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Transcription Factor-Wide Association Studies to Identify
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Alzheimer’s disease (AD) is a progressive neurodegenerative disorder with profound global impact. While genome-wide association
studies (GWAS) have revealed genomic variants linked to AD, their translational impact has been limited due to challenges in inter-
preting the identified genetic associations. To address this challenge, we have devised a novel approach termed transcription factor-
wide association studies (TF-WAS). By integrating the GWAS, expression quantitative trait loci, and transcriptome analyses, we
selected 30 AD single nucleotide polymorphisms (SNPs) in noncoding regions that are likely to be functional. Using human tran-
scription factor (TF) microarrays, we have identified 90 allele-specific TF interactions with 53 unique TFs. We then focused on several
interactions involving SMAD4 and further validated them using electrophoretic mobility shift assay, luciferase, and chromatin
immunoprecipitation on engineered genetic backgrounds (female cells). This approach holds promise for unraveling the intricacies
of not just AD, but any complex disease with available GWAS data, providing insight into underlying molecular mechanisms and

clues toward potential therapeutic targets.
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Significance Statement

all other complex diseases.
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We introduce a powerful platform for better understanding the genetic contribution of Alzheimer’s disease (AD) and other
complex diseases. Through genome-wide association studies (GWAS), many statistically significant single nucleotide poly-
morphisms (SNPs) associated with AD have been identified, but their functionality remains unknown. By screening >85%
of human proteome transcription factors and cofactors for allele-specific binding preferences with GWAS SNPs, we can
comprehensively elucidate the functionality of these SNPs in disease etiology. Using this strategy, we have identified
and validated several allele-specific interactions with AD-associated GWAS SNPs that have potential implications in pro-
cesses relevant to AD. By leveraging available GWAS data, we can identify functional SNPs not just in AD but in essentially
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Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative
condition responsible for 60-70% of dementia cases worldwide
(Song et al., 2019). Despite its profound impact, there are cur-
rently no treatments available to halt or reverse its progression,
primarily because our understanding of its intricate molecular
mechanisms remains incomplete. Genome-wide association
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studies (GWAS) and familial linkage analysis have successfully
identified genetic loci that confer risk for AD, including APP,
APOE, PSEN1, and PSEN2, among many others (Strittmatter
et al., 1993; Bekris et al,, 2010). This information has provided
critical insight into some of the biological processes involved in
the disease, such as cholesterol and lipid metabolism, immune
responses, and endosomal vesicle cycling (Van Cauwenberghe
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et al., 2016). Despite this progress, the functional basis for many
of these associations remains elusive.

In the post-GWAS era, identifying causal variants among
numerous significant variants remains challenging, particularly
in linkage disequilibrium regions. Expression quantitative trait
loci (eQTLs) have been useful in this pursuit by associating genetic
variants with variation in gene expression levels. For example,
based on whole-genome single nucleotide polymorphism (SNP)
genotyping and whole-transcriptome expression profiling in corti-
cal samples, many significant associations between inherited vari-
ants and transcripts expressed in the brain were identified (Myers
et al., 2007; Webster et al., 2009). While certainly successful in
identifying SNP-transcript connections, eQTL analysis is limited
because it must be performed in physiologically relevant cells
and tissues, and it neglects RNA-level processes beyond gene
expression, such as RNA splicing, degradation, and transport.

Another challenge has been uncovering the mechanisms
through which these variants are able to confer disease risk and
influence pathology. This is underscored by the fact that many
GWAS variants are SNPs located in noncoding genomic regions,
further obfuscating their functionality. This phenomenon sug-
gests functional SNPs are located within cis-regulatory elements,
thus affecting phenotype on the level of transcriptional regula-
tion. There is substantial evidence in the literature that SNPs
within regulatory regions can alter canonical transcription factor
binding and consequently impact gene expression (Maurano
et al,, 2012; Li et al., 2019).

To this end, ChIP-seq is a useful tool for connecting GWAS
SNPs with transcription factor binding sites (Landt et al., 2012;
Reddy et al., 2012), but this method requires a priori knowledge
of relevant TFs and an extensive collection of ChIP-grade anti-
bodies. Quantitative mass spectrometry has also been utilized
to identify differential transcription factor binding to GWAS
SNPs (Butter et al., 2012); however this approach is difficult to
scale up and often suffers from false negatives due to the low
binding affinity of typical TF-DNA interactions. Others have
predicted allele-specific binding sites using genomic footprints
obtained via mapping DNase I hypersensitivity sites or ATAC-
seq (Neph et al., 2012; Buenrostro et al., 2013), but this approach
can only be utilized for a limited number of TFs with known con-
sensus motifs, and not all TFs cause genomic footprints due to
weak or transient binding interactions. SNP-SELEX represents
an alternative strategy for efficiently detecting protein-DNA
interactions in a high-throughput manner. Nonetheless, it has
limited coverage of SNPs within the human genome, and the
method exhibits a subtle bias toward risk-associated loci (Yan
et al.,, 2021).

To overcome these challenges, we introduce transcription
factor-wide association studies (TF-WAS). In this method, we
employ human transcription factor protein microarrays (TF
arrays) containing ~1,700 full-length purified transcription fac-
tors (TFs) and cofactors (1,265 unique factors, greater than
85% coverage of those in the human proteome) spotted in dupli-
cate to screen GWAS SNPs for differential TF binding (Hu et al.,
2009). In doing so, we can discern allele-specific binding interac-
tions in an unbiased and high-throughput manner. This
approach, coupled with bioinformatic analyses and orthogonal
validation assays, can shed light on SNP functionality and TFs
involved, thus providing clues to underlying mechanisms in
AD. By harnessing available GWAS data, TF-WAS can enable
valuable insights into any complex disease or trait, offering a
comprehensive understanding of their genetic underpinnings
and potential therapeutic targets.
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Materials and Methods

Bioinformatic SNP selection. We obtained 2,750 AD-associated SNPs
from GWAS (v1.0.2) database (Sollis et al., 2023). We have two strategies
to enrich the SNPs that are likely to cause gene expression changes. We
selected (1) the SNPs located in the enhancers and (2) the SNPs that were
tested to affect gene expression through expression quantitative trait
locus (eQTL) studies. Approximately 400,000 enhancers were obtained
from EnhancerAtlas (Gao and Qian 2020) and SEA 3.0 (Chen et al,
2020) databases. Meanwhile, ~290,000 brain-/nerve-related eQTLs
were identified from the eQTL data portal GTEx (v8; Strober et al.,
2020). By the overlapping analysis between AD-associated SNPs and
these enhancers/eQTLs, we obtained a total of 418 AD-associated
SNPs that are likely to affect gene expression.

Protein microarray fabrication. Protein microarrays were fabricated
as described previously (Hu et al., 2009). From our previously generated
collection of ~21,000 full-length human ORFs expressible as N-terminal
GST-Hise fusion proteins (Jeong et al., 2012), ~1,700 transcription factor
and cofactor proteins were selected as a subcollection for printing on the
TF arrays. Each protein was expressed in 8 ml of yeast culture in a 96-well
format, with protein expression induced for 6 h by addition of galactose
in glucose-free media. Yeast cells were lysed mechanically in lysis buffer
(50 mM Tris-Cl at pH 7.5, containing 100 mM NaCl, 1 mM EGTA,
1mM PMSF, 10% glycerol, 0.1% Triton X-100, 0.1% beta-
mercaptoethanol, and Roche protease inhibitor tablet). Protein was pur-
ified from the lysates though binding with glutathione sepharose beads
(GE HealthCare, GE17-0756-04) overnight at 4°C. After incubation
overnight, the beads were washed three times with wash buffer I
(50 mM Tris-Cl at pH 7.5, containing 500 mM NaCl, 1 mM EGTA,
1 mM PMSF, 10% glycerol, 0.1% Triton X-100, and 0.1% beta-
mercaptoethanol) and three times with wash buffer IT (50 mM HEPES
at pH 8.0, containing 500 mM NaCl, 1 mM EGTA, 1 mM PMSF, 10%
glycerol, and 0.1% beta-mercaptoethanol) to remove any nonspecifically
bound proteins from the beads and equilibrate to the elution buffer,
respectively. Proteins were eluted from the beads using 80 pl of elution
buffer (50 mM HEPES at pH 8.0, containing 100 mM NaCl, 40 mM
reduced glutathione, pH 8.0, 30% glycerol, and 0.1% beta-
mercaptoethanol). Purified proteins were rearrayed into a 384-well for-
mat. Proteins were printed in duplicate at 200 pL per spot on PATH
Protein Microarray slides (Grace Bio-Labs, 805020). Quality was ensured
by probing with Anti-GST antibody to verify adequate protein loading.

Fluorescent and biotinylated DNA probe generation. Each of the
selected SNPs for this study were synthesized (Integrated DNA
Technologies) with 15 bp flanking contextual sequences on either side,
and an additional common modified T7 priming sequence (5'-ACCCT
ATAGTGAGTGCTATTA - 3') at the 3’ end. Cy3, Cy5, and biotin prim-
ers complementary to the T7 priming site were also synthesized
(Integrated DNA Technologies). Fluorescent/biotin primers were incu-
bated at a 1:1 molar ratio in 1x NEB II Buffer (NEB). Mixtures were
boiled at 95°C for 10 min and then cooled slowly to room temperature
to allow for annealing to occur. Once the mixture was fully cooled, 3 U
of Klenow Large Fragment 3'-5 exo- (NEB M0210) and dNTPs (final
concentration 1.5 mM) was added to each reaction. Reactions were incu-
bated at 37°C for 20 min to generate double-stranded probes.

Dye-swap protein microarray screening. SNPs are probed to the TF
arrays in pairs as a competition assay, with one allele labeled with Cy3
and the other labeled with Cy5. For each pair, the arrays are performed
in duplicate, with the allele colors swapped. For example, on one array
the Cy3 risk and Cy5 nonrisk are probed, while the Cy5 risk and Cy3 non-
risk are probed to another array. Prior to the competition assay, TF arrays
are blocked with blocking buffer (25 mM HEPES at pH 7.5, containing
50 mM potassium glutamate, 8 mM magnesium acetate, 3 mM DTT,
10% glycerol, 0.1% Triton X-100, and 3% BSA) for 3 h at 4°C. After block-
ing, Cy5 and Cy3 alleles are mixed in 1x hybridization buffer (10 mM
Tris-Cl at pH 8.0, containing 50 mM potassium chloride, 1 mM magne-
sium chloride, 1 mM DTT, 5% glycerol, 10 mM zinc chloride, and
3 mg/ml BSA) to a final concentration of 40 nM of each allele. Blocking



Dunnetal. @ TF-WAS to Identify Functional SNPs in AD

buffer is removed from the arrays, and then the mixed hybridization reac-
tion is added and incubated overnight at 4°C. After overnight incubation,
arrays are washed once with 3 ml of ice-cold TBST for 5 min, briefly rinsed
with water, and then dried via centrifugation. Arrays are scanned in both
the Cy5 (635 nm) and Cy3 (532 nm) channels separately at 1,000 PMT
using the GenePix 4000B scanner (Molecular Devices). GenePix Pro 7
software determines the foreground and local background intensities for
each detected fluorescent spot at every location on the corresponding
alignment grid (GAL file). For each image, a .TIFF file and a .GPR file
are generated and saved for analysis.

Protein microarray analysis. For each spot on the alignment grid, the
background and foreground intensities were determined by the GenePix
Pro 7 software. Using these values, ratiometric binding analysis was per-
formed as follows for each spot on the TF arrays using RStudio:

1

Re = L Cy3Non-Rish * Cy5 Non-Rish
= Lo
&2 Cy3Rish * Cy5Risk

Ratiometric binding values that are highly positive or highly negative
indicate strong preferential binding for the nonrisk or risk allele of the
given SNP, respectively. Values above +/—1 were considered significant
differential binding events for the purposes of this study. Raw GPR
files and processed data obtained in this study can be accessed through
the GEO database with access number GSE280753.

Electrophoretic mobility shift assay. Cy5 probes for the alleles of each
SNP were generated for detection of interactions with purified SMAD4
protein. We mixed 10 nM Cy5 SNP allele, 1 pM cold unlabeled compet-
itor allele, and purified SMAD4 protein in 1x hybridization buffer
(10 mM Tris-Cl at pH 8.0, containing 50 mM KCl, 1 mM MgCl,,
1 mM DTT, 5% glycerol, 10 uM ZnCl,, and 3 mg/ml BSA). Reactions
were incubated for 1 h at room temperature and then at 4°C overnight.
After incubation, reactions mixtures were analyzed using gel electropho-
resis with a 5% TBE PAGE gel in cold 1x TBE running buffer at 100 V for
1 h. Gels were visualized on Odyssey CLx (LI-COR Biosciences) using
the Cy5 channel.

