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Abstract
Background: Neurons in Alzheimer’s disease (AD) experience elevated DNA damage, with DNA repair sites enriched

at enhancer regions of genes essential for neuronal survival. Excitatory neurons in the cortical superficial layers expres-

sing CUX2 and RORB (Cux2+/Rorb+), are selectively vulnerable in AD, but their relationship to single nucleotide poly-

morphisms (SNPs) in AD genome-wide association studies (GWAS) is unclear.

Objective: This study aimed to identify and characterize functional AD-GWAS SNPs using single-nucleus RNA sequen-

cing data, focusing on selectively vulnerable neurons and DNA repair hotspots.

Methods: Filters were applied to identify candidate SNPs based on overlap with repair hotspots, RNA expression, tran-

scription factor binding, AD association, and epigenetic significance. In vitro assays and analyses of large datasets from bulk

RNA-seq (n= 1894), proteomics (n= 400), and single-nucleus RNA-seq (n= 424, 1.6 M cells) were conducted.

Results: BIN1 SNP, rs78710909, met multiple criteria - located in an AD-GWAS locus, repair hotspot, and promoter

region. rs78710909C exhibits 1.52× higher AD risk and 5.4× differential transcription factor binding. In vitro,

rs78710909C shows greater enhancer activity and weaker p53 but stronger E2F1 binding. BIN1’s neuronal isoform is neu-

roprotective, but its AD expression is lower (p < 0.01). Moreover, only in AD and Cux2+/Rorb+ neurons, rs78710909C

is associated with a lower average BIN1 neuronal isoform ratio (p < 0.01). The genes upregulated in neurons with lower

neuronal isoform ratio were associated with the hallmarks of AD pathology.

Conclusions: In a disease-relevant mechanism, the BIN1 SNP rs78710909C is associated with a lower ratio of BIN1’s
neuronal isoform which increases the vulnerability of specific excitatory neurons in AD patients.
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Introduction
Alzheimer’s disease (AD) is an aging-related neurodegen-
erative disease defined by the accumulation of amyloid-β
(Aβ) plaques and the intracellular neurofibrillary tangles
of hyperphosphorylated tau in the brain.1 The incidence
of AD significantly increases with age, escalating from
5.3% in individuals aged 65–74 years to 34.6% in those
over 85 years.2 While early-onset familial AD (<65 years
of age) can be attributed to mutations in genes like
PSEN1, PSEN2, and APP, the more common late-onset
sporadic AD appears to be a complex and multifactorial
disease.3

Several AD genome-wide association studies (AD-
GWAS) have identified genetic loci, beyond APOE, that
are associated with AD risk, including BIN1, CLU,
PICALM, MS4A2, CR1, and ABCA7.4–6 However, variations
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in gene expression across different brain cell types have
limited the reliability of conclusions drawn from traditional
bulk tissue analyses. For instance, the hypotheses regarding
the role of the BIN1 gene in AD has been revised based on
findings that it is overexpressed in oligodendrocytes but
reduced in neurons during disease progression.7–9

Similarly, single-nucleus RNA sequencing (snRNA-seq)
has revealed distinct microglial states and the importance
of genes like TREM2 in the neuroinflammatory response in
AD brains.10

During AD progression, certain neuronal populations are
selectively vulnerable to accumulation of stress factors such
as Aβ and phosphorylated tau, culminating in higher rates of
apoptosis.11 Cortical regions, particularly excitatory neurons
and the entorhinal cortex-hippocampal pathway, are notably
affected at early stages of the disease.12–16 However, not all
pathological tau bearing excitatory neurons are equally sus-
ceptible to death.17 For instance, neurons near Aβ
plaques suffer significantly more excitatory synaptic loss
compared to those farther away.18 snRNA-seq studies have
identified CUX2 as a marker of excitatory neurons in the
superficial layers (L2-L4) of the neocortex17,19–21 and
neurons expressing both CUX2 and RORB (Cux2+/Rorb+)
as a selectively vulnerable subpopulation, with differential
expression of genes related to AD risk factors, synaptic func-
tion, microtubule related pathways, neuroinflammation and
biomarkers of neurodegeneration.16,17,20,22 The relationship
between selective vulnerability and SNPs identified in
AD-GWAS remains to be fully elucidated.

Interestingly, adult neurons are subject to several sources
of DNA damage but are required to have a lifespan that
closely mirrors that of the organism. Therefore they rely
heavily on DNA repair mechanisms for their survival and
function.23–25 A recent study using stem cell-derived
neurons found that certain genomic “hotspots” are preferen-
tially repaired, and these hotspots are enriched near genes
critical for neuronal survival and in regulatory regions of
the genome.26 Other studies have corroborated that highly
transcribed and critical genes are repaired preferentially in
aging neurons.27,28 Consequently, the accumulation of
DNA damage with age and AD pathology may lead to
the enrichment of DNA repair hotspots in AD-associated
genes.

This study aims to integrate data on selectively vulnerable
neuronal subtypes, AD genetic risk variants, and their asso-
ciations with DNA repair hotspots to shed light on the under-
lying mechanisms of AD pathogenesis. By identifying causal
variants, their target genes, the specific cell types involved,
and the biological pathways linking genetic factors to
disease progression, we hope to enhance our understanding
of the molecular underpinnings of AD.

To achieve this objective, we have synthesized data from
different sources, including functional and genomic annota-
tion of AD-GWAS4,5 SNPs (FUMA,29 SNPnexus,30

LDlink),31 DNA repair hotspots,26 gene regulatory

elements (GeneHancer,32 ANANASTRA),33 transcription
factor and RNA binding protein databases (RBPmap),34

and whole genome sequencing, proteomics and
snRNA-seq data (AD Knowledge Portal).35–39

Methods

Ethics approval
This study received IRB approval (UW 23-200).

