligands toward target genes.
In this study, we assumed that NPY was the ligand based on previous works.”8:82:°8:121.122 Eyrther, we required the NPY receptors
being the following NPY71R, NPY2R, CXCR4, NPY4R, NPY5R, or NPY6R. For a given cluster that had NPY receptors expressed in
it, the predicted target genes of NPY were those that 1) DEGs between AD and control cells, 2) expressed in >20% cells of the clus-
ter, 3) among the top regulated genes of NPY according to the NicheNet prior model.

Whole-genome sequencing

We analyzed whole-genome sequencing (WGS) in 2,535 individuals from 522 families in EFIGA”" and AD-FBS cohorts. The NIA AD-
FBS is the largest collection of familial AD worldwide.”® The sequencing was performed at the New York Genome Center (NYGC) as
described,'?® using one microgram of DNA, an lllumina PCR-free library protocol, and sequencing on the lllumina HiSeq platform.
Variants were called using NYGC automated analysis pipeline which is based on CCDG and TOPMed recommended best prac-
tices.'?* Variant filtration was performed using Variant Quality Score Recalibration (VQSR at tranche 99.6%), sample missingness
(>2%), depth of coverage (DP < 10) and genotype quality (GQ > 20). We then annotated high quality variants using ANNOVAR for
population level frequency using Genome Aggregation Database (gnomAD), in-silico function using Variant Effect Predictor (VEP)
and variant conservation using Combined Annotation Dependent Depletion score (CADD).

Rare variant family segregation analyses

We tested segregation of rare, high-risk loss of Function (LoF) and missense variants with CADD score >20 in ABCA7, BDNF, NPY
and NGFR genes with clinical AD status. We tested segregation in 214 Caribbean Hispanic and 197 non-Hispanic White families with
two or more affected members. Variants were defined as completely segregating if present in all affected family members and un-
affected carriers must be at least five years younger than the average age of AD onset in families. The details of the family segregation
study was documented before.'?®

Human brain DNA methylation measurement

The genome-wide DNA methylation profile was measured by the Infinium MethylationEPIC Kit (Illumina) on New York Brain Bank, NIA
AD-FBS/NCRAD and EFIGA cohorts.”" On the sample level quality control (QC), we have checked the control probes, sex mismatch,
contamination, and genotype outlier calling to identify and remove those samples failed any of these QC metrics. On the CpG probe
level QC, we kept those CpG sites with detection p value <0.01 across all the qualified samples and mask those sample specific CpG
site with new detection p > 0.01."%® We further removed those CpG sites reported to have cross-hybridization problems'?”+?8 and
those polymorphic CpG sites.'*®"2° We further corrected the dye bias for all the qualified CpG probes. For this study, we included 20
Hispanic samples with both DNA methylation and GWAS data.

Single-nucleotide polymorphism measurement, mQTL analyses, and Braak stage associations

We measured the genotype of single-nucleotide polymorphism (SNP) across the genome using the Infinium Global Screening
Array-24 v3.0 Kit (lllumina) with the same extracted DNA samples used for the DNA methylation measurement. We have conduct-
ed the SNP level QC by removing those with missing value > 5% and failed Hardy-Weinberg Equilibrium (HWE) test. As a result,
there remained 4 SNPs at ABCA? loci, which were included into the mQTL analysis. For each of the 4 extracted SNPs at ABCA7
loci, we conducted generalized linear regression model by treating the methylation of CpG sites at ABCA7, NPY, BDNF, and NGFR
as dependent variables and genotypes of the 4 SNPs as independent variables with the adjustment of age, sex, ethnicity, and
technical covariates. Those CpG sites with p value <0.05 were considered as significant loci. New York Brain Bank, NIA-
LOAD/NCRAD and Mayo Clinic Jacksonville cohorts”" were used.

ABCA?7 knockout patient iPSC-derived neurons

The neural progenitor cells for ABCA7 wild-type and knockout’® were induced into neurons from iPSCs (MC0192; female, 83 years
old*®) using STEMdiff forebrain neuron differentiation kit (08600, Stemcell Technologies) and STEMdiff Forebrain neuron maturation
kit (08605, Stemcell Technologies). Neurons were treated with 1 ug/mL of B-amyloid 1-42 peptide (ab120301, Abcam) for 6 weeks.
Total RNA was isolated using Trizol and RIPA containing protease inhibitor. The cDNA was synthesized using SuperScript Ill reverse
transcriptase (18080051, Invitrogen). Real-time PCR was performed with SYBR Green Supermix (1725271, Bio-Rad) and relative
gene expression was normalized to GAPDH expression and assessed using the 2 22T method. Primers used in this study were

Cell Genomics 4, 100642, September 11,2024 €6




¢ CellPress Cell Genomics

OPEN ACCESS

as follows (all 5'to 3'): GAPDH: forward: GTCTCCTCTGACTTCAACAGCG, reverse: ACCACCCTGTTGCTGTAGCCAA; ABCA?: for-
ward: CCTTGCACAGCTTGTTGGAG, reverse: CTGCTAGGTCCCCTGACACT; NPY: forward: CGCTGCGACACTACATCAAC,
reverse: CTCTGGGCTGGATCGTTTTCC; SLC17A7: forward: CTGGGGCTACATTGTCACTCA, reverse: GCAAAGCCGAAAACTC
TGTTG; GAD1: forward: GCGGACCCCAATACCACTAAC reverse: CACAAGGCGACTCTTCTCTTC. Immunolabeling of iPSC derived
neurons were performed as described*® by using MAP2 monoclonal antibody (MAB3418X, clone AP20, Chemicon; 1:400 dilution).