OCTET. Kinetic measurements were obtained using OCTET QK
(Molecular Devices) with High Precision Streptavidin (SAX) biosensors.
Biotinylated probes were generated for each of the SNP alleles to be
tested. Prior to kinetic analysis, the biosensors were incubated in
1x hybridization buffer (10 mM Tris-Cl at pH 8.0, containing 50 mM
KCl, 1 mM MgCl,, 1 mM DTT, 5% glycerol, 10 uM ZnCl,, 3 mg/ml
BSA, and 0.1 mg/ml salmon sperm DNA) for 10 min to hydrate the sen-
sors and equilibrate to the buffer. A baseline measurement was taken in
1x hybridization buffer for 120 s, and then biosensors were moved to a
well containing 500 nM biotinylated DNA in 1x hybridization buffer
for 600 s to allow for DNA loading. After DNA was loaded onto the bio-
sensors, another baseline measurement was taken for 120 s in 1x hybrid-
ization buffer. Next, the biosensors were immersed in solutions
containing a range of concentrations of purified SMAD4 protein (195,
172, 144, 115, 86, and 0 nM) and allowed to incubate until a binding
equilibrium was reached. Finally, the biosensors were immersed back
into hybridization buffer to allow for the dissociation of SMAD4 from

Table 1. Guide sequences for gRNA design and screening primer sets
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the sensors. Binding curves and kinetic values were generated by
ForteBio Data Analysis software.

Luciferase assay. Luciferase constructs were generated for each of the
selected SNP allele pairs. Each allele was synthesized (Integrated DNA
Technologies) with four repeats of the SNP (with 7 bp flanking contex-
tual sequence on either side) and Nhel and HinDIII restriction sites on
the ends. These sequences were cloned upstream of the luc2P luciferase
reporter gene in pGL4.32 (Promega), replacing the NF-kB response ele-
ment which served to drive luciferase reporter gene expression. A clone
of the transcription factor SMAD4 (IOH3638) within a pDONR221
entry vector was obtained from the ChemCORE at Johns Hopkins
University and gateway cloned into the CMV driven pcDNA DEST40
to act as an overexpression vector.

For the luciferase assay, HEK293t cells (female) were plated in
24-well dishes and allowed to grow until ~70-90% confluent. Cells
were then transfected with 62.5 ng of SMAD4 overexpression vector,
62.5 ng of SNP allele luciferase vector, and 6.25 ng of Renilla control vec-
tor using Lipofectamine 3000 (Thermo Fisher Scientific) according to
manufacturer’s instructions. Luciferase assays were performed as
described by the Dual Luciferase Reporter Assay system from Promega
(E1910). Following 2 d of incubation, cells were passively lysed using
Passive Lysis Buffer at room temperature for 15 min. Lysates were trans-
ferred to a 96-well plate to facilitate luminescence signal reading. LARII
reagent was added to each of the wells, and then luminescence measure-
ments were recorded for the luciferase signals for each well. Following
this measurement, Renilla substrate was added to each well, and lumines-
cence readings were recorded again to determine the Renilla signal for
each well. Raw luciferase signals for each sample were normalized to
Renilla control signals to account for well-to-well variability in cell count.
Sample signals were further normalized to no TF control wells to account
for any background interaction with the SNP luciferase vectors. Error is
reported as the standard error across at least two experiments, each
experiment consisting of three replicates.

CRISPR/Cas9 generation of PDE1A and CACNA2D3 point muta-
tions in HEK293 cells. CRISPR/Cas9 system was used to generate point
mutations at the loci of PDEIA and CACNA2D3 in HEK 293 cell lines
(female) as previously described (Ran et al., 2013). The donor templates
for PDEIA or CACNA2D3 point mutations were designed to harbor
point mutation in defined loci and synthesized as single-strand oligo
donors (ssODNs) at IDT (Integrated DNA Technologies) without clon-
ing. To achieve high HDR (homologous DNA repair) efficiencies,
ssODNs contain flanking sequences of 40 bp on each side that are
homologous to the target region. For the gRNA design, we utilized an
online CRISPR Design Tool (https:/benchling.com) and selected the
20 nt guide sequence within or near by the point mutation sites
(Table 1). Then the designed gRNAs were cloned into the gRNA
Cloning Vector (Addgene, plasmid #41824). The functionality and
efficacy of designed gRNAs were assessed by SURVEYOR nuclease assay.

HEK 293 cells were plated in 100 mm dishes 1 d before transfection
and transfected with Cas9 expression vector, pSpCas9(BB)-2A-Puro
(px459; Addgene plasmid # 48139), cloned gRNA expression vector,
and ssODN using Lipofectamine 2000 according to manufacturer’s
instruction (Thermo Fisher Scientific, catalog #11668019). Transfected

gRNA sequence  PDETA 5" TTAGCTTTTGAAACTCACTTAGG 3/
CACNA2D3 5" ACACACCCTTCCTCGAGTCAAGG 3
ssODN sequence  PDETA
GATAAAGAATATGTGAATTTTTGGCATTTCTCTCACA 3/
CACNA2D3
ATAGGATGGGAGGAATGAATGGAGAGAAAATGTAGATTTAT 3/
Scrf primer PDETA 5" CATTCAGGCACAGAAATGGA 3
CACNA2D3 5 TCCTAGAACACATGGCCAGA 3
ScrR primer PDETA 5" GGATGAAAAATGGGGTGAAA 3/

CACNA2D3 5 CCAAGCTCTTACCCAGGGAA 3/

5'TTAAAGGAAAGCCAAAATGTTTGCATCATTTTACAGATTATTTTTTCCAAGTTTTAGCTTTTGAAACTCACTTAGGTAGACAGTTAAAATCAATATTCTACAGTTAATTTGTCCTATTTATAAA

5'GAACAAGGAAGGGAAGCATTTTGTGACACACACACACACACACACACACACACACACACACACACACACCCTTCCTCGAGACAAGGAGAAACTGAGCCTCCCAATTTACATTTTGAAGGT
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cells were incubated for 48 h after transfection then treated with puromy-
cin (3 pug/ml) for 7 d. Surviving colonies were picked from 96-well plates
and expanded until confluent. Then 10% of cells were cultured for fur-
ther use and 90% of cells were lysed with DirectPCR Lysis Reagent
(cell) (Viagen Biotech, catalog #301-C) for 6 h at 56°C for PCR screening
with designed screening primer sets (Table 1). For primary screening,
PCR products of PDEIA and CACNA2D3 were cut with Accl and
Hinfl, respectively, and then selected clones were performed with
Sanger sequencing or MiSeq for final confirmation.

Results

Bioinformatic selection of Alzheimer’s disease SNPs for
probing to the TF arrays

In this study, we first procured a dataset of 1,046 SNPs associated
with AD from the GWAS database (v1.0.2; Sollis et al., 2023). To
refine our selection of GWAS-identified SNPs to those that have
the potential to influence gene expression, particularly in AD, we
employed overlapping analysis with two additional datasets, as
visually depicted in Figure 1A,B. The first dataset contains a
selection of ~290,000 expression quantitative trait loci (eQTLs)
relevant to the brain and nervous system, sourced from the
GTEx Portal (v8; Strober et al., 2020). These loci have demon-
strated the ability to modulate gene expression in relevant cell
types, and thus have increased potential to play a role in the eti-
ology of AD. The second dataset consists of ~400,000 enhancer
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elements obtained from EnhancerAtlas (Gao and Qian 2020) and
SEA 3.0 (Chen et al,, 2020) databases. As mentioned previously,
functional SNPs have been hypothesized to reside within cis-
regulatory elements, where they can exert regulatory control
over nearby genes by influencing transcription or other essential
cellular processes. Using multimodality analysis with these three
datasets, we were able to achieve a list of 418 prioritized SNPs
associated with AD with increased potential for functionality
(Table 2). In this set of 418 SNPs, 200 were annotated to be within
enhancers, 155 were associated with changes on transcription of
a target gene expressed in the brain or nervous system via eQTL,
and 63 had a combination of the two annotations (Fig. 1A4). The
identified SNPs span various positions relative to the coding
regions, including intronic, intergenic, downstream, upstream,
and 3’-UTR regions, among others (Fig. 1A4).

Identification of allele-specific SNP-TF interactions using
human TF arrays

From the list of 418 SNPs, a set of 30 SNPs were selected in this
study for screens on the TF arrays (Table 2, bold entries). The
selected SNPs were either located in an enhancer region, impli-
cated in transcription of a target gene through eQTL, or had a
combination of these annotations. SNPs were strategically cho-
sen to cover diverse regions in relation to the target genes, while
also covering a spectrum of chromosomal positions (Extended

A
GWAS(v1.0.2) eQTL(GTEx v8) Enhancers
152,652 SNP studies -> ~290,000 eGene or ~400,000 enhancers from
1046 AD SNPs significant variant-gene EnhancerAtlas and SEA
associations
Overlapping Analysis
Lo 257
418 prioritized AD SNPs
17
o
SNPs with enhancers & <“H
ks
g 100
§ 64
23 21 18 14 9 5 7
0
\*°° & & & ° q;*o(\ & & &
TE TS TS
SNPs with eQTLs < R &
@ °
B rs1582763
rs983392 / rs1562990
/ rs610932 '3 rs4938933
T ) B

<~ SNP with Enhancer & eQTL

[ Enhancer
[N Target gene SNP

Figure 1.

SNP with eQTL
———— Variant gene association (€QTL)

=== eQTL variant

Selection of AD-associated SNPs for probing to the TF arrays. A, 1,046 AD-associated GWAS SNPs were further filtered using overlapping analysis with ~290,000 brain and nervous

system-related eQTLs from the GTEx portal (v8), as well as ~400,000 enhancer elements from EnhancerAtlas and SEA 3.0. This resulted in a list of 418 prioritized SNPs to be tested using the
dye-swap approach on the TF arrays. SNPs within this list span various regions relative to the target gene, within intronic being the region the majority of the SNPs reside in. See Extended Data
Figure 1-1 for more details. B, An illustration of the SNPs identified through overlapping analysis.
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Table 2. Full list of 418 bioinformatically selected SNPs
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rs ID Chromosome  Position SNP loc Mapped genes PMID

1517767225  chr14 71199580  14q24.2  L0OC105370706 22881374

rs11168036  chr5 140327854 5q31.3 PFDN1, HBEGF 25778476; 28183528

rs679515 chr1 207577223  1q32.2 (R1 25778476

159304861 chr19 34780984  19q13.11  L0C105372375, LOC100419834 26830138

rs2075650 chr19 44892362  19q13.32  TOMM40 26993346; 20885792; 20460622; 24770881; 24755620; 19734902;
20061627; 19734903; 21123754; 20100581; 28641921; 20932310

159271192 chré 32610753  6p21.32  HLA-DRB1, LOC107986589 24162737

rs4420638 chr19 44919689  19q13.32  APOC1, APOC1P1 17975299; 26830138; 17998437; 22005931; 17474819; 22832961;
26421299; 28641921

156738181 chr2 204263298 29333 L0C100419685, DSTNPS 22881374

1s17366218  chr2 182154019 2q32.1 PDE1A 25778476

rs2279590 chr8 27598736 8p21.1 (LU, (LU 25778476; 19734903

157920721 chr10 11678309  10p14 L0C105376413, LOC105376412 25778476; 28183528; 24162737