Prioritization and annotation of candidate SNPs and
genes
This study employed a multi-step approach to identify
SNPs associated with both AD and DNA repair hotspots
(Figure 1). The genomic coordinates (chromosome, range)
of 61,178 DNA repair hotspots were obtained from
“Table S1” of a previously published study.26 We sourced
AD-GWAS summary statistics from two different studies-
11,632 SNPs from a seminal two-stage meta-analysis of
74.046 individuals that identified 20 genomic loci asso-
ciated with AD (IGAP study),5 and 3207 SNPs from an
updated genome-wide meta-analysis and fine-mapping
study (Finemap study).4

Using the “GenomicRanges” R package, we identified
AD-GWAS SNPs that overlapped with DNA repair hot-
spots. We then functionally annotated these SNPs and iden-
tified protein-coding cis-genes using the FUMA29 and
SNP-Nexus30 webservices (Supplemental Figure 1A).

To prioritize the genes, we created a “Combined
Percentile Score” (CPS) based on the abundance of asso-
ciated DNA repair hotspot peaks and the gene’s RNA
expression level obtained from “Table S3” of the Reid
et al. study.26 Genes were shortlisted if they met the follow-
ing criteria: RNA expression > 2 TPM, repair hotspot peak
percentile > 0.5, and CPS score > 0.25 (Supplemental
Table 1). We obtained enhancer coordinates associated
with these genes from the GeneALaCart webservice32 and
generated a list of prioritized genes, enhancers, and SNPs
where DNA repair hotspots and SNPs overlapped with
enhancer/promoter regions (Supplemental Table 2).

Next, we identified the SNPs and genes from
Supplemental Table 2 that had significant association with
increased AD risk or evidence of allele-specific differential
transcription factor (TF) binding (Figure 1). These SNPs
and genes, along with the Genomic Evolutionary Rate
Profiling (GERP) score as reported in the Finemap study4

and the ‘functional significance’ score from the DeepSea
webservice40 are summarized in Table 1. The functional
significance score, with lower scores indicating higher sig-
nificance, measures the significance of an SNP based on a
geometric mean of the chromatin effects and evolutionary
conservation metrics.
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Allele-specific differential TF analysis
We characterized the SNPs from Supplemental Table 2 based
on allele-specific differential transcription factor binding evi-
dence. We chose to use the ANANASTRA webservice33

(ANnotation and enrichment ANalysis of Allele-Specific
TRAnscription factor binding at SNPs) because the database
has been created through meta-analysis of more than 15,000
publicly available ChIP-Seq experimental data and is more
robust compared to theoretical motif-analysis alone.

SNP association analysis with AD risk
Data sources. The genomic variant data used in this study
was obtained from the Accelerating Medicines Partnership
- Alzheimer’s Disease (AMP-AD) consortium. This dataset
harmonizes whole-genome sequencing (WGS) data from
three major Alzheimer’s disease cohorts: the Religious
Orders Study and Memory and Aging Project (ROSMAP),
Mount Sinai Brain Bank (MSBB), and the Mayo RNA-seq
(Mayo) study.35–38 The WGS data is available in VCF

Figure 1. Flowchart to select the single SNP of BIN1 rs78710909 as a highly prospective genomic variant for further analysis to explain

possible causative relationship in AD. This SNP was chosen because of its genome-wide significance in AD-GWAS studies, location

within a DNA repair hotspot and enhancer region, allele-specific differential TF binding (Figure 2), association analysis with strict

definition of AD based on Braak-stage (Supplemental Table 4), and scores for GERP conservation score and functional significance

(Table 1).

Table 1. The BIN1 SNP rs78710909 selected for further analysis based on converging lines of evidence among the SNPs from the

Stage-3 in Figure 1. The BIN1 SNP association with AD is based on: (A) genome wide significance of p-value of SNPs in the gene locus

from the AD-GWAS Fine-mapping study. (B) Fisher’s exact test with mid-p correction that indicates the allele ‘C’ of rs78710909 is

associated with AD Risk. The source WGS data is from Synapse website for the consolidated ROSMAP, Mayo Clinic and MSBB

studies. 675 Samples were selected (from 1894) for analysis based on Age > 60, APOE ϵ4= 0 and AD defined based Braak stage only

(AD>=4, Normal <=1). (C) 5.4× change between effect and reference allele in differential TF binding from the ANANASTRA

database which is based on meta-analysis of more than 15,000 ChIP experiments (D) GERP conservation score (>+2 indicates a

more conserved base) and DeepSea functional significance score (lower indicates more significant, based on geometric average of

E-value across chromatin features and the evolutionary conservation scores. The data related to the chosen SNP rs78710909 is in

bold type. In the color scheme below, “Green” indicates that the SNP passed the filter, while “Red” signifies that it did not.
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format from the Alzheimer’s Disease Knowledge Portal
(synapse file ID syn:11707420). Relevant covariate data,
including diagnostic information and APOE genotypes,
were sourced as CSV files for each cohort (MSBB:
syn6101474,Mayo: syn23277389, ROSMAP: syn3191087).

Subsetting the data. Given the strong influence of the APOE
ϵ4 allele on AD risk41 and the late-onset nature of the
disease,2 our analysis focused on participants aged 60 years
or older who did not carry any APOE ϵ4 alleles. Age was
transformed to a classification variable of either ‘above 84’
or “below 84”. Participants were considered as AD cases if
they had a Braak stage score ≥4, and as cognitively normal
controls if they had a Braak stage score ≤1. All other
samples were excluded. This filtering process resulted in a
final dataset of 675 participants (551 AD cases, 124 normal
controls). Detailed covariate information for the selected
samples is provided in Supplemental Table 3.

