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Abstract

Background: Genome-wide association studies (GWASs) have identified
single-nucleotide polymorphisms (SNPs) that may be genetic factors underlying
Alzheimer’s disease (AD). However, how these AD-associated SNPs (AD SNPs)
contribute to the pathogenesis of this disease is poorly understood because most of them
are located in non-coding regions, such as introns and intergenic regions. Previous
studies reported that some disease-associated SNPs affect regulatory elements including
enhancers. We hypothesized that non-coding AD SNPs are located in enhancers and
affect gene expression levels via chromatin loops.

Results: We examined enhancer locations that were predicted in 127 human tissues or
cell types, including ten brain tissues, and identified chromatin-chromatin interactions
by Hi-C experiments. We report the following findings: (1) nearly 30% of non-coding
AD SNPs are located in enhancers; (2) expression quantitative trait locus (eQTL) genes
affected by non-coding AD SNPs within enhancers are associated with amyloid beta
clearance, synaptic transmission, and immune responses; (3) 95% of the AD SNPs
located in enhancers co-localize with their eQTL genes in topologically associating
domains suggesting that regulation may occur through chromatin higher-order
structures; (4) rs1476679 spatially contacts the promoters of eQTL genes via
CTCEF-CTCEF interactions; (5) the effect of other AD SNPs such as rs7364180 is likely
to be, at least in part, indirect through regulation of transcription factors that in turn
regulate AD associated genes.

Conclusion: Our results suggest that non-coding AD SNPs may affect the function of
enhancers thereby influencing the expression levels of surrounding or distant genes via
chromatin loops. This result may explain how some non-coding AD SNPs contribute to

AD pathogenesis.
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Background
Alzheimer’s disease (AD) is a neurodegenerative disease characterized by

cognitive impairment. In postmortem brains from AD patients, amyloid beta (AP)
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deposits on the surface of neurons and intracellular aggregations of
hyperphosphorylated tau protein are observed. The heritability of AD is estimated to be
between 58% and 79% [1]. The APOE €4 allele is the genetic factor with the strongest
influence identified to date on the risk of late-onset AD (LOAD). Genome-wide
association studies (GWASs) have been performed to search for other genetic factors
associated with AD [2-7]. Recently, the International Genomics of Alzheimer’s Project
(IGAP) conducted a meta-analysis of LOAD in a cohort of 74,046 individuals and
reported 21 loci including additional susceptibility loci [8]. However, how the
single-nucleotide polymorphisms (SNPs) identified in these GWASs for AD contribute
to AD pathogenesis is poorly understood because most of these SNPs are located in
non-coding regions, such as introns and intergenic regions. These AD-associated SNPs
(AD SNPs) could be tag SNPs of surrounding functional exonic variants [9]; however, a
fine-mapping study of BINI, CLU, CRI1, and PICALM, which are the closest genes to
several AD SNPs, showed no direct association with AD pathogenesis [10].

Recent studies have reported that disease-associated non-coding SNPs alter
the functions of regulatory sequences, such as enhancers that typically regulate gene
expression levels. For instance, Soldner ef al. showed that a non-coding risk variant
rs356168, which is associated with Parkinson's disease (PD), is located in an enhancer
region and upregulates the expression level of a PD-susceptibility gene SNCA [11]. It is
reported that some SNPs in AD influenced gene expression levels as in PD [12,13]. In
particular, Karch et al. searched functional AD SNPs from 21 loci that were found in
the IGAP GWAS and revealed that the ZCWPW1I and the CELFI loci were associated
with some gene expressions [13].

The SNPs that influence gene expression levels as mentioned above are called
expression quantitative trait loci (eQTLs). eQTLs are useful for considering function of
non-coding SNPs, however this approach only achieves indirect evidence because
eQTL effects are usually determined by correlations between genotypes and expression
levels of target genes [14]. One of the molecular mechanisms to explain eQTL effects is
contact between eQTLs and target genes by the formation of chromatin loops.
Chromatin regions including eQTLs fold in order to bring in proximity to the genes they
regulate. A growing body of evidence indicates that disease-associated variants in
enhancers affect the expression levels of distal genes via chromatin loops in several

diseases such as frontotemporal lobar degeneration, which belongs to the group of


https://doi.org/10.1101/426312

bioRxiv preprint doi: https://doi.org/10.1101/426312; this version posted September 25, 2018. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

neurodegenerative diseases that includes AD [15-18]. These findings suggest that
non-coding AD SNPs may alter the functions of regulatory sequences, such as
enhancers that typically regulate gene expression levels via chromatin loops. Thus, we
hypothesized that non-coding AD SNPs are located in enhancers and affect gene
expression levels.