159331896 chr8 27610169 8p21.1 (W 25778476; 24162737

rs10792832  chrl1 86156833  11q14.2  RNU6-560P, LOC107984426 25778476; 24162737

1s56131196  chr19 44919589 19913.32  APOC1, APOCTIP1 26830138; 23419831

rs143083071  chrl 99242198  1p213 10C100129620, LPPR4 26830138

rs143638193  chr4 140579551  4g31.1 RN7SL152P, TBC1D9 26830138

15145049847  chr16 22190681  16p12.2  SDR42E2, TRL-TAG3-1 26830138

rs857551 chr21 43410112 219223 L0C107987301 26830138

rs10273775  chr7 147200311 7935 CNTNAP2 22159054

154676049 chr2 109018801  2q13 RANBP2 20885792

rs769449 chr19 44906745  19q13.32  APOE 23562540; 26421299; 28247064; 28641921

rs519113 chr19 44873027  19q13.32  PVRL2 23565137

157039300 chr9 14064742 9p23 RPL3P11, ATP5HP3 23419831

rs7431992 chr3 54319213 3p21.1 CACNA2D3 26339675

175635567  chr8 103186989  8q22.3 BAALC 27770636

15186588455  chr17 38287606  17q12 L0C105371760 27770636

15116530595  chr9 110213589 9q31.3 (90rf152, TXN 27770636

173239797  chr7 96446404 79213 10105375410, LOC105375411 27770636

156665019 chn 25001518 1p36.11  RUNX3, MIR4425 25188341

rs35862341  chr14 55895020  14g22.3  LINC00520, LOC105370511 25188341

157638995 chr3 69124224 3p14.1 LMOD3, FRMD4B 22881374

156468852 chr8 102963761 84223 L0C100506753 22881374

1511848070 chr14 71040884  14g24.2  PCNX 22881374

154663105 chr2 127133851  2q14.3 10105373605 25778476

15382216 chrs 131351444 5g31.1 (DC42SE2 25778476

156890695 chr5 131552731 5g31.1 RAPGEF6 25778476

15758324 chr5 131773852 5g31.1 FNIP1 25778476

1s142958719  chr5 131897266  5q31.1 MEIKIN 25778476

15476428 chr5 131965922 5g31.1 ACSL6 25778476

1575045569 chr7 148342115 7935 EPHA1-AS1 25778476

1s3851179 chrnl 86157598  11q14.2  RNU6-560P, L0C107984426 25778476; 19734902

157207400 chr17 45746994 17921.31  MGC57346-CRHR1 25778476

152732703 chr17 46275856 1792131  ARL17B, LRRG37A 25778476

15199499 chn7 46788132 17¢2131  WNT3 25778476

159869689 chr3 121607829  3q13.33  FBX040 25778476

151129187 chré 42964462  6p21.1 PEX6 25778476

152854437 chr15 45065212 15q21.1  SORD 25778476

152271920 chr8 27458600  8p21.2 PTK2B 25778476

1511218343 chrn1 121564878  11q24.1 SORL1 25778476; 23565137; 24162737

1s59043219 chn 209797265 1q32.2 IRF6 25778476

151936246 chré 58045670  6p11.2 10C101927293 25778476

15116139393 chr7 6732029 7p22.1 10107986695, PMS2(L 25778476

151347297 chr2 178380259  231.2 0SBPL6 26830138

1512041233 chr 37287106  1p343 RNA5SP43, RPS29P6 26830138

15182798940 chr 43453815  1p34.2 SIT2, HYI 26830138

157609954 chr3 61650482  3p14.2 PTPRG 26830138

15116300850 chr5 77556409  5q13.3 WDR41 26830138

1561142792 chr5 177556462 5q35.3 10105377750 26830138

1512374991 chr7 11188315 7p213 PHF14 26830138

15147213018 chr9 77060964  9q21.2 L0C105376096, RFC5P1 26830138

15117792039 chr10 105050857  10g25.1 SORCS3 26830138

1511220271 chrnl 125907477 11q24.2  DDX25 26830138

1561960582 chr13 52557892 13q143  L0C105370208, TPTE2P3 26830138
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1s56146971 chr4 91453757 14q32.12  L0C105370625, SMEK1 26830138
15189794920 chr16 2608384 16p13.3  L0C652276 26830138
1579480822 chr17 63576864  17q23.3  DCAF7 26830138
1534111070 chr7 63716838  17¢23.3  STRADA 26830138
156714710 chr2 97728623  2q11.2 ZAP70 26993346
154965006 chr12 131934988 1292433  PUST 26993346
rs11637445 chr15 67699268 15923 MAP2K5 26993346
158038734 chr15 72519061 159241 ARIH1 26993346
15433852 chr19 48613847  19q13.33  FAMS3E 26993346
1512134133 chn 207284500 1q32.2 (4BPAP2, (D55 26993346
1512044355 chr1 231708601  1q42.2 DISC1, TSNAX-DISCT 19118814
152061333 chr19 44110055  19q13.31  L0C100379224 19118814
15340849 chn 213944747 1323 PROX1-AS1 22159054
1517511627 chr13 26150190  13q12.13  RNF6, ATP8A2P3 22159054
15912330 chr13 98479040 13322 STK24 22159054
157364180 chr22 41822852 22q13.2  ((DC134 21123754
1511782819 chr8 10477271 8p23.1 PRSS52P, LINCR-0001 20452100
1511055612 chr12 13770394 12p13.1 GRIN2B 20197096
1578022502 chr2 127638592 29143 LIMS2 23535033
15538867 chr3 39471787  3p22.1 MOBP 23535033
15340635 chr4 87010252 49213 AFF1 23535033
15143954261  chr5 127393758  5q23.2 MEGF10 23535033
154794202 chr17 47853173 1792132 SP6 23535033
15117964204  chr17 50614721 1792133 CACNA1G 23535033
1517169634 chr7 34054385  7p143 BMPER 24770881
151552244 chr3 10093893  3p25.3 FANCD20S, FANCD2 24755620
156857 chr19 44888997  19q13.32  PVRL2 23419831; 28183528; 25188341
154968782 chr7 63471115 179233 (YB561, LO(342541 25340798
156808835 chr3 46408373  3p2131  ((RL2 25340798
152228467 chr3 42864624  3p22.1 ACKR2 25340798
153743162 chr15 84887738 15¢25.3  SLC28A1 22005931
15733175 chr4 10048517 4p16.1 SLC2A9, WDR1 22005930
1516970672 chr17 77948568  17g25.3  L0C105371909, TNRC6C 22005930
rs4038131 chr2 17593765  2p24.2 VSNL1 22005930
1510207628 chr2 127094445  2q14.3 BIN1 22005930
159811423 chr3 113103475 3q13.2 L0C107986114, L0C101929717 22005930
1511006923 chr10 28216015 10p12.1  MPP7 22005930
156509701 chr19 52880932  19q13.41 INF320 22005930
1511252926 chr10 520439 10p15.3  DIP2C 22005930
151800795 chr7 22727026 7p15.3 L0C541472, IL6 26545630
151925690 chré 87157345  6q14.3 INF292 21116278
1510937470 chr3 191283019 3928 UTS2B 21116278
159846480 chr3 138306554  3q22.3 NME9 21116278
159899728 chr17 75022679  17925.1 ICT1, RNU6-362P 26913989
15394819 chr19 44901322 19q13.32  TOMM40 26339675
15840163 chr12 56926927  12q13.3  SDR9(7 25649651
154474465 chrnl 78493334 11q14.1 L0C105369403, NARS2 25649651
15314277 chré 104959787  6q16.3 LIN28B 28560309
152632516 chr17 58331728 17922 BZRAP1-AS1 28183528
152373115 chrl 78380104  11q14.1 GAB2 17553421
156656401 chr 207518704  1q32.2 (R1, (R1 19734903; 24162737
1s3818361 chn 207611623  1q32.2 (R1, CR1 19734903; 21460840
1562209 chr10 10958376  10p14 CELF2 21379329
159349407 chré 47485642  6p12.3 (D2AP 21460841
154938933 chrhl 60266956  11q12.2  MS4A4E, MS4A4A 21460841
153865444 chr19 51224706 19q13.41 (D33 21460841; 24162737
156701713 chr 207612944  1q32.2 (R1 21460841
153752246 chr19 1056493 19p13.3  ABCA7 21460841
151357692 chr2 107062032 2q12.3 L0C105373535, LOC105373536 22832961
1510948363 chré 47520026  6p12.3 (D2AP 24162737
1511771145 chr7 143413669 7935 EPHA1-AS1 24162737
154147929 chr19 1063444 19p13.3  ABCA7 24162737
151476679 chr7 100406823  7q22.1 ZCWPW1 24162737
1510838725 chrl 47536319  11p11.2  CELF1 24162737
1572807343 chr5 179811261  5g35.3 SQSTM1 24162737
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159381040 chré 41186912 6p21.1 10107986595, TREML2 24162737
157818382 chr8 95041772 8q22.1 NDUFAF6 24162737
1510751667 chrnl 941941 1p155  AP2A2 24162737
158035452 chr15 50748601  15¢21.2  SPPL2A 24162737
157225151 chr17 5233752 17p13.2  L0C100130950, SCIMP 24162737
153764650 chr19 1046521 19p13.3  ABCA7 21460840
15610932 chrnl 60171834  11q12.2  MS4A6A 21460840
15142076474 chr3 134501479 3q22.2 CEP63 27770636
1562179067 chr2 179270456  2q31.2 SESTD1, L0OC644776 27770636
15846858 chr19 44625528 1991331  IGSF23 27770636
155771225 chr22 50201044  22q13.33  SELO 27770636
1579926713 chré 33427745  6p21.32  SYNGAP1 27770636
1562177277 chr2 179139721 2q31.2 SESTD1 27770636
151031261 chr2 32640454 2p223 Q7 22745009
153820201 chr 53115998  1p323 SLC1A7 22745009
152298948 chr2 75699439 2p12 GCFQ2 22745009
15959695 chr8 99822954  8q22.2 VPS138B 22745009
152838923 chr21 45427029 219223 (OL18A1 22745009
1516912145 chr10 58322908  10q21.1  (ISD1, UBE2D1 20100581
156835098 chr4 173168087  4q34.1 10C101930370 25188341
1511158198 chr14 58109602  14¢23.1 (140rf37 25188341
153003214 chr 244441734 1944 ADSS 25188341
1541526548 chr9 92129496  9q22.31 SPTLC1, LOC100128076 25188341
158105265 chr19 2920707 19p13.3  L0C101928631 25188341
157589728 chr2 88218921  2p11.2 THNSL2, RNY4P15 26545630
154545046 chr8 27699009  8p21.1 SCARA3 26545630
1512470837 chr2 131824938  2q21.2 (20rf27B, L0C647996 26545630
1510102274 chr8 90639859  8q21.3 TMEM64 26545630
151693575 chr8 100670549  8q22.3 L0C105375672, PABPC1 26545630
151662046 chr4 99350902 4923 ADH1C 26545630
15741668 chr13 45942333 13q14.13  L0C105370191, Z(3H13 26545630
151006064 chr13 51272469 13143 FAM124A 26545630
152442825 chr3 9437458 3p25.3 SETD5 26545630
1s131814 chr22 50521672 22q13.33  NCAPH2 26545630
15144495862 chr7 48193794 7p12.3 ABCA13 26545630
15316341 chré 2838014 6p25.2 SERPINB1 28247064
15184539343  chr2 158437237  2q24.1 ((DC148 28247064
15115141604  chr3 47209901 3p21.31 KIF9-AS1 28247064
1513255475 chr8 120455836  8q24.12  MTBP 28247064
1560871478 chr7 787688 7p22.3 DNAAF5, SUN1 28247064
1541157 chr22 30009162 229122 MTMR3, HORMAD2-AS1 28247064
154267554 chr2 46673906  2p21 L0C105374585 28247064
1528825742 chr6 70624299  16g22.1 1134 28247064
15656900 chr15 79809690  15¢25.1  RPS12P25, RNU6-667P 28247064
1513012722 chr2 169920011  2q31.1 UBR3 26268530
158129913 chr21 25692027  21g21.3  JAM2 26268530
15927675 chr10 28094004  10p12.1 MPP7 21116278
156686643 chr 165647351  1q24.1 MGST3 21116278
151569476 chn 169639679  1q24.2 SELP, L0C107985745 21116278
157294478 chr12 7114209 12p13.31  C1RL-AST 25188341
159938198 chr16 20542161 16p12.3  ACSM2B 25188341
1517879437 chr19 36151982 19g13.12  (OX7A1 25188341
157631605 chr3 37193098  3p22.2 L0C105377642 20932310
1512643654 chr4 95238666 49223 UNC5C 20932310
152290720 chr12 101293265 129232 UTP20 20197096
15242557 chr17 45942346 1792131  MAPT 28100725
157072793 chr10 6064303 10p15.1 IL2RA, RPL32P23 28100725
1s1539581 chn 111404336 1p13.2 PGCP1, OVGP1 28641921
1511910985 chr21 46622854 219223 S100B, PRMT2 28641921
151981331 chr21 46575530  21922.3  DIP2A, S100B 28641921
1517027633 chn 111419634 1p13.2 0VGP1 28641921
151727638 chré 71429869  6q13 10102724000 20932310
155998432 chr22 32349929 229123 SLGSA4 20932310
1576137255 chr19 40277925 199132 AKT2 26252872
1579811809 chr7 140933681  7q34 L0C105375536 26252872
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rs138451097  chr19 2873631 19p13.3  INF556 26252872
152301659 chr19 18924545 19p13.11  DDX49 26252872
1528671666 chr7 12144804  7p21.3 THSD7A, TMEM106B 25188341
151116547 chr5 113344640  5q22.2 McC 25188341
159309711 chr2 3468367 2p25.3 TRAPP(C12 25188341
1511675119 chr2 3472651 2p25.3 TRAPP(12 25188341
1510166461 chr2 127101837  2q143 BIN1 25188341
1512595161 chr15 52630693  15g21.3  FAM214A 25188341
157818345 chr8 19449107  8p21.3 (SGALNACT1 28577822