Genotypic association analysis. Association between SNPs
and AD status (defined by Braak stage) was assessed
using Fisher’s exact test with mid-p correction (‘stats’ and
‘epitools’ packages in R) and logistic regression (‘stats’
package in R). Fisher’s exact test with mid-p correction
was used due to the low frequency of minor alleles for
several SNPs. In cases where the frequency of the homozy-
gous minor allele was very low (<3%), the data was trans-
formed to allelic distribution, and the odds ratio for the
effect allele versus the non-effect allele was calculated.
This approach was necessary to mitigate the impact of
sparse genotype data on the reported statistical significance.
For SNPs in high linkage disequilibrium, such as BIN1
rs78710909 and rs76516995, they were treated as a single
locus for the association analysis. The genotypic association
results were further corroborated using logistic regression
adjusted for age (Supplemental Table 5).

Expression quantitative trait loci (eQTL) analysis. For samples
with both WGS and RNA-sequencing data, the RNA-seq
specimen IDs were cross-referenced with the WGS specimen
IDs to map the gene-level and transcript-level RNA expres-
sion data (available from syn30821562 and syn3388564,
respectively) with the genomic variant information.
Similarly, for samples with both WGS and proteomic data,
the proteomic specimen IDs were cross-referenced with the
WGS specimen IDs to map the isoform-level protein expres-
sion data (available from syn17008935) with the genomic
variants.

The differential expression of mRNA at the gene and tran-
script level, as well as protein expression, was assessed based
on the SNP rs78710909 genotype and AD disease status
(defined by Braak stage) using Student’s t-test (‘genefilter’
package in R) and linear regression models (‘stats’ package
in R). The mapping of mRNA transcripts to neuronal or ubi-
quitous isoforms is provided in Supplemental Table 6.

Luciferase and EMSA assays
Vector construction. To determine whether the alleles of the
SNP rs78710909 (C/G) contribute to different enhancer activ-
ities, the indicated genomic sequence upstream of BIN1
encompassing the corresponding rs78710909Gwas amplified
from human genomic DNA of SH-SY5Y cells, and the BIN1
enhancer sequence containing rs78710909C was synthesized
by BGI Genomics (Shenzhen, China). The fragments were
then inserted into the SacI and XhoI sites of pGL3-promoter
vector (Promega, #E1761, Madison, WI, USA).

The expression vectors gab-p53 and gab-E2F1 were con-
structed by cloning the coding sequences of human p53
(1182bp) or E2F1 (1314bp) into the NheI and KpnI sites
of pcDNA3.1+ vector (Addgene, #V790-20, Watertown,
MA, USA). All constructs were confirmed by direct
sequencing. All primer sequences used for cloning are
listed in Supplemental Table 7.

Cell culture and luciferase reporter assay. Transformed human
embryonic kidney (HEK293T) cells were grown in
Dulbecco’s Modified Eagle’s Medium (Gibco, #12800017,
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (Gibco, #10270106) and 100 units/mL penicillin-
streptomycin (ThermoFisher Scientific, #15140122,
Waltham, MA, USA) in a humidified environment of 37°C
that contained 50 mL/L CO2. To evaluate the enhancer activ-
ities of the SNP, HEK293T cells were cotransfected in a
48-well plate with 100 ng of firefly luciferase reporter
plasmid and 2 ng of pRL-CMV. To study the effect of p53
and E2F1 on BIN1 enhancer activity, HEK293T cells
grown in a 48-well plate were cotransfected with 2 ng of
pRL-CMV, 100 ng of firefly luciferase reporter plasmid,
and 200 ng of gab (empty vector), or gab-p53
(p53-expressing vector),42 or gab-E2F1 (E2F1-expressing
vector). Forty-eight hours after the transfections, the cell
lysates were applied to luciferase assay using the dual-
luciferase reporter system (Promega, #E1960, Madison,
Wisconsin, USA).43 The pRL-CMV vector expressing
Renilla luciferase was used as the internal control to adjust
for differences in the transfection and harvest efficiencies.

Electrophoretic mobility shift assay. Electrophoretic mobility
shift assay (EMSA) was performed with the Chemilumines-
cent EMSA Kit (Beyotime, #GS009, Shanghai, China),
according to the manufacturer’s instructions. The following
oligonucleotides that corresponded to the enhancer region of
BIN1 and covered the rs78710909C/G polymorphism were
synthesized (underlined letters indicate polymorphism):

rs78710909C - 5′- TCCAGCTGCACCGCCCCCGGGCGGG
GACTAATCCG −3′; rs78710909G - 5′- TCCAGCTGCAC
CGCCCCGGGGCGGGGACTAATCCG −3′.
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Additionally, a conserved DNA binding sequence of p53
was also synthesized:

5′-AGCTTAGACATGCCTAGACATGCCTA −3′.

Oligonucleotides were annealed and end-labeled with
biotin using the EMSA Probe Biotin Labeling Kit
(Beyotime, #GS008). Nuclear extracts from HEK293T cells
were prepared as described. For the competition assay, a
100-fold molar excess of unlabeled oligonucleotide was
added to the binding reaction mixture as a competitor
before the addition of biotin-labeled probes. After incubation
for 30 min at room temperature, the products were
separated on pre-electrophoresed 5% non-denaturing poly-
acrylamide gel at 4°C and then transferred to a Nylon mem-
brane (Beyotime, #FFN10). The membrane was
subsequently cross-linked by UV light for 15 min and sub-
jected to imaging using the ChemiDoc XRS+ system
(Bio-Rad, Hercules, CA, USA).

Single nucleus RNA-seq (snRNA-seq) data analysis
Data acquisition and processing. The fastq files for the
snRNA-seq data generated from post-mortem human
brains as part of the ROSMAP study were obtained from
the AD Knowledge Portal (syn23650894). The relevant
covariate information, including individual metadata, cell
type annotations, and cell demultiplexing data, was
accessed from the portal (syn3157322, syn21589957,
syn31512863).