To test this hypothesis, we analyzed 392 AD SNPs located in non-coding
regions by integrating enhancer activity data and chromatin interaction data. In
particular, we used data from the Encyclopedia of DNA Elements (ENCODE) project
[19] and the Roadmap Epigenomics project [20]. These projects measured epigenomic
markers, including histone modifications and DNase I-hypersensitive sites, across every
human tissue or cell type, and used these data to estimate genome-wide chromatin states
(e.g., whether an enhancer is activated or not) [21,22]. To identify chromatin—chromatin
interactions such as chromatin loops, we used data from the chromosome conformation
capture (3C) variant Hi-C, which can capture genome-wide chromatin interactions via
high-throughput sequencing. We found that nearly 30% of the non-coding AD SNPs
were located in enhancers and that they affected the expression of genes associated with
AP clearance, synaptic transmission, and immune responses. Among the non-coding
AD SNPs, 151476679 at the ZCWPW 1 gene locus and rs7364180 at the CCDC134 gene
locus were associated with several expression quantitative trait locus (eQTL) genes.
Finally, analysis of chromatin higher-order structure revealed direct associations
between 151476679 and eQTL genes. Our findings would explain the regulatory
mechanism of this AD SNP.

Results

Nearly 30% of non-coding AD SNPs are located in enhancers

Figure 1 provides an overview of our study. First, we collected AD SNPs
from the GWAS catalog database [23]. These AD SNPs have GWAS p-values of less
than 1.00 x 10°°, which is used as a suggested threshold in GWAS. Among the 406 AD
SNPs, 392 SNPs (96.6%) were in non-coding regions, whereas the rest were missense
and synonymous mutations (Figure 2A). Next, we checked whether these non-coding
AD SNPs were located in enhancers, using publicly available enhancer data. Enhancer

locations were predicted based on 11 histone modifications and DNase I-hypersensitive
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sites quantified in 127 human tissues or cell types, including ten brain tissues (see
Methods). We counted non-coding AD SNPs located in the enhancers that were
predicted in one or more tissues or cell types. Among the 392 non-coding AD SNPs,
106 (27.0%) were in enhancers (Figure 2B). Of these 106 SNPs, 40 (10.2% of the 392

non-coding AD SNPs) were in enhancers identified in one or more brain tissues.

Genes affected by non-coding AD SNPs are related to AD-relevant processes and
are often differentially expressed in AD patients

Next, we investigated whether the non-coding AD SNPs functioned as eQTLs,
which affect gene expression levels. To this end, the genes influenced by the
non-coding AD SNPs (hereafter referred to as eQTL genes) were collected from the
GTEXx Portal [24,25] and BRAINEAC databases [26]. We used the eQTL genes that are
located on the same chromosome as the associated AD SNPs. Among the 106
non-coding AD SNPs located in enhancers, 46 SNPs were associated with at least one
eQTL gene and, overall, 130 eQTL genes were identified. These eQTL genes were
related to AP formation, synaptic transmission, and immune responses (Table 1).
Interestingly, AD GWAS SNPs from a previous GWAS meta-analysis study were also
associated with immune responses [27].

We tested whether the eQTL genes were differentially expressed between AD
and non-AD brain tissues. For this analysis, we used three publicly available datasets
(syn5550404 [28], GSES5281 [29], and GSE44770 [30]) that include gene expression
data analyzed in nine human brain tissues (prefrontal cortex, temporal cortex, visual
cortex, entorhinal cortex, hippocampus, medial temporal gyrus, posterior cingulate,
superior frontal gyrus, and cerebellum). Differentially expressed genes (DEGs) between
AD and non-AD were identified in each brain tissue in each dataset (FDR<O0.05)
(Additional file 3: Supplementary Table S3)). We counted the number of the eQTL
genes that were identified as the DEGs. To test whether the DEGs significantly include
the eQTL genes, we performed 10,000 bootstrap replications in each brain tissue in each
dataset and obtained the expected number of eQTL genes that are included in the DEGs.
We calculated Z-scores and p-values from the number of eQTL genes and the expected
numbers. Our results showed that the eQTL genes were significantly included among
the DEGs in all these tissues with the exception of the cerebellum (Z-score > 0, p-value
< 0.05) (Table 2). The DEGs in the cerebellum had fewer the eQTL genes than them in
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the other brain tissues in the same dataset. These results are reasonable, as the
cerebellum remains unaffected in Braak staging, which represents the pathological
degree of AD [31]. Among the 126 eQTL genes analyzed in these datasets (4 of the 130
eQTL genes were not analyzed in the datasets because those corresponding probe sets
were not constructed in the microarray or those transcripts did not satisfy criteria in
RNA-seq), 110 genes (87.3%) were differentially expressed in one or more brain tissues
or datasets. Additionally, 35 of 46 SNPs (76.1%) had one or more these differentially
expressed eQTL genes. These results suggested that the non-coding AD SNPs affected

genes whose expression levels were altered in the AD brain.