152018293 chr22 26308595 229121 SEZ6L 25188341
1562174474 chr2 187315682  2q32.1 L0C105373786 25188341
152124379 chrn1 18276016 11p15.1 SAA1, HPS5 25188341
1528523990 chr7 124796085 7q31.33  L0C154872, POT1 25188341
152452591 chr4 94555568  4q22.3 PDLIM5 25188341
1511148252 chr13 52434913 13q143  VPS36 25188341
15727505 chr7 124822027 793133 10154872, POT1 25188341
1511024598 chrl 18270189 11p15.1 SAA1, HPS5 25188341
154845552 chr 153507522 19213 RN7SL44P, S100A6 19668339
15682748 chrs 17148802 5p15.1 L0(285696 19668339
151364705 chr8 119212566  8q24.12  MAL2 19668339
1510781380 chr9 76793228  9q21.2 PRUNE2 19668339
151082714 chr12 67235051 129143  RAB11AP2, GGTA2P 19668339
158115854 chr20 37137934 20q11.23  MROH8 19668339
156031882 chr20 37181380  20q11.23  RPN2 19668339
151795240 chn 171122735 19243 L0C105371611 22903471
157414227 chrl 153876520  1q21.3 GATAD2B 22903471
1511264736 chr 153966654  1q21.3 SL(39A1 22903471
156941712 chré 130961070  6q23.2 EPB41L2 22903471
159426935 chn 153796924 1213 10C105371448 22903471
152252508 chr 153941294 1q21.3 DENND4B 22903471
1516928809 chrnl 2915722 1p154  SLC22A18 19414484
1512714207 chr2 88016274  2p11.2 10C100419917, RNU2-63P 19414484
15869244 chr10 111149347 10925.2  LOC724065, BTBD7P2 20526338
152893923 chr10 63501424 10213 JMID1C 20526338
154947339 chré 28948475 6p22.1 TRM-CAT3-1, TRK-TTT3-5 20526338
1512367822 chr12 56810376  12q13.3  HSD17B6, YWHAQP3 20526338
151260326 chr2 27508073  2p23.3 GCKR 27094239
156471717 chr8 58464798  8q12.1 UBXN2B, CYP7A1 27094239
15579459 chr9 133278724 9q34.2 ABO, LCN1P2 19729612
151671152 chr19 55014977  19q13.42  L0C107985325, GP6 20526338
1512922317 chr16 11983775 16p13.13  SNX29 23358160
1517496332 chr 107003753 1p13.3 10105378889, PRMT6 22829776
15780093 chr2 27519736 2p233 GCKR 22829776
157910927 chr10 63379150  10g21.3  JMID1C 22829776
1512150660 chr17 7618597 17p13.1 SHBG 22829776
151573036 chrX 110576840  Xq23 TDGF1P3, L0C100131200 22829776
1510454142 chr2 48419260  2p16.3 FOXN2, PPP1R21 22829776
153779195 chr7 98364050  7q21.3 BAIAP2L1 22829776
151641537 chr17 7642403 17p13.1  SHBG, ATP1B2 22829776
1511983798 chr7 105640741  7q22.3 ATXN7L1 22881374
15472926 chrn1 126035363 11g24.2  (DON 22881374
154937314 chrml 128319206 119243 L0C107984408, LOC105369566 22881374
1516830122 chr 154713065 1q21.3 KCNN3 25778476
1511761441 chr7 82377 7p22.3 10C101929756 25778476
1510498633 chr4 92460608  14q32.12  SLQ24A4 25778476; 24162737
156733839 chr2 127135234 2q14.3 L0C105373605 25778476; 24162737; 25188341
152876189 chré 10101984  6p24.3 10107983965 25778476
15721146 chr21 24540925  21g21.2  L0C105372751 25778476
156927354 chré 6316080 6p25.1 F13A1 26830138
152445130 chr 21911229 1p36.12  HSPG2 26830138
rs11588387 chn 109995242 1p133 AHCYLY 26830138
1575009721 chr2 24254185 2p233 ITSN2 26830138
15183562580 chr2 26471784  2p233 OTOF 26830138
15182928794  chr2 65140292  2p14 RAB1A, LOC729317 26830138
15140661185 chr2 65382753  2p14 SPRED2 26830138
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1s140009341  chr2 136433314 2q22.1 RN7SKP141, SMC4P1 26830138
1558920042 chr3 71931938  3p13 RN7SL271P, LOC105377157 26830138
15141568462 chr5 89179048  5q14.3 MEF2C-AS1 26830138
rs188951355  chr5 143553786 5q31.3 L0C105378208 26830138
15543844 chré 44457063  6p21.1 (DC5L, LOC105375074 26830138
1517062407 chré 133383011  6q23.2 10C107984121, EYA4 26830138
1575290158 chr7 97023147 79213 DLX5 26830138
15188420713 chr8 37276671 8p11.23  SMARCE1P4, L0OC100507403 26830138
157047415 chr9 95778950  9922.32  LOC105376161, LINCO0476 26830138
1561860854 chr10 59580135  10¢21.2  LOC105378318 26830138
15117250828 chr1 12171710 11p153  MICAL2 26830138
15141218484  chr11 62481191 1q123  AHNAK 26830138
153911569 chrml 95362871 1121 10C100129203, LOC105369439 26830138
rs116938548  chr12 4699085 12p13.32  NDUFA9, L0C101929549 26830138
15189465671 chr13 80962230  13¢31.1 10102724139, LINC00377 26830138
15117969561  chr13 100558935 13g32.3  GGACT 26830138
15150511909  chr14 97442349 14¢32.2  LOC105370648, L0C101929241 26830138
158033755 chr15 28136400  15913.1 HERC2 26830138
15137967137 chr16 80433296  16q23.2  L0C102724084 26830138
15142176337 chr18 59914255  18q21.32  PMAIP1, LOC105372151 26830138
15115786578 chr20 34149795  20q11.22  RPS2P1, ASIP 26830138
15147775533 chr20 50382958  20q13.13  LOC105372657, RN75L636P 26830138
15189677472 chr21 42641102 219223 10C101928233, L0C101928255 26830138
15141503849 chr22 19704370 22q11.21  L0OC100420103, SEPTS 26830138
1511610206 chr12 47245743 12q13.11  L0C105369746 19118814
1517006206 chr2 27684606  2p23.3 SLC4A1AP 22159054
151923775 chr4 2101369 4p16.3 POLN 22159054
15956225 chr8 121897448  8q24.13  L0C105375732, MRPS36P3 22159054
15157580 chr19 44892009  19q13.32  TOMM40 21123754; 19125160
1517798800 chr13 34376390  13g13.2  L0C105370158 23374588
1s514716 chr9 3929424 9p24.2 GLIS3 23562540; 28247064
156922617 chré 41368363  6p21.1 NCR2, LOC100505711 23562540
159832461 chr3 39708102 3p22.1 NFUTP1, LOC105377039 20197096
1558370486 chr7 16668236 7p21.1 BZW2 23535033
152392492 chr7 37325592 7p14.1 ELMO1 23535033
1517172199 chr7 43337677  7p13 HECW1 23535033
rs11023139 chrhl 14202800  11p15.2  SPON1 23535033
1517301739 chr15 58438440  15q21.3  L0C101928694, LIPC 23535033
1575617873 chr22 44130225  22q13.31 PARVB 23535033
1559007384 chr19 44893408 1991332  TOMMA40 23419831
159384488 chré 156688247  6q25.3 NMTRV-TAC1-1, ARID1B 23419831
1510219670 chr12 105714941 129233 (ASC18 23419831
1561812598 chn 154447611 19213 IL6R 25340798
1517429217 chr12 116857528  12924.22  HRK 22005931
152104362 chré 33857581 6p21.31 10105375027 22005931
151037757 chr18 59084822  18¢21.32  L0C107987259, SEC11C 22005931
1510792830 chrnl 86127766  11q14.2  PICALM, RNU6-560P 22005930
15157582 chr19 44892962  19q13.32  TOMM40 22005930; 26421299; 28641921
153764640 chr19 1207239 19133 STKN 22005930
154670766 chr2 37713399 2p22.2 10C107985870, LOC105374465 21116278
157805803 chr7 50185795  7p12.2 (7orf72, IKZF1 21116278
154318070 chr13 98308508 13322  FARP1 21116278
153784609 chr15 60618351  15¢22.2  RORA-AS1, RORA 21116278
153905000 chr9 104894789  9q31.1 ABCA1 21116278
152243170 chn 206836565 1q32.1 IL19 25649651
152400749 chr14 99570681 149322 ((DC85C 25649651
1517090219 chr18 56523802  18q21.31  L0C105372132, LOC105372135 28560309
1556378310 chr13 110537326  13q34 RAB20 28560309
1511121365 chr 9297665 1p36.22  SPSB1 28560309
152484 chr3 197541698 3929 BDH1 28560309
156016505 chr20 41049649  20q12 TOP1 28560309
1512525341 chré 155173590  6q25.2 TIAM2 28560309
15283811 chr19 44885243 19q13.32  PVRL2 28183528
15727153 chrd 154733269 4q32.1 NDUFB2P1, LRAT 18823527
157081208 chr10 13949865  10p13 FRMD4A, FRMD4A 22430674
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1517314229 chr10 13974159 10p13 FRMD4A, FRMD4A 22430674
151532278 chr8 27608798  8p21.1 (Qni] 21460841
157274581 chr20 56443204  20q13.31 (CASS4 24162737
1528834970 chr8 27337604  8p21.2 PTK2B 24162737
156448799 chrd 11628425  4p15.33  L0C107986178 24162737
15115798104  chr3 169273046  3q26.2 MECOM 27770636
15181696879  chr8 6680850 8p23.1 L0C100507530 27770636
15141846544 chr8 80432793  8g21.13  RNU6-1213P, LOC105375922 27770636
15117022236 chr1 19288434  1p36.13  AKR7A3 27770636
rs181299481  chr9 111149099 9313 L0C105376219 27770636
15146322114 chr15 101501820  15¢26.3  LOC105371028, SNRPCP18 27770636
1576816469 chr16 68759780  16q922.1 (DH1 27770636
152244526 chn 169617708  1q24.2 SELP 27770636
151034435 chr22 48492443 22q13.32  FAM19A5 27770636
rs7313581 chr12 25269783  12p12.1 KRAS, LOC105369701 27770636
15147985478 chr12 69997949 12915 MYRFL, L0C100125409 27770636
15150269952 chrl 206526352 1¢32.1 RASSF5 27770636
15138543081 chr9 107043881  9931.2 L0C340512 27770636
15117756856  chr7 18212452 7p21.1 HDAC9 27770636
15188392327 chr2 233651485  2q37.1 UGT1A10, UGT1A8, UGT1A 27770636
154667682 chr2 171271410 29311 10105373737 22745009
1510932886 chr2 220855368  2q36.1 10107985990, L0C107985988 20100581
157610017 chr3 189625635  3q28 TP63 20100581
154846835 chr1 230145409 1g42.13  GALNT2 25188341
153850579 chr5 142484808  5q31.3 100101926941, RPS12P10 25188341
1555643152 chr14 50020073  14g21.3  (140rf183 25188341
1534487851 chr2 106026098 2q12.2 L0C105373531, C20rf40 25188341
1512492269 chr3 178442780  3q26.32  LINC01014 26545630
152029773 chr3 107825799  3q13.12  BBX, LINC00635 26545630
152581305 chr16 86340602  16924.1 LINC00917 26545630
1s57375391 chr7 22665007  7p15.3 10401312 26545630
15417387 chr3 42530054  3p22.1 VIPR1 26545630
159972327 chr15 90087660  15¢26.1 IDH2 26545630
159305339 chr21 27903308 21213 LINC00113, LINC00314 26545630
1517068510 chr8 4005589 8p23.2 (SMD1 26545630
156758001 chr2 215750203 235 LINC00607 26545630
1512279261 chrhl 113235733 11923.2  NCAM1 21116278
1576881547 chr14 96166655  14g32.2  (14orf132, BDKRB2 28247064
15149151450 chr19 45094525  19q13.32  PPP1R37 28247064
1517725296 chr2 21837068  2p24.1 L0C645949, RN7SL117P 28247064
156770219 chr3 186476609  3q27.3 10C107986165, L0C253573 28247064
152198044 chr8 110161577 8q23.2 RPSAP48, 10100132280 28247064
rs142199880  chr9 8401021 9p24.1 PTPRD 28247064
1510225144 chr7 17462966  7p21.1 10C102659288, LOC105375172 28247064
1534871495 chr20 56735227  20q13.31  PTMAP6, RNU6-929P 28247064
1510470013 chr20 50993140  20q13.13  MOCS3, KCNG1 26268530
1511744848 chr5 57841672 5q11.2 10C101928505, L0C101928539 26268530
15903027 chr8 61496869  8q12.3 CLVST 21116278
159471576 chré 41336067  6p21.1 NCR2 21116278
1562341097 chr4 173173789  4q34.1 GALNT7 25188341
1528479400 chr15 99455679 1526.3  L0C105371017, LOC107984790 25188341
1561041336 chr6 58699258  16q21 SL(38A7, GOT2 25188341
152280302 chr9 94587238 9q22.32  FBP2 28641921
1512265790 chr10 15831289  10p13 FAM188A 28641921
159806191 chr15 63945957 1592231  DAPK2 28641921
156506440 chr18 6781017 18p11.31  ARHGAP28 28641921
152899472 chr15 51223858  15q21.2  CYP19A1 20932310
1512534221 chr7 131603231  7q323 PODXL, EEF1B2P6 20932310
1536056951 chr8 138953555 8q24.3 (OL22A1, KCNK9 26252872
1576478271 chr19 40819294  19q13.2  CYP2F2P 26252872
1555704525 chr7 43528967  7p13 HECW1 26252872
158190569 chr9 96235779  9922.32  HSD17B3 26252872
15509477 chr18 34979331 18q12.1 MAPRE2 26252872
15113027826  chr2 206684788  2q33.3 DYTN 26252872
1512316703 chr12 118402652  12q24.23  SUDS3 25188341