Transcript quantification and filtering. Transcripts were quan-
tified from the fastq files using the Kallisto|bustools
package.44 The analysis focused specifically on transcripts
corresponding to the BIN1 gene. Cells with no expression
of BIN1 transcripts were excluded due to dropout events,
leaving a final dataset of 418 individuals and approximately
770,000 viable cells with non-zero BIN1 expression.

Isoform ratio analysis. For each cell, the ratio of the BIN1
neuronal isoform to the total BIN1 expression was
calculated. This ratio was analyzed as both a continuous
variable and a discrete variable, with cells classified as
having high (≥0.45) or low (<0.45) BIN1 neuronal
isoform expression.

Cell type-specific analysis. Cell type annotations were obtained
from the metadata provided in the AD Knowledge Portal,
based on the annotations reported by Fujita et al.20 Differen-
tial expression analysis of the BIN1 isoform ratio was per-
formed within specific cell types and subtypes, including
CUX2(+) excitatory neurons in layers 2–4 (syn53694054)
and CUX2(-) excitatory neurons (syn53694068). We also
analyzed a subset of excitatory neurons with positive

normalized expression (>=1) of both RORB and CUX2.
Such Cux2+/Rorb+ neurons have been identified as being
selectively vulnerable in AD.11,14–16,45

Statistical analysis
The differential expression of the BIN1 neuronal isoform
ratio was evaluated using Student’s t-test for the continuous
variable and Fisher’s Exact test for the discrete variable. In
all the analyses, AD condition was defined by Braak-Stage
alone (AD >=4, Normal <=1, or NotAD <4). Analyses
were performed using the ‘ggplot2’, ‘ggpubr’, ‘Seurat’
and ‘BPCells’ packages in R.

Results

Identification of BIN1 SNP rs78710909 as a
candidate AD risk variant
Using a multi-step filtering approach, we identified 149
SNPs and 119 associated genes with potential for AD risk
(Supplemental Figure 1A). From this set, we prioritized
10 genes, 14 enhancers, and 23 SNPs based on overlap
between regulatory regions of the genes and DNA repair
hotspots (Supplemental Figure 1B).

Four SNPs, including rs78710909 and rs76516995 in the
BIN1 gene, showed significant allele-specific differential
binding with known transcription factors based on data
from the ANANASTRA database (Table 1, Figure 2).
Specifically, the BIN1 SNPs rs78710909 and rs76516995
demonstrated more than 5-fold change in allele-specific
transcription factor binding.

BIN1 SNP rs78710909 is associated with higher AD risk. Age
emerged as the most significant risk factor for AD in APOE
ϵ4 non-carriers. For individuals above 84 years of age, there
is a 7.9x-fold differential higher risk of AD compared to
younger people (Supplemental Table 4A).

The BIN1 SNP rs78710909 is in a significant AD-GWAS
locus (Supplemental Table 2) and was identified in a fine-
mapping study.4 Since the homozygous risk allele genotype
‘CC’ is infrequent (only 2.8% of the samples), we focused on
the AD risk of the ‘C’ allele compared to the reference allele
‘G’ after excluding the homozygous ‘CC’ genotype. The ‘C’
allele of the BIN1 SNP rs78710909 increased AD risk by
1.52 times (95% CI:0.98–2.38). Based on association ana-
lysis of the candidate SNPs, the ‘T’ allele of the CD2AP
SNP rs1004173 and the ‘A’ allele of TSPAN14 SNP
rs1870140 are also associated with higher AD risk
(Table 1). The results from the association analysis were con-
cordant with the regression analysis of the SNPs of BIN1 and
TSPAN14with AD risk after adjusting for Age, however, the
CD2AP SNP rs1004173 is not significant after adjusting for
Age (Supplemental Table 5).
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Experimental evidence of allele-specific enhancer and
TF binding activity

BIN1 SNP rs78710909 allele ‘C’ shows higher enhancer
activity. The pGL3-Promoter vector contains an SV40 pro-
moter upstream of the Luciferase gene. DNA fragments con-
taining putative enhancer elements can be inserted either
upstream or downstream of the promoter-luc+ transcriptional
unit. To test the ability of the two alleles (G/C) of the BIN1
SNP rs78710909 to differentially regulate gene transcription,
the DNA fragment (DFrag) flanking the SNP rs7810909 was

introduced into the pGL3-Promoter. The DFrag containing
the alternate allele ‘C’ of the SNP rs78710909 demonstrated
statistically significant higher enhancer activity compared to
the reference allele ‘G’ (Figure 3).

BIN1 SNP rs78710909 alleles differentially bind p53 and
E2F1. The Electrophoretic Mobility Shift Assay (EMSA)
shows that the transcription factor p53 binds to DFrag and
the binding affinity is higher with the DNA fragment contain-
ing the ‘C’ allele of rs78710909 (Figure 4A). The binding of
p53 to the DFrag containing the ‘C’ allele of SNP rs78710909

Figure 3. BIN1 SNP rs78710909C allele, but not rs78710909G allele, showed enhancer activity. (A) Schematic representation of the

luciferase reporter construct containing the corresponding SNPs. The indicated genomic sequences upstream of BIN1 encompassing

the corresponding SNPs were inserted into the upstream of pGL3-promoter vector. (B) The genomic fragment containing the BIN1
SNP rs78710909C allele showed enhancer activity. HEK293T cells were cotransfected with pRL-CMV and a firefly luciferase

reporter plasmid containing either the rs78710909C allele or rs78710909G allele. The pRL-CMV vector expressing Renilla

luciferase was used as an internal control to calibrate differences in transfection and harvest efficiencies. The firefly luciferase

activity of each sample was normalized to the Renilla luciferase activity. The pGL3-control vector was used as positive control.