AD SNPs with eQTL effects are often located at protein-binding sites

Enhancers are regulatory regions that control the expression levels of
surrounding genes when bound by specific proteins, such as transcription factors (TFs).
To emphasize that the non-coding AD SNPs are located in the enhancers, we looked for
TF-binding sites in these enhancers using the ENCODE ChIP-seq data for 161 TFs
from 91 human cell types, which included 17 brain tissues or cell types (Additional file
4: Supplementary Table S4). Among the 46 SNPs with eQTL effects discussed above,
19 were located at a protein-binding site in at least one cell types (Table 3). The closest
genes were the corresponding eQTL genes for only eight of these SNPs, indicating that
GWAS SNPs do not always affect the closest genes (Table 3). Four SNPs of the SNPs
(rs4663105, rs1532278, rs4147929, and rs439401) were located around well-known AD
candidate genes (BINI, CLU, ABCA7, and APOE) and were eQTLs of those genes. The
BINI locus rs4663105 was located in enhancer that was activated in five tissues or cell
types. Interestingly, all of these tissues or cell types were from brain regions including
the hippocampus, suggesting that rs4663105 has the brain-specific eQTL effects
(Additional file 5: Supplement Table S5). An enhancer near CLU locus was activated
in 63 tissues or cell types including 4 brain tissues. The APOE locus rs439401 is located
in the APOE-APOCI intergenic region. Enhancers near rs439401 were activated in 102
tissues or cell types including 7 brain tissues (Additional file 5: Supplement Table SS5).
This region is known as multienhancer 1 and affects APOFE expression in various tissues
or cell types, including macrophages, adipose tissue, and a neuronal cell line [32,33].
Indeed, APOE was identified as one eQTL gene of rs439401 in our study. On the other

hand, 28 tissues or cell types where the enhancer involving the ABCA7 locus was
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activated did not include brain tissues and were mainly from immune cells, such as

monocytes, B cells, and T cells.

AD SNPs and their eQTL genes co-localize in topologically associating domains

A fundamental mechanism underlying the effects of eQTLs on their regulated
genes is enhancer-promoter regulation via chromatin higher-order structures, such as
chromatin loops. Therefore, we examined whether the non-coding AD SNPs in
enhancers regulate their eQTL genes through chromatin higher-order structures. We
focused on topologically associated domains (TADs), which are genomic regions that
spatially interact with each other (Figure 3) [34,35], since enhancers and their targeted
promoters aggregate in the same TAD [36,37]. Therefore, we examined whether the 19
SNPs shown in Table 3 co-localized with the corresponding eQTL genes in the same
TAD. To detect TADs, we performed tethered conformation capture (TCC), which is a
variant of the Hi-C method that is used for the identification of comprehensive
chromatin loops through paired-end sequencing [38]. The neuroblastoma cell line
SK-N-SH and the astrocytoma cell line U-251 MG were analyzed in the TCC
experiment. These cell lines were used as models of brain cells. TADs were detected in
each cell line using HiCdat and HiCseg software [39,40]. Among the 19 SNPs, 18 SNPs
(94.7%) co-localized with at least one eQTL gene in the same TAD in the SK-N-SH
and/or U-251 MG cell line (Additional file 6: Supplement Table S6). Furthermore, 13
SNPs in SK-N-SH and 14 SNPs in U-251 MG co-localized in the same TAD with more
than 80% of the eQTL genes associated with that particular SNP. These results
suggested that the AD SNPs might regulate eQTL genes in the same TAD through

chromatin higher-order structures.

AD SNPs associating with many eQTL genes are located in CTCF-binding sites

We found that rs1476679 and rs7364180 SNPs were associated with a
particularly large number of eQTL genes (23 and 25, respectively) in Table3.
rs1476679 is located in the intronic region of the ZCWPWI gene and the enhancer
where it is located was activated in nine tissues and cell lines (Figure 4A and
Additional file 7: Supplementary Table S7). rs7364180 is located in the intronic
region of the CCDC134 gene and in enhancer that was activated in 64 tissues or cell
types (Figure 4B and Additional file 7: Supplementary Table S7). These SNPs
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co-localized with only approximately 30-70% (depending on the cell lines) of the
corresponding eQTL genes in the same TAD (Additional file 6: Supplement Table S6),
suggesting that these SNPs affected eQTL genes outside of the TADs via long-range
chromatin interactions. Interestingly, rs1476679 and rs7364180 SNPs were localized at
protein-binding sites of the CCCTC-binding factor (CTCF) in 12 and 66 cell lines,
respectively, including neuronal cell lines (Figure 4A,B and Additional file 8:
Supplementary Table S8). CTCF is a key factor to form chromatin loops and protects
promoters against acting by chance from distant enhancers [41]. Chromatin loops are
formed by the dimerization of two CTCF proteins binding to both regions that interact
each other and the binding of a ring-shaped cohesin complex (Figure 4C) [42-44]. The
formation of chromatin loops draws enhancers closer to promoters and can influence the
expression of nearby or distant genes. In addition, we found binding sites for several
TFs within the 1 kb region downstream from rs1476679 (Figure 4A) and in the region
including rs7364180 (Figure 4B). The TFs binding to these regions included SMC3 and
RAD21, which are components of the cohesin complex. These findings suggested that
rs1476679 and rs7364180 might be involved in the formation of chromatin loops via
CTCF which could regulate the expression levels of eQTL genes in cooperation with

nearby enhancer regions.

rs1476679 spatially contacts many eQTL genes via CTCF-mediated chromatin
loops

To provide further insight on how rs1476679 and rs7364180 may have an
effect on eQTL genes through chromatin higher-order structures, we performed the
following analyses: (1) investigation of whether rs1476679 and rs7364180 displayed
long-range chromatin interactions; (2) evaluation of whether the SNPs and their eQTL
genes spatially contacted each other through CTCF-CTCF interactions; and (3)
examination of whether RNA polymerase II (RNAPII) bound upstream of the eQTL
genes interacting with the SNPs.