(Table continues.)
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rs ID Chromosome  Position SNP loc Mapped genes PMID

158074980 chn7 57933599 17q22 CUEDQT 25188341
1512446940 chr16 3912619 16p13.3  CREBBP, L0C102724927 25188341
1512084151 chr 238246145 1943 YWHAQP9, L0C105373220 25188341
rs11118993 chn 206542522 1q32.1 RASSF5 25188341
157626019 chr3 42229189  3p22.1 TRAK1, LOC105377048 25188341
1513053731 chr22 36286661 229123 MYH9 28577822
15897148 chr8 125568924  8q24.13  L0C105375746 28577822
1511769293 chr7 28872190  7p143 CREBS5, TRIL 25188341
157048146 chr9 109537042 9q31.3 PTPN3 25188341
1534660913 chrnl 13136463  11p15.3  L0OC105376558, ARNTL 25188341
156127813 chr20 56679998  20q13.31  RNU6-1146P, RN7SL170P 25188341
15262741 chr5 165705969  5q34 RN7SKP60, LOC574080 25188341
15133911 chr22 44127282 22q1331 PARVB 25188341
156887317 chr5 11370935  5p15.2 CTNND2 25188341
156881634 chr5 78335030  5q14.1 RNU6-183P, SCAMP1-AS1 19668339
1510074258 chrs 107646859  5q21.3 EFNA5 19668339
1510276619 chr7 50273756 7p12.2 (7orf72, IKZF1 19668339
156590322 chrnl 128336515 11g24.3  L0C107984408, LOC105369566 19668339
153026968 chn 159177662  1q23.2 CADM3 22291609
151919922 chr2 122379314 2q14.3 10C105373592 22903471
1511083866 chr19 29245435 19q12 RN7SL340P, L0C284395 22903471
1517140547 chrhl 80666008  11q14.1  ARL6IP1P3, LOC105369409 22903471
156742078 chr2 233763993 2q37.1 UGT1A10, UGT1A4, UGT1A8, UGT1A9, UGT1A5, UGT1A3, 19414484

UGT1A, UGT1A6, UGT1A7, UGT1A1

154773330 chr13 111166485  13q34 ARHGEF7 19414484
157940646 chr11 10647681 11p154 MRV 20526338
15179429 chrn1 2529500 1p155  KCNQ1 20526338
159843304 chr3 149493600  3q25.1 TM4SF4 27094239
154757144 chrl 13309679  11p15.3  ARNTL 23358160
158057927 chr16 82659207  16q23.3  (DH13 23358160
152411984 chr17 49368389  17q21.33  10C10272459% 22829776

Bold and underlined entries represent the set of 30 SNPs selected for follow up screening in this study.

Data Fig. 1-1). To facilitate observation of differential binding
interactions with AD-associated SNPs and TF proteins and to
avoid potential bias caused by the fluorophores used to end-label
each allele probe, we employed a “dye-swap” approach to simul-
taneously survey a pair of risk and nonrisk alleles on the TF
arrays as depicted in Figure 2A. If the TF protein array-based
assay is sensitive enough to distinguish single base-pair changes,
we would expect to observe three possible modes of allele-specific
TF interactions, as described in Figure 2B: (1) loss-of-function,
when the introduction of a risk allele weakens or prevents bind-
ing with a canonical TF; (2) enhanced function, in which the
presence of the risk allele increases the binding affinity of the
canonical TF and preserves its function; and (3) gain-of-function,
meaning the risk allele introduces an alternative canonical bind-
ing site for a new TF.

To identify allele-specific SNP-TF interactions, each allele of
a given SNP, accompanied by 15nt flanking contextual
sequences on both sides, was synthesized as 31 nt DNA oligo
attached with a common reverse T7 primer sequence at the
3’-end (Table 3). This primer sequence enables addition of either
Cy3 or Cy5 fluorophore to the end of the T7 sequences used to
convert them into double-stranded allele probes and allowed
for detection of binding events with transcription factors on
the arrays. After the probes are generated, each pair of the risk
and nonrisk alleles with different colors were mixed at equal
molar ratios and probed to the TF arrays in pairs as a competition
assay. For example, on one TF array an equimolar mixture of the
Cy3-labeled risk and Cy5-labeled nonrisk sequences was probed,
while the opposite pairing was probed to a separate array. This

approach serves the purpose of eliminating potential inherent
bias from the dyes, as well as acting as an experimental replicate.
It also enables a more accurate and sensitive quantitative mea-
surement of binding ratios between a nonrisk and risk allele.
A preferred allele is expected to show a stronger signal on a pro-
tein spot in both labels than its counterpart. For example,
SMAD4 showed a strong preference for the nonrisk allele of
rs17366218, as a strong Cy3 signal was observed on the first array
and an equally strong Cy5 signal was observed on the second
array, with little to no signal for the corresponding risk allele
(Fig. 2C, left). Nonpreferential binding manifests as detectable
signals in both colors on both arrays (Fig. 2C, right). As we
expected, many of the TFs (1,407) did not show any detectable
binding signals, presumably due to the small number of SNPs
tested. Of those that did produce binding signals (205), 154 did
not show differential binding activity between the risk and non-
risk alleles of a SNP. However, 51 TF proteins did show a very
notable distinction. To analyze the binding patterns for each pro-
tein spot on the arrays, ratiometric binding analysis is conducted
using the formula shown in Equation 1 (i.e., the R* value; see
Materials and Methods; Dudoit et al., 2002). Proteins with highly
positive or strongly negative binding ratios demonstrate a clear
preference for either the nonrisk or risk alleles, respectively.
Our results clearly showed that the TF protein array-based
allele-binding assay was sensitive enough to distinguish single
base-pair changes, as exemplified in Figure 2C. Furthermore,
we observed all three modes of action as predicted (Fig. 2B).
For example, the interaction of the TF SMAD4 with
rs17366218 illustrates the loss-of-function binding modality,
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Figure 2.  Dye-swap analysis of GWAS SNPs on the TF arrays. 4, lllustration of the dye-swap approach. SNP oligos are synthesized (IDT) with 15 bp flanking contextual sequences on either

side, and a common T7 primer sequence is included on the 3’-end. Using this common primer sequence, the oligos can be labeled with both Cy3 and Cy5 fluorescent dyes. Labeled oligos are
probed to the arrays in oppositely labeled pairs. Ratiometric binding analysis can be conducted on the resulting array signals to determine if there are any allelic preferences with certain
transcription factors on the array (R*, Eq. 1 in Materials and Methods). B, Potential modes of action that may be identified through this workflow. Modes of action include the following:
loss of function, in which the risk allele abolishes a canonical transcription factor binding site; enhanced function, in which the risk allele enhances transcription factor binding at a particular
motif; gain of function, in which the risk allele introduces a binding site for a new transcription factor. €, Array images for a selection of interactions demonstrating each of the differential binding
modes described, as well as one interaction with no differential binding. R* values representing the ratiometric binding calculation for each of the interactions are shown. Consensus binding
motifs (CISBP) are shown in comparison with the SNP sequences. D, MA plots showing the differential binding interactions observed for rs17366218 (left), rs7431992 (second), rs429358 (third).
A threshold value of 1 was utilized to distinguish significant differential binding events, as shown by the red dashed lines on each plot. There were no significant differential binding events
observed with rs116530595. Binding events were filtered to only those with proteins that are expressed in the brain and nervous system. See Extended Data Figure 2-1 for more details.

evidenced by a robust interaction with the nonrisk allele that is
effectively abolished upon the introduction of the risk allele
(Fig. 2C). This G-to-A mutation disrupts the canonical binding
motif for SMAD4, providing plausible explanation for this loss
of binding (Fig. 2C). In the case of the SNP rs7431992, SMAD4
exhibits an enhanced binding mode of interaction, binding
with both alleles but displaying increased affinity for the risk
allele. The T-to-A mutation in this sequence context improves
the alignment with the consensus binding motif of SMAD4,

likely contributing to the increased affinity for the risk allele
(Fig. 2C). A gain-of-function interaction can be observed with
the SNP rs429358. The TF TBX2 showed preference for the non-
risk allele of SNP rs429358, with binding reduced with the intro-
duction of the risk allele (Fig. 2C). This matches with the
consensus binding motif of TBX2, as T is slightly preferred to
C at the SNP position. At the same time, this T-to-C mutation
in the risk allele introduces the binding motif for another TF
NREF], resulting in minimal to no binding with the nonrisk allele
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Table 3. Synthesized oligos for TF array, EMSA, and OCTET experiments
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SNP Allele Sequence