Figure 2. Four SNPs in the BIN1, CLU, and CELF1 AD-GWAS loci showed allele-specific differential binding with transcription factors.

The analysis of differential binding is based on data available from the ANANASTRA webservice- a meta-analysis of TF binding data from

more than 15,000 ChIP experiments. Diff_Binding_fc is the difference between the effect size between the reference and effect alleles

in ChIP experiments; Motif_log2_fc is the differential binding based on theoretical motif site binding analysis (A) rs78710909, hg38

coordinates: 2:127107346; Diff_binding_fc= 5.4; Motif_log2_fc= 1.7 (B) rs1532276, hg38 coordinates: 8:27608640; Diff_binding_fc

= 5.6; Motif_log2_fc= 1.4 (C) rs7947450, hg38 coordinates: 11:47408353; Diff_binding_fc= 1.9; Motif_log2_fc= 3.8.
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seems to dampen its enhancer activity (as measured by rela-
tive Luciferase activity) but the binding of E2F1 significantly
increases the enhancer activity (Figure 4B).

The mRNA expression of BIN1 neuronal isoforms is
lower in AD individuals

Based on the individuals with both WGS and RNA-seq
data, the BIN1 gene is not differentially expressed at a stat-
istically significant level between the AD and Normal
states. However, in the RNA-seq data at the transcript
level from the ROSMAP study, in AD compared to
Normal individuals, the mRNA expression of BIN1 neur-
onal isoform transcripts is lower (p= 0.01) and the ratio
of BIN1 neuronal to ubiquitous isoform expression is
lower (p= 0.04, Figure 5).

Excitatory neurons in the superficial neocortical
layers expressing lower ratio of the BIN1 neuronal
isoforms are more vulnerable
The excitatory neurons in the superficial layers (L2-L4) of
the entorhinal cortex and neocortex have been reported to
be selectively vulnerable in AD.11,14–16,45 Moreover,
higher expression of CUX2 has been identified as a

marker of excitatory neurons in the L2-L4 superficial
layers of the neocortex19,20,46 and within these CUX2+
neurons, Cux2+/Rorb+ cells are selectively vulnerable in
AD.16 In CUX2+ neurons, in cells with a ‘low’ versus
‘high’ (high: >=0.45) ratio of neuronal isoform to total
BIN1, 108 genes are upregulated with a minimum 25% dif-
ference in percentage of cells expressing the gene (1 – pct.1/
pct.2) and adjusted p-value <0.05. Of these 108 genes, 75
genes are associated with pathways related to AD such as
synaptic membrane activity, apoptosis, GTPase activity,
immune response, vesicle transport, DNA damage
response, oxidative stress, and p53 pathway
(Supplemental Tables 8 and 9).

The top five upregulated genes based on adjusted
p-value, between cells with a ‘low’ versus ‘high’ (high:
>=0.45) ratio of neuronal isoform to total BIN1, are
SSTR2, COL5A2, NEFH, VAMP1, and SMIM10L2B
(Table 2). SSTR2 is a somatostatin receptor in excitatory
neurons and its activation is linked to negative regulation
of cell proliferation, immune response, and phosphorylation
of tau.47 COL5A2 encodes the alpha-chain of collagen-V
and its higher expression has been associated with select-
ively vulnerable neurons early in AD48 and it is reported
to be a marker of poor prognosis in colorectal cancer pos-
sibly via the Wnt or mTOR pathway.49 NEFH encodes
the heavy neurofilament protein and its higher expression
is used as a biomarker for neuronal damage in amyotrophic

Figure 4. BIN1 SNP rs78710909 alleles showed differential binding effect with p53 and E2F1. (A) Electrophoretic mobility shift assay

for BIN1 SNP rs78710909 alleles. Analysis was performed in the presence (0.5x, 1x) or absence (-) of HEK293T nuclear extract. Each

binding reaction contained biotin-labeled p53 (lanes 1–3) or rs78710909C (lanes 4–6) or rs78710909G (lanes 7–9) probes. A 100-fold

excess of unlabeled (cold) p53 probes (lane 3) were included in the binding reactions as specific competitors. Labeled probes incubated

without the nuclear extracts were included as negative controls (lanes 1, 4, and 7). The arrow indicated the DNA-protein complex. (B)

The enhancer activity of BIN1 was differentially affected by p53 and E2F1. HEK293T cells were co-transfected with pRL-CMV,

corresponding firefly luciferase reporter, and empty vector (gab), or p53-expressing vector (p53), or E2F1-expressing vector

(E2F1). Luciferase activity analysis was performed as in Figure 3B.
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lateral sclerosis50 and its expression is higher in AD com-
pared to control patients.51 VAMP1, part of the synaptobre-
vin family, encodes a vesicle-associated membrane protein
which is an important part of the complex involved in
docking and/or fusion of synaptic vesicles with the cell
membrane and its lower expression is reported to be pro-
tective in AD.52 SMIM10L2B, a highly conserved mem-
brane protein, functions as an RNA to regulate enhancers,
and SMIM10L2A/SMIM10L2B play central roles in the
regulation of cell cycle, DNA repair processes and p53
response.53,54 The Dotplot (Figure 6) and Heatmap
(Figure 7, Supplemental Figure 4, Supplemental Table 8)
indicate that 34 of the top 40 differentially expressed
genes are related to AD pathways and are also upregulated
in cells of AD patients with low ratio of the BIN1 neuronal
isoform and suppressed in cells of ‘Not-AD’ individuals
with high expression of the neuronal isoform.