First, we investigated chromatin loops formed by rs1476679. To this end, we
applied the fourSig method [45] to the TCC data from the SK-N-SH and U-251 MG cell
lines. We found that the chromatin loops extended approximately +500 kb from
rs1476679 (Figure 5A). We analyzed publicly available data and validated this

extensive interacting region through chromatin interaction analysis using paired-end tag
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sequencing (ChIA-PET), which is experimental method used to identify chromatin
loops, in the 3D Genome Browser [46] (Additional file 9: Supplement Figure S1). The
identified chromatin loops were located within 5 kb of the transcription start sites
(TSSs) of 15 eQTL genes associated with rs1476679 (15 out of 23 genes = 65.2%),
suggesting that rs1476679 spatially contacted many of the eQTL genes through
long-range chromatin interactions.

Previous eQTL studies of AD have indicated that rs1476679 was associated
with PILRB and GATS gene expression levels [13,15]. To examine whether rs1476679
contacts promoter regions of these genes via chromatin loops, we visualized significant
chromatin loops with the eQTL genes PILRB and GATS genes, which were significantly
downregulated in the AD hippocampus (FDR = 3.49 x 10 for GATS and FDR = 0.015
for PILRB) (Figure 5B (upper panel) and Figure 5C). In particular, the rs1476679
region significantly interacted with the gene body of PILRB and the upstream region of
GATS in the two cell lines analyzed (asterisks in Figure 5B (upper panel)). We also
found chromatin loops with the eQTL gene PILRA gene.

Next, we investigated whether the chromatin loops between rs1476670 and
PILRB and GATS occurred via CTCF-CTCF interactions, which require binding of
CTCEF to each interacting region. To this end, we determined whether CTCF binds to
the PILRB and GATS loci using ChiP-seq data for CTCF in brain tissues or neuronal
cell lines from the ChIP-Atlas database (nine tissues or cell lines; Additional file 10:
Supplement Table S9). Furthermore, we used DNase-seq data to identify
CTCF-binding at DNase I-hypersensitive sites (DHSs) (i.e., open-chromatin regions)
(31 tissues or cell lines; Additional file 10: Supplement Table S9). The bottom panel in
Figure 5B shows the peak scores for CTCF-binding sites and DHSs. As expected, we
recognized CTCF-binding sites and DHSs in the rs1476679 region. Additionally, we
found CTCF-binding sites in the gene body of PILRB and upstream of PILRB and
GATS. These results suggested that rs1476679 spatially interacts with PILRB and GATS
via CTCF.

Besides CTCF various other TFs were found to bind to the enhancers in the
rs1476679 region and the region 1 kb downstream (Figure 4A), suggesting that these
TFs could act on promoter regions of PILRB or GATS located in the
rs1476679-interacting regions. To assess this hypothesis, we looked for

RNAPII-binding promoter regions upstream of PILRB and GATS, in the
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rs1476679-interacting region, using ChIP-seq data for RNAPII in brain tissues or
neuronal cell lines from the ChIP-Atlas database (ten tissues or cell lines, Additional
file 10: Supplement Table S9). By combining the ChIP-seq data with the DNase-seq
data mentioned above, we identified two regions upstream of PILRB and GATS that
included both RNAPII-binding sites and DHSs, indicating that these two regions are
active promoter regions in neuronal cell lines (Figure 5B (bottom panel)). The
presence of active promoters in these regions was consistent with estimations based on
histone modifications (Additional file 11: Supplement Figure S2). Taken together, our
results suggested that the enhancers near rs1476679 approached the promoter regions of
PILRB and GATS via CTCF-CTCF interactions.

We visualized significant chromatin loops with the region 100 kb downstream
of 1s1476679 to search for other candidate eQTL genes affected by chromatin loops
from rs1476679. We found that rs1476679 interacted with a region within
approximately 6 kb of the TSS of the NYAPI (neuronal tyrosine-phosphorylated
phosphoinositide-3-kinase adaptor 1) gene (Additional file 12: Supplement Figure
S3B), which showed a strong eQTL effect with rs1476679 (p-value = 1.16 x 10" in
adipose subcutaneous tissues in the GTEx database), and was significantly upregulated
in the AD hippocampus (FDR = 1.35 x 10™) (Additional file 12: Supplement Figure
S3C). CTCF binding sites and active promoter peaks were found in the region upstream
of NYAPI (Additional file 12: Supplement Figure S3B, bottom panel). These results
suggested that rs1476679 affects NYAPI expression via CTCF-CTCEF interactions.

Taken together, our results from the chromatin higher-order structure analysis
showed that rs1476679 spatially contacted several eQTL genes via chromatin loops and
that rs1476679 likely affects PILRB and GATS, which were reported as the eQTL genes
of 151476679 in previous studies, through enhancer-promoter interactions. These
enhancer-promoter interactions were supported by bindings of various TFs near the
rs1476679 region and bindings of RNAPII in upstream of PILRB and GATS.