1575635567 (BAALC) NonRisk 5" GGACCTTAGCCCTTTCGCAAAGTCTCCCAAAACCCTATAGTGAGTGCTATTA 37
1575635567 (BAALC) Risk 5" GGACCTTAGCCCTTTTGCAAAGTCTCCCAAAACCCTATAGTGAGTGCTATTA 3/
1517366218 (PDE1A) NonRisk 5" ATATTGATTTTAACTGTCTACCTAAGTGAGTACCCTATAGTGAGTGCTATTA 3/
1517366218 (PDE1A) Risk 5" ATATTGATTTTAACTATCTACCTAAGTGAGTACCCTATAGTGAGTGCTATTA 3/
1510273775 (CNTNAP2) NonRisk 5 CTTGCTAACTCCTGCAACAGCTCCACGGATGACCCTATAGTGAGTGCTATTA 3/
1510273775 (CNTNAP2) Risk 5 CTTGCTAACTCCTGCGACAGCTCCACGGATGACCCTATAGTGAGTGCTATTA 3/
157431992 (CACNA2D3) NonRisk 5" ACACCCTTCCTCGAGTCAAGGAGAAACTGAGACCCTATAGTGAGTGCTATTA 3/
157431992 (CACNA2D3) Risk 5" ACACCCTTCCTCGAGACAAGGAGAAACTGAGACCCTATAGTGAGTGCTATTA 3/
15429358 (APOE) NonRisk 5" GACATGGAGGACGTGTGCGGCCGCCTGGTGCACCCTATAGTGAGTGCTATTA 3/
1s429358 (APOE) Risk 5" GACATGGAGGACGTGCGCGGCCGCCTGGTGCACCCTATAGTGAGTGCTATTA 3
15769449 (APOE) NonRisk 5" ((TGGCCCCATTCAGGCAGACCCTGGGCCCCACCCTATAGTGAGTGCTATTA 37
15769449 (APOE) Risk 5" ((TGGCCCCATTCAGACAGACCCTGGGCCCCACCCTATAGTGAGTGCTATTA 37
1s519113 (PVRL2) NonRisk 5" CCTATACTCACACCTCGTAATGTTACCCAGAACCCTATAGTGAGTGCTATTA 3/
1s519113 (PVRL2) Risk 5" CCTATACTCACACCTGGTAATGTTACCCAGAACCCTATAGTGAGTGCTATTA 3/
152279590 (CLU) NonRisk 5" GGAAGTCCTCCTGCTTCTCCAAGGAAACCTAACCCTATAGTGAGTGCTATTA 3/
152279590 (CLU) Risk 5 GGAAGTCCTCCTGCTCCTCCAAGGAAACCTAACCCTATAGTGAGTGCTATTA 3/
1s9331896 (CLU) NonRisk 5" GTCCAGACACAGCTTCGTGGAGGAGGCCTGGACCCTATAGTGAGTGCTATTA 3/
159331896 (CLU) Risk 5" GTCCAGACACAGCTTTGTGGAGGAGGCCTGGACCCTATAGTGAGTGCTATTA 3/
1517767225 (PCNX1 - FOXN3) NonRisk 5" (TCCAATGGGAATGACGTCTCACAGTGTGAGACCCTATAGTGAGTGCTATTA 3/
1517767225 (PCNXT - FOXN3) Risk 5" (TCCAATGGGAATGATGTCTCACAGTGTGAGACCCTATAGTGAGTGCTATTA 3/
156738181 (DSTNP5) NonRisk 5" AAAATTCTAGAGAAGGCAAAATCATAATGACACCCTATAGTGAGTGCTATTA 3
1s6738181 (DSTNP5) Risk 5" AAAATTCTAGAGAAGACAAAATCATAATGACACCCTATAGTGAGTGCTATTA 3/
rs6665019 (RUNX3 - MIR4425) NonRisk 5 (GCAGACTACACACTGGTCAGCTGTTCCGGAACCCTATAGTGAGTGCTATTA 3/
156665019 (RUNX3 - MIR4425) Risk 5" (GCAGACTACACACTAGTCAGCTGTTCCGGAACCCTATAGTGAGTGCTATTA 3/
rs4676049 (EDAR) NonRisk 5 TCCCTGCTGAGAGCACGTACAGCAACACTTGACCCTATAGTGAGTGCTATTA 3/
154676049 (EDAR) Risk 5 TCCCTGCTGAGAGCATGTACAGCAACACTTGACCCTATAGTGAGTGCTATTA 3/
1573239797 (RNU7-188P - SEM1) NonRisk 5" AGGAGGGTTTAGAGGTCAATAGCTCCTGTGAACCCTATAGTGAGTGCTATTA 3/
1573239797 (RNU7-188P - SEM1) Risk 5" AGGAGGGTTTAGAGGACAATAGCTCCTGTGAACCCTATAGTGAGTGCTATTA 3/
15186588455 (NPEPPSP1 - MRPL45) NonRisk 5" GGATCACCTGAGGTCAGAAGTTCGAGACCAGACCCTATAGTGAGTGCTATTA 3/
15186588455 (NPEPPSP1 - MRPL45) Risk 5 GGATCACCTGAGGTCCGAAGTTCGAGACCAGACCCTATAGTGAGTGCTATTA 3/
15116530595 (C90rf152 - TXN) NonRisk 5" CCAAAGAGAGGGAGCCGGCTTGAGCTGAGCAACCCTATAGTGAGTGCTATTA 3
15116530595 (C9orf152 - TXN) Risk 5 (CAAAGAGAGGGAGCTGGCTTGAGCTGAGCAACCCTATAGTGAGTGCTATTA 3/
15143083071 (PLPPR4) NonRisk 5" TATAAACGTGTGTGCGTGTGTCTTTGTCATAACCCTATAGTGAGTGCTATTA 3/
15143083071 (PLPPR4) Risk 5" TATAAACGTGTGTGCATGTGTCTTTGTCATAACCCTATAGTGAGTGCTATTA 3/
15145049847 (SDR42E2) NonRisk 5 GGGCACGCTCCTGCTCCGCCCCCTGAATCCTACCCTATAGTGAGTGCTATTA 3/
15145049847 (SDR42E2) Risk 5 GGGCACGCTCCTGCTGCGCCCCCTGAATCCTACCCTATAGTGAGTGCTATTA 37
15143638193 (RN7SL152P - TBC1D9) Risk 5" GCCTCTATCACCTGCCGGGCAGGTGGGAGAGACCCTATAGTGAGTGCTATTA 37
rs143638193 (RN7SL152P - TBC1D9) NonRisk 5" GCCTCTATCACCTGCTGGGCAGGTGGGAGAGACCCTATAGTGAGTGCTATTA 3
1510792832 (RNU6-560P - LINC02695) NonRisk 5 GTGGGAAAAATGTAGAAGCAAAACATACACAACCCTATAGTGAGTGCTATTA 3/
1510792832 (RNU6-560P - LINC02695) Risk 5 GTGGGAAAAATGTAGGAGCAAAACATACACAACCCTATAGTGAGTGCTATTA 3
rs11168036 (PFDN1 - HBEGF) NonRisk 5" GAAGTGATATTTTTGTACAGAGTTGCTGTTCACCCTATAGTGAGTGCTATTA 3/
1511168036 (PFDN1 - HBEGF) Risk 5" GAAGTGATATTTTTGGACAGAGTTGCTGTTCACCCTATAGTGAGTGCTATTA 3/
1s857551 (LINC01679 - SIK1) NonRisk 5" AATCACATTCAAATACGTGAAATAATAATAAACCCTATAGTGAGTGCTATTA 3/
rs857551 (LINC01679 - SIK1) Risk 5" AATCACATTCAAATAAGTGAAATAATAATAAACCCTATAGTGAGTGCTATTA 3/
1556131196 (APOC1 - APOC1P1) NonRisk 5 GCATTGAGGCCCAGAGAGGTGAAGTTACTTGACCCTATAGTGAGTGCTATTA 3/
1s56131196 (APOCT - APOC1P1) Risk 5" GCATTGAGGCCCAGAAAGGTGAAGTTACTTGACCCTATAGTGAGTGCTATTA 3
rs4420638 (APOCT - APOC1P1) NonRisk 5" TGCTACACTTTTCCTAGTGTGGTCTACCCGAACCCTATAGTGAGTGCTATTA 37
154420638 (APOCT - APOC1P1) Risk 5 TGCTACACTTTTCCTGGTGTGGTCTACCCGAACCCTATAGTGAGTGCTATTA 3/
1s35862341 (LINC00520) NonRisk 5" GATGGGGTTTCACCATGTTGGCCAGGATGGTACCCTATAGTGAGTGCTATTA 3
1$35862341 (LINC00520) Risk 5 GATGGGGTTTCACCACGTTGGCCAGGATGGTACCCTATAGTGAGTGCTATTA 3
159271192 (HLA-DRB1 - HLA-DQA1) NonRisk 5" AATACCCCTCTCATAAAAAGTCATATTTTACACCCTATAGTGAGTGCTATTA 3
1s9271192 (HLA-DRB1 - HLA-DQA1) Risk 5" AATACCCCTCTCATACAAAGTCATATTTTACACCCTATAGTGAGTGCTATTA 3/
rs7039300 (RPL3P11 - ATP5PDP3) NonRisk 5" CTTAAAGGGCAGAAGTTACTAAAGCTCCTTAACCCTATAGTGAGTGCTATTA 3/
157039300 (RPL3P11 - ATP5PDP3) Risk 5" C(TTAAAGGGCAGAAGGTACTAAAGCTCCTTAACCCTATAGTGAGTGCTATTA 3/
157920721 (USP6NL-AST - ECHD(3) NonRisk 5" CTCAGCTGTTCACATATTGTCTGTGGCTGCTACCCTATAGTGAGTGCTATTA 3/
157920721 (USP6NL-AST - ECHDC3) Risk 5 (TCAGCTGTTCACATGTTGTCTGTGGCTGCTACCCTATAGTGAGTGCTATTA 3/
159304861 (ZNF599 - LINC01801) Risk 5" ACACGATGAAACCCCATCTCTACTAAAAATAACCCTATAGTGAGTGCTATTA 3
rs9304861 (ZNF599 - LINC01801) NonRisk 5" ACACGATGAAACCCCGTCTCTACTAAAAATAACCCTATAGTGAGTGCTATTA 3

Primer Sequences

5" Cy5 — TAATAGCACTCACTATAGGGT 3
5 (y3 — TAATAGCACTCACTATAGGGT 3’

and strong binding with the risk allele (Fig. 2C). Finally, the inter-
action between the TF TFAP2E and SNP rs116530595 serves as an
example of nondifferential binding, as there is similarly strong
signal in both channels for both alleles, resulting in an R* value

close to zero (0.08). This nonpreferential binding event is
explained by the fact that the known binding consensus sequence
for TFAP2E lies outside of the SNP site. This kind of sensitivity
agrees with our previous observation that methylation-dependent
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DNA-TF interactions could also be readily detected on the TF
arrays (Hu et al,, 2013). We visualized the results for each SNP
using an MA plot, which displays the log, ratio of intensities
(M) versus the average log intensity (A), allowing for the identifi-
cation of differential interactions between the SNP alleles and TFs
(Dudoit et al., 2002). In this study, differential binding hits were
characterized as R* values above or below the threshold of +1, rep-
resenting two-fold difference in binding (Fig. 2D). Identified differ-
ential binding events were filtered to consist of interactions with
proteins expressed in the brain and nervous system (GTEx
Portal; Extended Data Fig. 2-1).

In vitro validation of identified allele-specific SNP-TF
interactions

Through the described analysis of array assays conducted on the
selected 30 AD-associated SNPs, a total of 90 differential interac-
tions were identified across 51 unique TF proteins (Fig. 34,
Table 4). In addition to these differential interactions, we also
observed a total of 794 nondifferential binding interactions
across each of the SNPs tested, encompassing 154 distinct TF
proteins (Extended Data Fig. 3-1). Such nondifferential

Dunnetal. @ TF-WAS to Identify Functional SNPs in AD

interactions by the 154 TFs could be mostly explained by finding
their corresponding consensus sequences in the probe sequences,
suggesting that they might interact with the TFs showing prefer-
ential binding activity. Given the length of the DNA probes that
we utilized in these experiments (31 bp), it is possible to observe
sequence-specific binding of 2-3 TF proteins with the same
sequence, as the average TF consensus motif is between 5 and
20 bases long (Pachkov et al, 2007; Pratt et al, 2022).
Identification of heterodimers between differentially bound and
nondifferentially bound proteins can provide further evidence
of pathways involved in the molecular mechanisms underlying
these variants. Therefore, we decided to determine whether there
are any known interaction networks formed out of the proteins
shown to bind each of the different SNPs, including differential
and nondifferential binders. Using the STRING analysis, we
mapped the known protein-protein interactions among the
identified TFs and found several SNPs with significantly inter-
connected protein-protein interactions networks (Szklarczyk
et al., 2023). We pinpointed three SNPs, rs17366218 (PDEI1A),
rs7431992 (CACNA2D3), and rs769449 (APOE) exhibiting a
range of binding preferences with the TF SMAD4, and notably,
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Figure 3.