Ratio of neuronal isoforms to total BIN1 expression is
lower with the rs78710909C allele in vulnerable
neurons in AD
In bulk RNA-seq data, no statistically significant difference
was observed in BIN1 isoform expression based on the
alleles of rs78710909. Based on snRNA-seq data from the

ROSMAP study, we measured the celltype specific effect
of SNP rs78710909 alleles on BIN1 isoform expression.
Among AD patients, Cux2+/Rorb+ excitatory neurons
have been reported to be selectively vulnerable16 and
such cells seem to cluster together well in two-dimensional
UMAP space (Supplemental Figure 4). We identified 73
genes upregulated (>1 log-fold change) between Cux2
+/Rorb+ cells and other L2-L4 excitatory neurons. The
top 3 TFs associated with these genes, based on consensus
of CHEA and ENCODE from the Enrichrwebservice,55 are
SUZ12, TP53, and NFE2l2 (Supplemental Table 10). These
TFs are associated with neuronal stress response: SUZ12 is
associated with decreased neuronal function,56 TP53 regu-
lates cell cycle arrest, apoptosis and DNA damage
response,57 and NFE2l2 encodes the NRF2 protein which
is the master regulator of oxidative stress response.58

In excitatory neurons expressing BIN1’s neuronal
isoform, AD related genes which were upregulated in
cells with low ratio of BIN1’s neuronal isoform, are also
upregulated in Cux2+/Rorb+ cells but not in other L2-L4
excitatory neurons. Specifically, these AD genes were pre-
dominantly expressed in Cux2+/Rorb+ cells which had a
low ratio of BIN1’s neuronal isoform (Figure 8). Within
Cux2+/Rorb+ cells in AD but not in ‘Not-AD’ patients,
the effect allele ‘C’ of SNP rs78710909 is associated with
lower percentage of cells with high ratio of neuronal

Figure 5. The mRNA expression of BIN1 neuronal isoforms is lower and of ubiquitous isoforms is higher in patients with AD versus

normal. The bulk RNA-Seq data is from the Synapse website for the ROSMAP RNA expression study, 365 Samples selected for analysis

based on Age > 60, and AD defined based Braak stage only (AD >=4 and Normal <=1). Target genes chosen based on Supplemental

Table 1. See Method for details. BIN1 neuronal isoforms (12,3) seem to be lower, and the ratio of neuronal to ubiquitous isoforms

(5,6,7,9,10,12) seem to be lower in patients with AD.
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isoform expression (p < 0.007) and the average neuronal
isoform ratio is lower (p < 0.01, Figure 9). No statistically
significant difference was observed in inhibitory neurons
and oligodendrocytes (Supplemental Figure 5) and the
neuronal isoform was not meaningfully expressed in astro-
cytes and microglia.

Protein expression of BIN1 neuronal isoforms is lower
with rs78710909C
Based on the TMT Proteomics dataset from the ROSMAP
study, in APOE-ϵ4 non-carriers, the regression analysis of
BIN1 protein isoforms’ expression with the SNP

Table 2. In excitatory neurons expressing CUX2, AD related genes are the top upregulated genes in cells with ‘low’ versus ‘high’ ratio of

neuronal isoform to total BIN1. Cells with neuronal isoform ratio >=0.45 were labeled ‘high’ (pct.1) and others ‘low’ (pct.2). The differential
expression analysis was performed using FindMarkers function between these categories of cells with at least 25% of cells expressing the

gene and minimum difference in percentage of cells (1 –pct.1/pct.2) between the two conditions of 25%, and p< 0.05. Of the 108

differentially expressed genes, 75 are associated with AD related terms (Supplemental Table 8).

Gene Name Avg Log2fc pct.1 pct.2 Adj p Comments

SSTR2 somatostatin receptor 2 −0.75 0.32 0.58 1.9× 10−8 Negative regulation of cell proliferation

COL5A2 collagen type V alpha 2 chain −0.56 0.51 0.78 4.5× 10−8 Marker of vulnerable neurons

SMIM10L2B small integral membrane

protein 10 like 2B

−0.69 0.25 0.46 1.3× 10−5 DNA damage response, cell cycle

regulation, p53 pathway

NEFH neurofilament heavy chain −1.10 0.23 0.45 1.3× 10−7 Marker of neurodegeneration

VAMP1 Vesicle associated membrane

protein 1

−0.66 0.37 0.59 1.2× 10−5 Vesicle transport, synaptic membrane,

downregulation is protective

Figure 6. In excitatory neurons expressing CUX2, AD related genes are upregulated in cells with ‘low’ versus ‘high’ ratio of neuronal

isoform to total BIN1, thus suggesting they are selectively vulnerable. Cells with neuronal isoform ratio >=0.45 were labeled ‘high’ and
others ‘low’. The differential expression analysis was performed using FindMarkers function between these categories of cells with at

least 25% of cells expressing the gene and minimum difference in percentage of cells (1 –pct.1/pct.2) between the two conditions of

25%, and p < 0.05. The Dotplot shows that the top 40 differentially expressed genes are elevated in cells of AD patients with low ratio

of the BIN1 neuronal isoform and suppressed in cells of not AD patients with high expression of the neuronal isoform. Of the 108

differentially expressed genes, 75 are associated with AD related terms (Supplemental Table 8).
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rs78710909 shows that the expression of non-neuronal iso-
forms is higher (p < 0.03) and the ratio of the expression of
neuronal to non-neuronal isoforms is lower with the effect
allele ‘C’ of the SNP rs78710909 with a p-value of 0.007
(Supplemental Table 11).