The impact of rs7364180 on many of its eQTL genes may be indirect

Finally, we used a similar analysis to identify chromatin loops formed by
rs7364180. We found that rs7364180 significantly interacted with CCDC134 and its
adjacent genes MEIl and SREBF2 (Additional file 13: Supplement Figure S4A);

however, no long-range chromatin interactions with the other eQTL genes were
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identified. These results suggested that rs7364180 does not directly influence the
expression levels of most of its eQTL genes. However, SREBF2 showed strong eQTL
effects with rs7364180 in several brain tissues (Additional file 13: Supplement Figure
S4B). To examine the genes that are regulated by SREBF2, whose product is a TF, we
used TRRUST, which is a TF-target interaction database based on text mining and
manual curation [47]. This analysis showed that SREBF2 regulates 20 genes that are
significantly associated with AD (FDR = 1.60 x 10"®) (Additional file 14: Supplement
Table S10, Additional file 15: Supplement Table S11). Therefore, many of the eQTL
genes identified for rs7364180 may be indirectly affected by the change in SREBF2

expression.

Discussion

Previous GWASs have found AD-candidate SNPs, however, how these AD
SNPs act to the pathogenesis is little known. In this study, we attempted to uncover
those functions, considering epigenetic effects from chromatin higher-order structure.
We confirmed our hypothesis that many non-coding AD SNPs are located in enhancers
and affected the expression levels of surrounding genes. We also investigated chromatin
higher-order structure with the aim of revealing direct interactions between the AD
SNPs and eQTL genes through TCC experiments. We report the following findings: (1)
nearly 30% of non-coding AD SNPs are located in enhancers; (2) the eQTL genes of the
non-coding AD SNPs within enhancers are associated with AP formation, synaptic
transmission, immune responses, and AD status; (3) rs1476679 and rs7364180 are
associated with a particularly large number of eQTL genes; and (4) rs1476679 spatially
interacts with many eQTL genes via chromatin loops.

Our findings revealed that rs1476679 is not only found in the enhancer but
also directly interacts with eQTL genes through chromatin loops. In addition to PILRB
and GATS, which were reported in previous studies [13,15], we found NYAPI to be a
candidate eQTL gene affected by rs1476679 via a chromatin loop. NYAPI regulates
neuronal morphogenesis [48]. A recent large-scale GWAS of AD identified an SNP
around NYAPI [49] and we found NYAPI to be upregulated in the AD hippocampus.
Thus, NYAPI may be related to AD pathology.

Our TCC experiments showed that rs7364180 interacts with CCDC134 and
its adjacent genes, MEIl and SREBF2. Although chromatin interactions with other
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eQTL genes were not identified, we found that SREFB2, which is a TF, regulates the
expression of 20 genes significantly associated with AD. In addition, previous studies
have shown that SREBF2 controls brain cholesterol synthesis and is involved in
diabetes, which is associated with an increased risk of AD [50,51], and that AD model
mice overexpressing SREBF2 show AP accumulation and neurofibrillary tangle
formation [52]. Overall, these findings suggest that rs7364180 might exert its effect on
AD-associated genes, at least in part, indirectly via SREBF2.

rs1476679 and rs7364180 are located in CTCF-binding sites. CTCF is a
regulator of chromatin topology that regulates the boundaries of TADs [53-56].
Mutations in CTCF-binding sites are associated with diseases [17,57]. For instance, in
frontotemporal lobar degeneration, which belongs to the group of neurodegenerative
diseases that includes AD, a SNP in a CTCF-binding site modifies the surrounding
chromatin conformation and spatially regulates the expression level of a causative gene,
TMEM106B, leading to neuronal death [57]. These reports support the hypothesis that
the disease risk associated to rs1476679 and rs7364180 are due to epigenetic effects
occurring via chromatin loops.

We found 19 SNPs in enhancer regions for which TF binding was confirmed
by ChIP-seq data and that were associated with at least one eQTL gene (Table 3). Of
them, rs4147929 in the ABCA7 intron was identified through IGAP GWAS [8]. The
enhancer including the ABCA7 locus was activated in immune cells, such as monocytes,
B cells, and T cells. ABCA7 is highly expressed in human monocytes that induced into
macrophages [58]. Additionally, the expression level of ABCA7 is also high in human
microglia [59]. The monocytes-derived macrophages and microglia response to immune
responses and have phagocytic activities. The epigenetic data that we used in this study
did not include them from microglia, however, epigenetic status between the monocytes
and microglia may similar. This suggests that the ABCA7 locus rs4147929 could have

the eQTL effects in microglia and could affect pathology in brain regions.

Conclusions

In conclusion, multi-omics data analyses, including analyses of histone
modifications, eQTL associations, protein binding, and chromatin higher-order structure
data, suggested mechanisms by which non-coding AD SNPs identified in AD GWASs

may confer disease risk. The main novel finding of this investigation is the eQTL
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mechanisms identified between rs1476679 at the ZCWPWI locus and its eQTL genes
through chromatin interaction analysis. In future studies, we need to compare
postmortem human brains from AD patients with those of normal healthy individuals to

clarify the details of chromatin higher-order structure in AD.

Methods
AD-associated SNPs (AD SNPs)

AD SNPs were obtained from the GWAS catalog database (Release
20170627, https://www.ebi.ac.uk/gwas/) [23]. These SNPs included “Alzheimer” in the
“DISEASE/TRAIT” column of the GWAS catalog data. We investigated 406 of these
SNPs, including 19 confirmed SNPs identified in the IGAP study [8] and AD SNPs
with GWAS p-values of less than 1.00 x 10°°, which is used as a suggested threshold in
GWAS. The genomic positions of all SNPs were standardized to the human reference
genome (hgl9) based on their reference SNP ID (rsID). SNPs without a rsID were

manually curated.