In vitro validation of hits identified through orthogonal assays. A, An allele-specific heatmap showing differential binding events across all SNPs tested on the TF arrays based on

calculated R* values (Table 4). On the x-axis are the SNPs tested, and on the y-axis are all the interacting transcription factors. Boxes colored in shades of blue represent a range of preference for
the nonrisk allele of a SNP, while boxes shaded in red represent a range of preference for the risk allele. SNPs boxed in yellow were chosen for follow-up studies. In addition to these allele-specific
interactions, nondifferential interactions were also observed, as shown in Extended Data Figure 3-1. STRING and GO analysis for the three selected SNPs can be found in Extended Data Figure 3-2.
B, Validation of selected interactions with SMAD4 using EMSA. Oligos for both alleles of each SNP were end-labeled with Cy5 fluorescent dye, converted to dsDNA, and incubated with purified
SMAD4 protein. Transcription factor binding is observed through a shift in the bands on the PAGE gel from the no-protein control samples. Preferences demonstrated on the TF arrays were all
replicated through this assay. €, Biolayer interferometry (OCTET) was utilized to determine the kinetic parameters for each of these interactions. SMAD4-PDETA nonrisk K, = 105.5 + 38.5 nM;
SMAD4-CACNA2D3 risk K = 146.6 = 62.2 nM; SMAD4-APOE risk K = 63.0 = 12.6 nM; K;, values for SMAD4-PDE1A risk, SMAD4-CACNA2D3 nonrisk and SMAD4-APOE nonrisk were not able to be
determined. D, Results of luciferase assays to determine the transcriptional impact of these interactions in cells. Sequences utilized for these experiments can be found in Table 5. In each case,
previously identified preference of SMAD4 persisted. *p < 0.05; **p < 0.00005; ***0.0000005 (Student’s ¢ test).
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Table 4. Identified allele-specific TF-DNA interactions; R* calculated using Equation 1
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Table 4. Continued

SNP Protein name Protein ID R* SNP Protein name Protein ID R*
1575635567 (EBPG |0H6858 2.7 1517767225 INF358 10H22979 1.22
1575635567 CEBPG |0H6858 246 1517767225 NHLH1 10H9734 1.2
1575635567 (PSF4 |0H4475 —1.06 1517767225 INF385A 10H22141 112
1575635567 TFAP2A I0H22136 1.06 1517767225 YBX3 10H13867 1.06
1575635567 TFAP2C |0H28749 1.02 1517767225 ZHX1 10H55729 1.05
1575635567 TFAP2E |0H26264 1.45 1517767225 INF596 10H11010 1.01
1517366218 BOD1L |0H11787 1.28 156738181 PURA BC036087 1.06
1517366218 (EBPG I0H6858 —1.05 156738181 NHLH1 10H9734 0.95
1517366218 CHRACT I0H10035 1.6 156665019 INF585B 10H61959 1.04
1517366218 (NBP |0H59002 1.22 156665019 FOXC2 BC111589 0.96
1517366218 FUBP3 |0H6696 2.76 156665019 INF596 10H11010 0.96
1517366218 GRHL2 |0H38073 -1.25 154676049 PURA BC036087 1.46
1517366218 HMG20A I0H10020 -2.09 154676049 YBX3 10H13867 1.01
1517366218 HMG20A I0H10020 —1.68 1573239797 YBX3 10H13867 1.07
1517366218 0ovoL2 I0H6650 2.58 15186588455 PURA BC036087 1.2
1517366218 SMAD4 I0H3638 2.99 15186588455 INF585B 10H61959 1.16
1517366218 SMARCC1 BC113465 1.43 15145049847 PURA BC036087 1.25
1517366218 SOX5 |0H43581 1.28 15145049847 INF596 I0H11010 1.06
1517366218 SSBP2 |0H10629 1.79 1510792832 FOX2 BC111589 0.96
1517366218 TBX2 |0H29393 157 1511168036 NFIA 10H12791 —0.96
1517366218 TCF19 I0H3967 1.81 15857551 PURA BC036087 1.25
1517366218 1SCAN26 |0H14153 1.82 15857551 INF358 10H22979 119
1517366218 ZRANB2 |0H26283 1.07 15857551 INF385A 10H22141 1.05
1510273775 (EBPG I0H6858 249 157920721 INF766 10H55318 -1.1
1510273775 CEBPG |0H6858 1.73 159304861 YBX3 10H13867 —0.97
1510273775 CNBP 10H59002 -1.01
1510273775 (PSF4 |0H27075 -1.17
1510273775 CPSF4 |0H4475 —-129 SMAD4 emerges as a central node within the interaction net-
1510273775 HMG20A I0H10020 136  works of the proteins associated with each of these SNPs.
1510273775 HMGA1 I0H6516 202 Associated GO terminology with these networks also shows rel-
1510273775 HMGA1 10H5224 191 evancy to processes in the brain, suggesting that a role in AD is
1510273775 HMGAT 10H6516 2.06 possible (Extended Data Fig. 4; Thomas et al., 2022). SMAD4
1510273775 INF501 IBH10819 L5 ga signal transduction protein that plays a role in the TGF sig-
157431992 BODIL I0H11787 -1 ali thway that is critical toward proper neural development
(57431992 HMGNS IOH7341 —1pp  DEUng pamiway prop . pre
(57431992 VETTL3 0H3728 —1.08 and function (Meyers and Kessler 2017). Modulation of the activ-
157431992 MITF I0H22837 114  ities of SMAD family proteins in the TGFB pathway have been
157431992 SMAD4 10H3638 —185  shown to impact neurogenesis (Hiew et al., 2021). Additionally,
157431992 SMARCCT BC113465 ~16 SMAD4 plays a significant role in the BMP signaling pathway,
57431992 INF501 I0H10819 104 which is vital for neurogenesis in the adult hippocampus—a region
157431992 INF550 10H22049 —142  notably affected in AD (Zhou et al,, 2022). Considering SMAD4’s
15429358 NRF1 I0H11918 =31 apparent centrality within potential interaction networks for these
15429358 1BX2 10H29393 122 gNPs, its pivotal role in neural processes, and its potential relevance
15429358 TCF19 I0H3967 0T 5 AD pathology, we were motivated to pursue further investigation
15769449 HMG20A I0H10020 1.34 into these interactions
15769449 SMAD4 |0H3638 —0.95 . 1 .
15760449 1CF19 0H3967 148 To begin to validate the findings we observed on the arrays, we
15519113 HMGAT I0H6516 _118 focused on the interaction of these three SNPs with SMAD4
12279590 CNBP [0H3404 —135  (Fig. 3A, highlighted in yellow). Our first goal was to replicate
152279590 CNBP I0H59002 —139  the binding interactions we observed on the arrays using an
152279590 RBM4B I0H5506 —146  orthogonal assay. To achieve this, we employed an electrophoretic
152279590 RBP) I0H52060 264 mobility shift assay (EMSA). For each of the selected SNPs, we
152279590 RFX2 I0H11384 274 generated Cy5 fluorescent probes for each allele and subsequently
152279590 TSC22D1 0H3511 =156 incubated each of these probes separately with purified SMAD4
152279590 L3CAN2G 1014153 -1 protein. The resulting reactions were then analyzed using gel elec-
152279590 INF35 I0H9658 -1.77 . . . .
trophoresis to assess any mobility shifts of the DNA probes in
152279590 INF691 10H2943 -1.01 . . . . .
2279500 INRD] 0H12855 _136  comparison with the protein-free control reactions. Ultimately,
159331896 CEBPG I0H6858 _126  the EMSA results precisely reproduced each of the binding prefer-
159331896 CEBPG I0H6858 —124  ences observed on the TF arrays. Specifically, SMAD4 exhibited a
159331896 RBM4B I0H5506 267  preference for the risk allele of both rs7431992 and rs769449, while
1s9331896 SMAD4 I0H3638 —154  favoring the nonrisk allele of rs17366218 (Fig. 3B).
1517767225 PURA BC036087 218 Next, we determined the affinity values for each of these interac-
1517767225 LIN28 10H13570 142 tions, by utilizing the OCTET system, a real-time, label-free kinetics
1517767225 LARP1 I0H21797 1.33

(Table continues.)

instrument. This instrument utilizes biolayer interferometry to
determine the k., and k.g values so that the K, values can be
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deduced for a given interaction (Barrows and Van Dyke 2022; Pluta
et al., 2022). For this experiment, each of the alleles for all three
SNPs were end-labeled with biotin and loaded onto OCTET biosen-
sors coated with streptavidin. After a blocking step, each of the bio-
sensors was immersed into purified SMAD4 protein at various
concentrations, allowing us to observe binding with the immobi-
lized probe sequences in real time. From this experiment, the
fitted on- and off-curves were generated based on the raw data
(Fig. 3C). The binding activities were consistent with our previous
results, with SMAD4 exclusively binding the expected alleles and
K, values ranging from 63 to 146 nM, aligning closely with values
previously reported in the literature for TF-DNA interactions.

Examining the impacts of identified allele-specific SNP-TF
interactions

It has been well established that many TF proteins can act both as
transcription activators and repressors, depending on its binding
partners and/or the surrounding chromatin context (Bylino et al.,
2020; Weidemiiller et al, 2021). It is also possible that a
TF-binding event does not translate to changes in downstream
gene transcription when it sits on a poised enhancer (Spivakov
2014; Banks et al., 2016). Therefore, we next sought to determine
if these binding interactions could have a direct impact on tran-
scriptional regulation with a cell-based luciferase assay. First,
SNP allele sequences were cloned into luciferase reporter vector
pGL4.32 to replace the NF-kB response element present to drive
the luciferase reporter gene (Table 5). Additionally, an overex-
pression vector for SMAD4 was generated, driven by a CMV pro-
moter. Cells were cotransfected with the luciferase reporter
carrying either the risk or nonrisk allele, the SMAD4 overexpres-
sion vector, and a Renilla control vector. Following 2 d of incu-
bation, cell lysates were processed through a dual luciferase
reporter assay system, measuring the luminescence generated
after successive treatment with Firefly luciferase and Renilla sub-
strates. To account for well-to-well variability in cell count,
Firefly luciferase signals were normalized to Renilla control sig-
nals. Signals were further normalized to control wells containing
SNP luciferase vector with no overexpression vector added to
account for background interaction with endogenous proteins.
After quantification of this assay, we observed significantly
increased induction of luciferase expression with each of the
alleles with which SMAD4 had previously shown preference,
suggesting that SMAD4 is likely to act as a transcription activator
via preferential binding activity to the identified alleles (Fig. 3D).

Cell-based validation of SMAD4 differential interactions

Finally, we wanted to see if the differential binding interactions
observed on the arrays could persist on the expected genetic
backgrounds in cells. To achieve this, the homozygous and

Table 5. Synthesized alleles for luciferase experiments
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heterozygous HEK293t cell lines carrying the risk and nonrisk
alleles of CACNA2D3 and PDEIA were generated using a
CRISPR-based genetic engineering method as illustrated in
Figure 4A-C and as described previously (Ran et al., 2013). Due
to challenges with cell line generation, we were unable to produce
cells with the corresponding nonrisk and risk alleles at the APOE
locus. SMAD4 expression construct was transiently transfected to
these cell lines under the control of the CMV promoter (Fig. 4C).
After 48 h of incubation, cells were harvested and anti-SMAD4
antibodies were used to perform chromatin immunoprecipitation
(ChIP). The SMAD4 occupancy at different loci was determined
via qPCR using primer pairs specific for each SNP containing
region (Table 6). For the PDEIA and CACNA2D3 experiments,
only these loci were altered, with all others tested being wild
type. mRNA expression of PDEIA and CACNA2D3 in the same
cell lines after SMAD4 overexpression were also determined in par-
allel (Table 7).