Discussion
In this study, we systematically explored the association of
AD-GWAS risk variants with DNA repair hotspots and the
underlying mechanisms by which prioritized SNPs and
genes may affect AD pathology in selectively vulnerable neur-
onal populations. We filtered the BIN1 SNP rs78710909,
which is located within a significant AD-GWAS locus, a
DNA repair hotspot, and the BIN1 promoter/enhancer
region. Our analysis revealed that the ‘C’ allele of
rs78710909 confers a 1.52-fold higher risk of AD in APOE

ϵ4 non-carriers and exhibits a 5.4-fold difference in transcrip-
tion factor binding affinity compared to the reference ‘G’
allele. In vitro experiments further demonstrated that the ‘C’
allele is associated with increased enhancer activity, weaker
binding of the transcription factor p53, but stronger binding
of E2F1. These findings suggest that the effect allele may
disrupt the balance between p53-mediated repression and
E2F1-driven activation of BIN1 expression. Importantly, our
study provides novel insights into the isoform-specific
effects of the rs78710909 SNP on BIN1 expression. We
found that the ‘C’ allele is associated with a lower ratio
of the neuronal isoforms of BIN1 in selectively vulnerable
Cux2+/Rorb+ excitatory neurons within the superficial
layers of the dorsolateral prefrontal cortex. This reduction
in the neuronal BIN1 isoform ratio was specific to AD
patients, indicating a disease-relevant mechanism. Further
analysis revealed that genes upregulated in neurons with

Figure 7. In excitatory neurons expressing CUX2, AD related genes are the top upregulated genes in cells with ‘low’ versus ‘high’ ratio
of neuronal isoform to total BIN1. Cells with neuronal isoform ratio >=0.45 were labeled ‘high’ (pct.1) and others ‘low’ (pct.2). The
differential expression analysis was performed using FindMarkers function between these categories of cells with at least 25% of cells

expressing the gene and minimum difference in percentage of cells (1 –pct.1/pct.2) between the two conditions of 25%, and p < 0.05. Of

the 108 differentially expressed genes, 75 are associated with AD related terms (Supplemental Table 8).
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a lower BIN1 neuronal isoform ratio are associated with
AD-related pathways, including synaptic function,
markers of neurodegeneration, apoptosis, immune
response, DNA damage, and oxidative stress. Notably,

these stress-related genes were selectively upregulated in
the vulnerable Cux2+/Rorb+ excitatory neurons, but not
in other layer 2–4 excitatory neuronal populations. Taken
together, our findings suggest a novel pathogenic

Figure 9. With the effect allele C of the SNP rs78710909, the expression of BIN1 neuronal isoforms is lower in vulnerable excitatory

neurons in AD patients. The snRNA-seq data is from the ROSMAP single nucleus RNA-seq (snRNA) of 424 individuals available from

the Synapse website. C* allele represents (GC*+C*C*) and G allele represents GG. t-test was used to compare means. AD was

defined based on Braak-Stage (AD:>=4), and “high” neuronal ratio was defined as >=0.45. The L2-L4 CUX2 and RORB expressing

excitatory neurons have been reported to be the most vulnerable in AD. With the effect allele C, across all cells in this subgroup

with non-zero neuronal isoform ratio expression for each individual, AD patients have lower expression of (A) % of cells with high

ratio of neuronal isoform and (B) the average ratio of neuronal isoforms. No significant differential expression was observed in

‘Not AD’ patient.

Figure 8. The expression of AD related genes upregulated in cells with lower ratio of the BIN1 neuronal isoform are upregulated only

in putatively vulnerable cells expressing both CUX2 and RORB. The snRNA-seq data is from the ROSMAP single nucleus RNA-seq

(snRNA) of 424 individuals available from the Synapse website. AD was defined based on Braak-Stage (AD:>=4), and “high”
neuronal ratio was defined as >=0.45. The L2-L4 excitatory neurons expressing both CUX2 and RORB have been reported to be

the most vulnerable in AD. Such cells have been labeled “Vulnerable” and rest “Normal”.
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pathway linking the BIN1 SNP rs78710909, reduced
expression of BIN1’s neuronal isoforms, and the vulner-
ability of specific cortical excitatory neuron subtypes to
AD-related stress and neurodegeneration.

We selected the BIN1 SNP rs78710909 for further inves-
tigation (Figure 1, Table 1) because the locus of BIN1 SNP
rs78710909 (G/C) satisfied several criteria. This SNP locus
is significant at a genome-wide level4 and has been identi-
fied in a finemapping study,4 it is located within a DNA
repair hotspot and BIN1 promoter/enhancer region
GH02J127099 (Supplemental Figure 2),31 the allele ‘C’
of the SNP rs78710909 is associated with higher AD risk
based on WGS data with AD defined based on
Braak-stage only (Table 1), and there is a 5.4× difference
in the binding affinity between the reference and effect
allele to specific transcription factors (Figure 2). Among
the SNPs in high LD (∼1) with rs78710909, we decided
to focus on the SNP rs78710909 because phylogenetic
and epigenetic analysis indicates that this SNP is more evo-
lutionarily conserved and likely to be more functionally sig-
nificant (Table 1). This SNP is not in LD (r2 or D’) with the
top SNPs in the BIN1 locus, rs6733839 and rs7443735,6

(Supplemental Figure 3) and the functional mechanism
maybe distinct from that of rs6733839 and rs744373.

Our in vitro experimental data suggests that the ‘C’ allele
of rs78710909 has higher enhancer activity compared to
the ‘G’ allele (Figure 3). The TF p53 binds preferentially
to the allele ‘G’ (Figure 4A). Interestingly, the enhancer
activity of the ‘C’ allele was suppressed by binding to p53
but was significantly stronger upon binding with the tran-
scription factor E2F1 (Figure 4B). These results indicate
that p53 binding could be inhibiting an E2F1-dependent
increase in BIN1 activity by competitively binding the
same enhancer and this inhibitory role of p53 could be nega-
tively affected due to weaker binding with the effect allele
‘C’ compared to the major allele ‘G’ of rs78710909.