Enhancer data from 127 tissues or cell types

A chromatin state model for 127 tissues or cell types was obtained from the
Roadmap Epigenomics website (http://egg2.wustl.edu/roadmap/web_portal/). These
127 tissues or cell types are described in Additional file 1: Supplementary Table S1.
The chromatin state model segments the human genome into 25 states based on 12
chromatin marks (H3K4mel, H3K4me2, H3K4me3, H3K9ac, H3K27ac, H4K20mel,
H3K79me2, H3K36me3, H3K9me3, H3K27me3, H2A.Z, and DNase I-hypersensitive
sites) using ChromHMM and ChromImpute [21,22]. We extracted six enhancer states
(Active Enhancer 1 (EnhAl), Active Enhancer 2 (EnhA2), Active Enhancer Flank
(EnhAF), Weak Enhancer 1 (EnhW1), Weak Enhancer 2 (EnhW2), and Primary
H3K27ac possible Enhancer (EnhAc)) from the 25 states and treated them as enhancer
data (Additional file 2: Supplementary Table S2). EnhA1l, EnhA2, and EnhAF show
high levels of H3K4mel and H3K27ac, which are enhancer-associated histone
modifications. EnhW1 and EnhW2 show high H3K4mel and low H3K27ac levels.
EnhAc shows low H3K4mel and high H3K27ac levels.

Expression quantitative trait loci (eQTLs)
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The eQTL genes of each AD SNP were searched in the GTEx Portal database
(https://www.gtexportal.org/) [24,25] and the BRAINEAC database
(http://www.braineac.org/) [26]. For further details, see Additional file 16:
Supplementary Information. The eQTL genes in the above databases are located on
the same chromosome as the associated SNPs. Pseudogenes were removed based on the
GENCODE pseudogene resource from the eQTL analysis [60]. The AD SNPs were
considered to associate with the eQTL genes if the corrected p-value was less than 0.05.
Each p-value was corrected for multiple testing across genes on the same chromosome
using Storey’s g-value [61]. Gene functional enrichment analysis of the eQTL genes

was performed using the Metascape database (http://metascape.org/) [62].

Differentially expressed genes (DEGs) from publicly available datasets

DEGs between AD and non-demented brains were identified using three
publicly available gene expression datasets (syn5550404 [28], GSE5281 [29], and
GSE44770 [30]). For further details, see Additional file 16: Supplementary
Information. The syn5550404 dataset contains RNA-seq data for cerebellum and
temporal cortex samples from 312 Caucasian subjects with neuropathological diagnosis
of AD, progressive supranuclear palsy, pathologic aging or elderly controls without
neurodegenerative diseases. The DEGs were identified using multivariate linear
regression after adjusting for covariates (age at death, gender, RNA integrity number
(RIN), source, and flow cell). These statistics were provided by the AMP-AD
Knowledge Portal (https://www.synapse.org/#!Synapse:syn2580853/wiki/409840). The
GSES5281 dataset contains microarray data for six brain regions that are either
histopathologically or metabolically relevant to 33 AD and 14 aging; these include the
entorhinal cortex (BA 28 and 34), superior frontal gyrus (BA 10 and 11 and
approximate BA 8), hippocampus, primary visual cortex (BA 17), middle temporal
gyrus (BA 21 and 37 and approximate BA 22), and the posterior cingulate cortex (BA
23 and 31). The GSE44770 dataset contains microarray data for 230 autopsied tissues
from dorsolateral prefrontal cortex (PFC), visual cortex (VC) and cerebellum (CR) in
brains of LOAD patients, and non-demented healthy controls. These two datasets were
reanalyzed, because statistics for the comparisons were not provided. The reanalyses of
GSES5281 and GSE44770 was performed using t-tests and logistic regression analyses

with covariates (age, gender, postmortem interval in hours, sample pH, RIN, sample
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processing, and batch), respectively, as described in the original analyses. DEGs were
defined based on an FDR-adjusted p-value < 0.05.

Cell culture

We employed two cell lines for this study: the neuroblastoma cell line
SK-N-SH (American Type Culture Collection, Manassas, VA, USA) and the
astrocytoma cell line U-251 MG (Japan Collection of Research Bioresources Cell Bank,
Ibaraki, Osaka, Japan). Both cell lines were grown in Eagle’s MEM and cultured at
37°C with 5% CO,. For further details, see Additional file 16: Supplementary

Information.

TCC library preparation and deep sequencing for target regions

Tethered conformation capture (TCC), which is a variation of Hi-C, was
performed to detect chromatin interactions. A TCC library was prepared in accordance
with the method reported by Kalhor ef al. with minor modifications [38]. The captured
DNA fragments corresponding to the target regions were obtained from the TCC library
using the SureSelect Target Enrichment System (Agilent Technologies). The library
was subjected to paired-end sequencing on the Genome Analyzer IIx or MiSeq
(Illumina) platform. For further details, see Additional file 16: Supplementary

Information.