As a result of these experiments, SMAD4 showed a signifi-
cantly higher occupancy to the homozygous nonrisk allele than
the risk allele at the PDE1A locus, with attenuated binding
observed in the heterozygous line compared with the nonrisk
(Fig. 4D, left panel). No significant changes in occupancy were
observed in the other wild-type loci tested. Following SMAD4
overexpression in the same cell lines, the expression level of
PDE1A was observed to be elevated in the nonrisk line compared
with the risk and heterozygous lines (Fig. 4E, left panel). This
supports the notion that the SNP located at rs17366218 interferes
with SMAD4’s engagement with the DNA at this locus, poten-
tially resulting in reduced PDEIA expression in the context of
AD. In the same experiment using the CACNA2D3 cell lines,
SMAD4 was found to occupy the homozygous risk allele to a
higher degree than the nonrisk or heterozygous lines, with the
heterozygous line showing intermediate occupation (Fig. 4D,
right panel). Again, no significant impact in allele occupation
could be observed in the other wild-type loci tested. However,
no allele-dependent effects can be observed in the expression of
CACNA2D3 after SMAD4 overexpression (Fig. 4E, right panel).
This contrasts with the result we observed in the luciferase assay,
in which the binding interaction between SMAD4 and the SNP in
CACNA2D3 impacted the transcription of the luciferase gene.
One potential explanation for this discrepancy is that the lucifer-
ase expression vector utilized in the assay contained three copies
of the SNP, potentially amplifying the effect of TF binding com-
pared with the single copy present in the native genomic context.
Additionally, in a real cellular context, compensation by other
endogenous factors might mitigate the impact of decreased
SMAD4 binding at that locus. The absence of expression changes
could also reflect regulatory redundancy, where multiple regula-
tory elements can compensate for each other to maintain proper

1517366218 (PDE1A) NonRisk
Risk

157431992 (CACNA2D3) NonRisk
Risk

15769449 (APOE) NonRisk
Risk

5'CTAGCTTTAACTGTCTACCTTTTAACTGTCTACCTTTTAACTGTCTACCTTTTAACTGTCTACCTA 3
5'GAAATTGACAGATGGAAAATTGACAGATGGAAAATTGACAGATGGAAAATTGACAGATGGATTCGA 3
5 CTAGCTTTAACTATCTACCTTTTAACTATCTACCTTTTAACTATCTACCTTTTAACTATCTACCTA 3/
5'GAAATTGATAGATGGAAAATTGATAGATGGAAAATTGATAGATGGAAAATTGATAGATGGATTCGA 3/
5 CTAGCCCTCGAGTCAAGGAGCCTCGAGTCAAGGAGCCTCGAGTCAAGGAGCCTCGAGTCAAGGAGA 3
5'GGGAGCTCAGTTCCTCGGAGCTCAGTTCCTCGGAGCTCAGTTCCTCGGAGCTCAGTTCCTCTTCGA 3

5 CTAGCCCTCGAGACAAGGAGCCTCGAGACAAGGAGCCTCGAGACAAGGAGCCTCGAGACAAGGAGA 3/
5 GGGAGCTCTGTTCCTCGGAGCTCTGTTCCTCGGAGCTCTGTTCCTCGGAGCTCTGTTCCTCTTCGA 3/
5'CTAGCCATTCAGGCAGACCCCATTCAGGCAGACCCCATTCAGGCAGACCCCATTCAGGCAGACCCA 3
5 GGTAAGTCCGTCTGGGGTAAGTCCGTCTGGGGTAAGTCCGTCTGGGGTAAGTCCGTCTGGGTTCGA 3
5'CTAGCCATTCAGACAGACCCCATTCAGACAGACCCCATTCAGACAGACCCCATTCAGACAGACCCA 3

5 GGTAAGTCTGTCTGGGGTAAGTCTGTCTGGGGTAAGTCTGTCTGGGGTAAGTCTGTCTGGGTTCGA 3/
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Figure 4.

ChIP-gP(R validation in CRISPR-generated cell lines A, Generation of PDETA locus point mutations in HEK293t cells. B, Generation of CACNA2D3 locus point mutations in HEK293t

cells. €, Illustration of the transfection protocol utilized for SMAD4 or GFP control overexpression. D, Relative occupation by SMAD4 at the PDETA (left panel) and CACNA2D3 (right panel) loci as
determined by qPCR compared with an IgG control. Primers utilized can be found in Table 6. E, Relative mRNA expression levels of PDETA (left panel) and CACNA2D3 (right panel) following
SMAD4 overexpression compared with a GFP control. Primer sequences utilized can be found in Table 7.

Table 6. ChIP-qPCR primers utilized for experiments in Figure 4

Table 7. mRNA primers used for experiments in Figure 4

Gene target Forward primer Reverse primer

Gene target Forward primer Reverse primer

1517366218 5" AGAGAAATGCCAAAAATTCACA 3" 5" CCAAGTTTTAGCTTTTGAAACTCAC 3/
(PDETA)

157431992 5" GGAAGGGAAGCATTTTGTGA 3 5 GGGAGGCTCAGTTTCTCCTT 3
(CACNA2D3)

15769449 (APOE) 5" CCAATCACAGGCAGGAAGAT 3" 5" AGGAGGTTGAGGTGAGGATG 3’

1517366218 5" AATGTGGCAGCGCCTGAAAGGA 3 5" CTTCCAGCACAGATGCCGCATA 3/
(PDETA)

157431992 5" GAACATCCCGATGTGTCCTTGG 3" 5" ACTGGAGCAGAGGTTCTTTGCC 3/
(CACNA2D3)

15769449 (APOE) 5" GTGGATGTGCTCAAAGACAGCG 3 5 GCTTGCTGAAGGTGGAGGTCAC 3’

gene expression levels when individual elements are disrupted.
Another important consideration to note is the choice of cells
for this experiment. We used HEK293t cells, which differ from
brain cells where CACNA2D3 is primarily active. Therefore,
the results we obtained might not accurately represent what hap-
pens in the brain. CACNA2D3 is known to have its highest
expression in brain tissue, and it is possible that a different cellu-
lar environment could lead to changes in the gene’s expression.
This suggests the importance of considering the specific cellular
context when interpreting these results.

Discussion

Despite its widespread prevalence, the precise molecular mecha-
nisms underlying AD remain poorly understood. GWAS have
begun to uncover variations in the human genome that are asso-
ciated with AD (Han et al., 2010; Shen et al., 2010; Schott et al.,
2016; Jun et al,, 2017); however, the causal nature of many of
these variants has yet to be determined in a systemic way.
Most variations identified via GWAS are SNPs; however, the
challenge is that many of the SNPs are located within linkage dis-
equilibrium and/or noncoding regions of the genome, making it
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challenging to establish potential functionality. In this study, we
aimed to generate a high-throughput TF-WAS pipeline to facil-
itate the identification of functional GWAS SNPs and associated
TFs that may play a role in the etiology of AD. Using multimod-
ality bioinformatics analysis, we were able to narrow down a list
of AD SNPs that (1) are associated with AD through GWAS, (2)
have demonstrated an impact on gene expression in the brain
and nervous system via eQTL, and (3) are located within noncod-
ing regions of the genome (as annotated by EnhancerAtlas and
SEA 3.0). This allowed us to focus on SNPs that are likely to be
functional in cell types relevant to disease pathology. By screen-
ing SNPs from this list on the human TF protein arrays, we were
able to detect differential binding interactions with transcription
factors, potentially providing molecular insights into how these
genetic variants may convey dysregulation of transcription and
therefore, influencing AD susceptibility. Using several orthogo-
nal in vitro methods, we could validate all the allele-specific
SNP-TF interactions observed on the TF array and thus paving
the way to identify functional SNPs in other complex diseases.

Of the notable findings from our study were the allele-specific
binding preferences of SMAD4 with several AD-associated SNPs
(rs17366218, rs7431992, and rs769449), with SMAD4 showing a
range of binding preferences with these SNPs. SMAD4 is highly
conserved from yeast to humans and is also widely expressed in
various human tissues and organs, including the human brain
(Human Protein Atlas; De Caestecker et al., 1997; Uhlén et al.,
2015). This protein acts as a signal transducer in the TGFf and
BMP signaling pathways and plays numerous roles in various
human diseases, particularly in cancer, and has also been impli-
cated in AD (Das and Golde 2006; Wan et al., 2021; Wang et al.,
2021; Kapoor and Chinnathambi 2023). The role of SMAD4 in
the BMP signaling pathway is especially interesting, as this path-
way is critical to neurogenesis in the adult hippocampus, a region
of the brain that is notably affected in AD (Zhou et al., 2022).

One target of interest for SMAD4 that we identified using the
TF arrays is rs17366218, an intron variant mapped to the PDEIA
gene. PDEIA is a part of a family of cyclic nucleotide phosphodi-
esterases (PDEs) and functions in the degradation of cyclic nucle-
otide second messengers, showing preference toward the
degradation of cyclic guanidine monophosphate (cGMP;
Azevedo et al., 2014). PDEIA is specifically expressed at high lev-
els in the brain, kidney, and thyroid (Michibata et al., 2001;
Fidock et al., 2002; Lefievre et al., 2002). In one study, an associ-
ation was identified between decreased cGMP levels in the cere-
bral spinal fluid of patients, but not cAMP, and the severity of
dementia in AD patients (Hesse et al., 2017). PDEIA has also
been shown to have a close connection to aging in rodent models
(Kelly et al., 2014).

Another interesting candidate target we discovered is
rs7431992, an intron in the gene CACNA2D3. CACNA2D3 codes
for a subunit of the voltage-gated calcium channel (VGCC) com-
plex and is expressed most abundantly in the brain (Human
Protein Atlas; Uhlén et al., 2015; Ablinger et al, 2020).
Elevated levels of calcium have been shown to be associated
with and exacerbate the symptoms of neurological disorders
such as AD (Guan et al., 2021; Ge et al., 2022). More specifically,
elevated levels of cellular calcium have been shown to accelerate
beta-amyloid peptide aggregation, contributing to the onset of
amyloid-associated pathology (Isaacs et al., 2006).

The third target we identified as a potential target for SMAD4
is 15769449, a SNP that falls between exons 2 and 3 of APOE.
Variations in the APOE gene have been determined to be signifi-
cant genetic risk factors for late-onset AD, and APOE gene is one
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of the most widely studied genes associated with the disease
(Yamazaki et al., 2019). APOE is abundantly expressed in the
central nervous system, serving the primary function of mediat-
ing lipid transport in the brain (Raulin et al., 2022). A variety of
studies have identified an association of rs769449 with cognitive
decline, as well as levels of tau and AP42 (Cruchaga et al., 2013;
Zhang and Pierce 2014).

Using EMSA and real-time kinetics measurements, we vali-
dated these interactions with SMAD4 and determined their bind-
ing affinity values. These experiments confirmed the results that
we observed on the arrays. Furthermore, our cell-based luciferase
assay provided additional evidence of the functional impact of
these allele-specific interactions, suggesting that they may have
a direct influence on transcription. While these traditional lucif-
erase assays provided valuable insights, future studies could
benefit from implementing massively parallel reporter assays
(MPRAs), which offer increased statistical power through simul-
taneous testing of thousands of sequences and could provide
more comprehensive characterization of allele-specific effects
(McAfee et al., 2022).

In the final phase of our investigation, we extended our anal-
ysis to cellular contexts by generating homozygous and heterozy-
gous cell lines for specific SNPs. We observed that SMAD4’s
binding preference in these cells was consistent with our in vitro
findings. Moreover, the expression of PDEIA exhibited allele-
dependent changes in expression, providing further evidence of
the potential functional consequences of this SNP-TF interaction
in a cellular context. Nonetheless, our study also revealed the
importance of considering the specific cellular context when
interpreting these results. The choice of HEK293t cells, which
differ from brain cells in which certain genes are primarily active,
underscores the need for further research in physiologically rel-
evant cell types to better understand the consequences of these
allele-specific interactions. Future directions for this study will
include validation in more physiologically relevant cell types,
such as neurons or microglia. Variant screening strategies can
also be strengthened by incorporating knockdown studies, par-
ticularly through advanced methods like highly multiplexed
CRISPRI screening, to evaluate the functional impact of candi-
date variants prior to cell line generation (Gasperini et al.,
2019). Additionally, chromosome conformation capture tech-
niques can reveal the three-dimensional interactions between
regulatory elements, providing crucial spatial context. These
complementary approaches can help differentiate between direct
eQTL effects and those stemming from genetic linkage, improv-
ing our ability to identify causal variants.

Our study highlights the power of using TF-WAS to explore
the functional implications of GWAS-identified SNPs in AD.
By combining bioinformatics, in vitro validation, and cellular
experiments, we were able to shed light on some of the intricate
molecular mechanisms that may underlie AD susceptibility.
Further research in this direction, including screening and vali-
dation of a more comprehensive list of SNPs, will undoubtedly
contribute to the ongoing efforts to combat this devastating neu-
rodegenerative condition. TF-WAS can further be expanded to
proteome-wide association studies (PWAS) using human prote-
ome microarrays (Jeong et al., 2012), allowing for systematic
identification of protein—-DNA interactions and potential regula-
tory networks beyond just transcription factors, thus providing a
more comprehensive understanding of genetic regulatory mech-
anisms at the proteome level. This methodology holds great
promise for advancing our understanding of not just AD, but
many other complex diseases and traits, potentially leading to
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the discovery of new therapeutic targets and strategies for the
treatment of AD and beyond. A key strength of this methodology
is its broad applicability to essentially any complex disease or trait
with available GWAS datasets. Our future pursuits will include
the profiling of diverse complex diseases, with the aim of gener-
ating data that can provide guidance toward clinical interven-
tions across a spectrum of health conditions.
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