Human brain sections and immunohistochemistry

Human brain sections from BA9 prefrontal cortex were also obtained from the New York Brain Bank at Columbia University (two in-
dividuals with Braak stage 1V/V, two individuals with Braak stage I/ll) and immunohistochemical stainings for NPY and BDNF were
performed as described.’”'%°

NGFR blockage

LM11A-31 dihydrochloride (CAS Number: 1243259-19-9) a non-peptide p75""™" ligand that selectively competes with pro- and
mature forms of neurotrophin binding to p75NT""3" was purchased from MedChemExpress (HY-11015). A stock solution of 1 mM
was prepared using phosphate buffer saline (PBS) pH = 7.4, and further diluted to final concentration of 20 uM in 400 uL E3 buffer
solution. The efficacy of LM11A-31 was tested on Tg(NF-kB:GFP) zebrafish embryos.'°° 3 dpf zebrafish embryos (n = 4 per condition)
were randomly selected and immersed in 24-well plates (Thermo Scientific, 142475) (400 pL per well). Vehicle-treated control em-
bryos were similarly treated with 8 uL of PBS. The well plate was placed into the incubator (BINDER GmbH, Germany) at 28°C. After
each 24 h of incubation period the drug solution was replaced by fresh solution. After drug incubation time, larvae were transferred to
a 50 mm glass-bottom dish (P50G-1.5-14-F MatTrek Co, USA) and sedated with 0.001% Tricaine (Sigma Aldrich, A5040) in E3 buffer
solution. Visualization of GFP was performed using Zeiss LSM800 confocal microscope equipped with ZEN software (version blue
edition, v3.2, Carl Zeiss, Jena, Germany). Imaging focus was made on tail region of zebrafish embryo to minimize rotational differ-
ences. The fluorescence intensity measures were performed using integrated ZEN measurement tool. GraphPad Prism software
version 9.2.0. was used for the statistical analyses.

ELISA measurements

To measure the NPY level in the brain, we dissected brains, snap-frozen in liquid nitrogen and stored at —80°C. For protein isolation,
brains were lysed and homogenized with RIPA buffer containing protease inhibitors. Protein concentration was determined by using
BCA assay (Pierce). Tissue concentrations of NPY in protein lysates were measured by using commercially available enzyme-linked
immunosorbent assay (ELISA) kit EZHNPY-25K, Millipore, USA), following the manufacturer’s instructions with a lower limit of detec-
tion of 2 pg/mL. Three technical replicates were used for analyses. The absorbance was read at 450 nm in BioTek ELx800 (BioTek
Instruments) plate reader within 5 min. We used linear regression to obtain sample concentrations.

QUANTIFICATIONS AND STATISTICAL ANALYSIS

Image quantifications and ELISA measurements

Images were acquired using a Zeiss confocal LSM800 microscope in a 20X or 40X objectives with tiles/z stack function wherever
necessary. 6 telencephalon sections between the caudal end of the olfactory bulb and anterior commissure were used per animal
for the quantitative analyses (n > 3 animals in every experimental group). The quantification of SV2-positive synapses was performed
using 3D object counter module of ImagedJ software with a same standard cut-off threshold for every images. For quantification of
microglia, the number of cells immunoreactive to L-plastin were counted. For quantification of PCNA+GS double-positive cells, over-
lap of PCNA-positive nuclei with GS-positive cell were counted. Image acquisition was performed in a blinded fashion. The statistical
analyses were performed using GraphPad Prism (Version 9.5.1) for one-way ANOVA followed by a post-test depending on the data
structure (Sidak’s multiple comparison test, Tukey’s multiple comparison test, Dunnett’s multiple comparison test, Brown-Forsythe
and Welch post-test with two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, or non-parametric Kolmogorov-
Smirnov test) wherever applicable. Tests used are indicated at respective figure legends. Error bars shown are the SEM and asterisks
indicate significance according to: *: p < 0.0332, **: p < 0.0021, ***: p < 0.0002, ***: p < 0.0001; not significant (n.s.: p > 0.0332). For
ELISA measurements, parametric t test was used for statistical analyses.

Braak stage associations

For association between brain RNA expression and Braak stage, we conducted generalized linear regression model
Braak~Age+Gender+Gene_A+Gene_B+ Gene_A*Gene_B+ RACE+cohorts+PMI+RIN) with binary Braak stage categories (Braak
0-4 and Braak 5-6) with the adjustment of age, sex, ethnicity, postmortem interval (PMI) and RIN number for RNA quality as technical
covariates.

Repeated measurements
No repeated measurements were taken on one sample.
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