Processing the sequencing output

In accordance with the procedure established by Imakaev et al. [63], we
mapped the sequenced reads to the human reference genome (hgl19) using Bowtie2 and
used the “hiclib” library (provided by the Leonid Mirny Laboratory
(https://bitbucket.org/mirnylab/)) to filter out non-informative reads. For further details,

see Additional file 16: Supplementary Information.

Chromatin interaction analysis

To identify significant chromatin interactions, we applied the R software
package fourSig [45]. We counted mapped reads from TCC to the nearest restriction
sites (HindIII sites) because TCC assumes that chromatin interactions occur around

restriction sites. A viewpoint nearest to the HindlII sites on both sides of the SNP was
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selected when we detected chromatin interactions for an SNP. A window size of one
fragment was set. The significance level employed was an FDR-adjusted p-value of
0.05.

Identification of topologically associated domains (TADs)

Identification of TADs in the SK-N-SH and U-251MG cell lines was
performed using the R software packages HiCdat and HiCseg [39,40]. The sequenced
reads mapped to the human reference genome (hg19) were normalized using HiCdat
and compiled using a genomic bin size of 100 kb. The default values for the HiCseg
parameters were employed to detect TADs. HiCseg estimated the TAD block

boundaries based on a maximum likelihood approach.
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Figure legends

Figure 1. Flowchart of the present study

Figure 2. Nearly 30% of non-coding AD SNPs are located in enhancers
(A) Circle chart showing the genomic region location of AD SNPs from the GWAS
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catalog database (p-value < 1.00 x 107°). (B) Circle chart showing the proportions of
non-coding AD SNPs located in non-enhancer regions and in enhancers identified in
one or more tissues or cell types. “Brain Enhancer” indicates non-coding AD SNPs
located in enhancers identified in one or more brain tissues. “Non-Brain Enhancer”
indicates non-coding AD SNPs located in enhancers that were not identified in brain
tissues but were identified in the other tissues or cell types. All tissue and cell type

names are described in Additional file 1: Supplement Table S1.

Figure 3. AD SNPs and their eQTL genes co-localize in topologically associating
domains (TADs)

Heatmap showing the frequency of chromatin interactions based on tethered
conformation capture (TCC) experiments in the astrocytoma cell line U-251MG
(100-kb bins). Diagonal darker blocks indicate TAD. AD SNP could contact the distal

eQTL genes via chromatin interactions.

Figure 4. AD SNPs with eQTL effects are often located at protein-binding sites

(A, B) Cumulative bar graph of the chromatin state across 127 tissues or cell types
(upper panel) and ChIP-seq tracks (bottom panel) around rs1476679 (A) and rs7364180
(B). Three representative chromatin state groups of the cumulative bar graph are
depicted according to the color legend. The chromatin state names are shown in
parentheses (see details in Methods). Details of all 25 chromatin state names are
described in Additional file 2: Supplement Table S2. Grey bars in ChIP-seq tracks
represent peak clusters of transcription factor (TF) occupancy. The color intensity of the
bars is proportional to the level of TF occupancy. Green bars represent motif sites for
the corresponding TFs. These ChIP-seq tracks were generated from the UCSC genome
browser (https://genome.ucsc.edu/). (C) A schematic representation of a chromatin loop
based on CTCF binding.

Figure 5. rs1476679 spatially contacts many eQTL genes via CTCF-mediated
chromatin loops and affects their expression levels

(A) Chromatin interactions of the rs1476679 locus as determined by TCC experiments.
Red and blue lines represent significant chromatin interactions from rs1476679 in
SK-N-SH and U-251 MG cells, respectively. (B) Zoom-in region of the rs1476679
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locus. The upper panel indicates chromatin interactions of the s1476679 locus. The
orange and green bands indicate gene bodies on the positive and negative strands,
respectively. Gene symbols in red indicate the eQTL genes of rs1476679. Asterisks
indicate chromatin interactions of the rs1476679 locus with the GATS, PILRB, and
PILRA genes. In the bottom panel, the color plot indicates the peak scores from
ChIP-seq data for CTCF or RNA polymerase II (RNAPII) and DNase-seq data showing
DNase I-hypersensitive sites (DHSs). Each row in the colored plot represents different
brain tissues or neuronal cell lines (18 experiments (rows) including nine tissues or cell
lines based on CTCF ChIP-seq, 21 experiments including ten cell lines based on
RNAPII ChIP-seq, and 82 experiments including 31 cell lines based on DNase-seq;
Additional file 10: Supplement Table S9). (C) GATS and PILRB expression levels in
the hippocampus from GSE5281. Boxes represent the interquartile range between the
first and third quartiles and median (internal line). Whiskers denote the lowest and
highest values within 1.5 times the range of the first and third quartiles, respectively;

dots represent GATS and PILRB expression levels in each sample.

Figure S1. Higher-order chromatin structure of the rs1476679-containing region
as assessed by chromatin interaction analysis by paired-end tag sequencing
(ChIA-PET) experiments

Each curved line represents chromatin loops associated with RNA polymerase II in
K562 (A) and MCF-7 (B) cell lines. These figures were modified from the 3D Genome
Browser (http://promoter.bx.psu.edu/hi-c/index.html).

Figure S2. Upstream regions of GATS and PILRB genes show prominent promoter
activity as estimated from histone modifications.