The understanding of BIN1’s function in AD is compli-
cated by the observation that the expression of the 14 BIN1
isoforms is not only different by celltype but also by AD
status.7,8,59 Research indicates that the expression of the
ubiquitous BIN1 isoforms is elevated in AD, and that of
the neuronal isoforms is reduced.8,60,61 It has been proposed
that the BIN1 neuronal isoforms (1–3) are localized to the
cytoplasm and may serve neuroprotective functions.
These isoforms potentially facilitate endocytosis of key
molecules in the Aβ pathway,62 negatively regulate the
amyloidogenic processing of APP by BACE1, mitigate
excitotoxicity associated with calcium channels, and
sequester tau protein.63–68 In contrast, the ubiquitous iso-
forms (6,9,10,12) are predominantly localized in the
nucleus and may negatively influence DNA repair and
damage response pathways, promote various aspects of
the development and propagation of tauopathy,69,70 and
apoptosis in both neuronal and glial cells through E2F1,
c-Myc, and PARP-1 dependent mechanisms.71–77 The

role of the ubiquitous BIN1 isoforms in regulating the
inflammatory response seems to be nuanced. In the early
stages of AD, lower BIN1 microglial expression may lead
to the accumulation of AD stress due to inadequate micro-
glial response. In the later stages of AD, a higher level of
microglial BIN1 may be involved in triggering an excessive
inflammatory response and by favoring the exocytosis of
phagocytosed tau resulting in phosphorylated tau
propagation.59,70

The rs78710909-C allele is associated with a higher risk
of AD (Table 1). Given the salience of isoform-specific
expression of BIN1, we verified that the mRNA expression
of neuronal isoforms is lower and ubiquitous isoforms is
higher in AD compared to Normal individuals (Figure 5).
While we did not find allele-specific differential isoform
expression in bulk RNA-seq data, our analysis has revealed
celltype specific effects in AD. In Cux2+/Rorb+ excitatory
neurons, the effect allele ‘C’ of the BIN1 SNP rs78710909
was associated with the lower average ratio of the neuronal
isoform to total BIN1 expression and a lower percentage of
cells expressing a high ratio of the neuronal isoform of
BIN1. These results were observed in individuals diagnosed
with AD but not others, thus suggesting a disease-relevant
mechanism (Figure 9). No difference was observed in
other excitatory neurons, inhibitory neurons and oligoden-
drocytes (Supplemental Figure 6). This implies an under-
lying mechanism specific to AD pathology and in Cux2
+/Rorb+ neurons which have previously been identified
as selectively vulnerable in AD.16,17,20,22

The role of rs78710909-C in alternative splicing of BIN1
is supported by the lower expression of BIN1 neuronal
protein isoforms in APOE ϵ4 non-carriers (Supplemental
Table 11). The ‘C’ allele is associated with alternative spli-
cing that favors the exclusion of the exon specific to the
neuronal isoforms, particularly exon ‘7,’ leading to dimin-
ished expression of these isoforms. Our analyses suggest
this may involve differential binding of splicing factors
like ILF2, RBM8A, and EWSR1 to the genomic region sur-
rounding the SNP rs78710909 (Supplemental Table 12).
The precise mechanisms underlying allele-specific alterna-
tive splicing remain to be elucidated. It is plausible that
mechanisms leading to the altered isoform ratio of BIN1
are triggered by neuronal stress conditions that are experi-
enced during AD progression. Notably, splicing factors
ILF2, RBM8A, and EWSR1 are implicated in pathways
commonly disrupted in AD, including DNA damage
response, autophagy, and apoptosis.78–80

Importantly, we observed that in excitatory neurons in
the superficial layers (L2-L4) of the dorsolateral prefrontal
cortex, the genes associated with hallmarks of AD path-
ology were upregulated in neurons expressing a “low”
versus “high” ratio of neuronal isoform to total BIN1
(Figure 6, Figure 7, Table 2). Further, we found that these
neuronal stress related genes are upregulated only in
Cux2+/Rorb+ neurons16,17,20 but not in other excitatory
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neurons (Figure 8, Supplemental Figure 4). This selective
expression of neuronal stress related genes suggests that
the cells with “low” expression of BIN1’s neuronal
isoform are a vulnerable population in AD.

Taken together, our results suggest that the BIN1 SNP
rs78710909 contributes to AD pathogenesis by shifting
the balance of BIN1 isoform expression, with reduced
levels of the neuroprotective neuronal isoforms and
increased levels of the ubiquitous isoforms involved in
deleterious processes like tauopathy and apoptosis. This
effect is particularly observed in selectively vulnerable
Cux2+/Rorb+ excitatory neuron population in AD indivi-
duals and thus suggesting a disease-relevant mechanism. It
is possible that the underlying mechanism is triggered
during neuronal stress conditions that prevail in AD
pathology.

Conclusions and next steps
The BIN1 locus is the second most significant in
AD-GWAS.6 We propose that the BIN1 SNP rs78710909
may be involved in the underlying mechanism linking
BIN1 and selectively vulnerable neurons to AD pathology.
The ‘C’ allele of the SNP rs78710909 is associated with
lower expression of neuronal isoforms of BIN1 in selectiv-
ley vulnerable Cux2+/Rorb+ excitatory neurons in AD
patients. Further, genes related to hallmarks of AD path-
ology are upregulated in cells with lower ratio of BIN1’s
neuronal isoform, and the same genes are upregulated in
Cux2+/Rorb+ neurons but not other types of excitatory
neurons. Our evidence supports the hypothesis that the
BIN1 SNP rs78710909 lowers the ratio of BIN1’s neuronal
isoform in Cux2+/Rorb+ excitatory neurons and increases
their vulnerability to neuronal stress in AD.

The key strength of our study is that it utilizes in vitro
studies and integrates information from large publicly
available bulk RNA-seq, proteomics, and snRNA-seq data-
bases to investigate allele and cell-type-specific effects.
Future studies can help to clarify the effect of the ‘C’
allele of the BIN1 SNP rs78710909 on BIN1’s isoform
and celltype specific expression and whether this is affected
by Aβ accumulation, tau, age, oxidative stress, and DNA
damage.
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