Four representative chromatin state groups are shown (see color key). The chromatin
state names are shown in parentheses (see detail in Materials and Methods). Details of

all 25 chromatin state names are given in Additional file 2: Supplement Table S2.

Figure S3. Chromatin interactions between the rs1476679 locus and NYAPI
(A) Chromatin interactions from rs1476679 locus as determined by TCC experiments.

Red and blue lines represent statistically significant chromatin interactions from

rs1476679 in SK-N-SH and U-251 MG, respectively. (B) Zoom-in region of rs1476679
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locus. Upper panel indicates chromatin interactions from s1476679 locus. Orange and
green bands indicate gene bodies on the positive and negative strands, respectively.
Gene symbols in red indicate eQTL genes of rs1476679. Asterisks indicate chromatin
interactions from the rs1476679 locus to around the TSS of NYAPI. In the bottom panel,
a color plot indicates peak scores from ChIP-seq data for CTCF or RNA polymerase 11
(RNAPII) and DNase-seq data to show DNase I hypersensitive sites (DHSs). Each row
in the color plot represents different neuronal cell lines (18 experiments (rows)
including nine tissues or cell lines in CTCF ChIP-seq; 21 experiments including ten cell
lines in RNAPII ChIP-seq; 82 experiments including 31 cell lines in DNase-seq;
Additional file 10: Supplement Table S9). (C) Expression level of NYAPI in
hippocampus from GSE5281. Boxes represent the interquartile range between the first
and third quartiles and median (internal line). Whiskers denote the lowest and highest
values within 1.5 times the range of the first and third quartiles, respectively; dots

represent GATS and PILRB expression levels in each sample.

Figure S4. Higher-order chromatin structure of the rs7364180-containing region

(A) Chromatin interactions from the rs7364180 locus as determined by TCC
experiments and protein binding in the corresponding region. In the upper panel, red
and blue lines represent statistically significant chromatin interactions from rs7364180
in SK-N-SH and U-251 MG, respectively. Orange and green bands indicate gene bodies
on the positive and negative strands, respectively. Gene symbols in red indicate eQTL
genes of rs7364180. In the bottom panel, a color plot indicates peak scores from
ChIP-seq data for CTCF or RNA polymerase II (RNAPII) and DNase-seq data to show
DNase I hypersensitive site (DHS). Each row in the color plot represents different
neuronal cell lines (18 experiments (rows) including nine tissues or cell lines in CTCF
ChIP-seq; 21 experiments including ten cell lines in RNAPII ChIP-seq; 82 experiments
including 31 cell lines in DNase-seq; Additional file 10: Supplement Table S9). (B)
eQTL associations between rs7364180 genotypes (GG, GA, and AA) and SREBF?2
expression levels in the following ten brain tissues: TCTX, temporal cortex; OCTX,
occipital cortex (specifically the primary visual cortex); FCTX, frontal cortex; HIPP,
hippocampus; THAL, thalamus; CRBL, cerebellar cortex; MEDU, medulla (specifically
the inferior olivary nucleus); PUTM, putamen; WHMT, intralobular white matter; and

SNIG, substantia nigra. These box plots were modified from the BRAINEAC database.
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Supplementary Information
Cell culture

We used two cell lines for this study; a neuroblastoma cell line, SK-N-SH (American Type
Culture Collection, Manassas, VA, USA), and an astrocytoma cell line, U-251MG (Japan
Collection of Research Bioresources Cell Bank, Ibaraki, Osaka, Japan). SK-N-SH was grown in
Eagle's MEM medium supplemented with 10% FBS, 1 mM sodium pyruvate, 0.1 mM each
non-essential amino acids and antibiotics (Gibco(R) Penicillin-Streptomycin, 10,000 U/mL
(Life Technologies)). U-251MG was grown in Eagle's MEM medium supplemented with 10%
FBS and antibiotics. Both cell lines were cultured at 37°C with 5% CO,.

TCC library preparation

A TCC library was prepared according to a method reported by Kalhor et al. with minor
modifications [1]. The cells were cross-linked with 2 % formaldehyde on 10 minutes incubation,
and then 2 M glycine was added to a final concentration of 125 mM to stop the reaction. Since
cells stuck strongly to the culture dish during the crosslinking reaction, which made it hard to
harvest them, they were washed twice using PBS(-) and then treated with trypsin-EDTA (0.25%
trypsin and 1 mM EDTA, Invitrogen) for 15 minutes at 37 °C. The dishes were chilled on ice
and the cells were harvested by pipetting on ice to avoid proteolysis. To isolate nuclei, cells
were suspended in 50 mL of ice-cold lysis buffer (10 mM Tris-HCI, pH 8.0, 10 mM NaCl, 1 %
IGEPAL CA-630 (Sigma), and 1/500 (vol/vol) protease inhibitor cocktail (Nacalai Tesque)),
stirred for 90 min at 4 °C and then centrifuged at 1,600 X g [2,3]. Nuclei were suspended in
wash buffer 1 (50 mM Tris-HCI, pH 8.0, 50 mM NaCl and 1 mM EDTA). The suspension was
incubated for 10 minutes at 65 °C after the addition of 95 pL 2 % SDS. After that, 105 pL 25
mM iodoacetyl-PEG2-biotin (IPB) (Thermo Fisher Science) was added, followed by incubation
for 40 minutes at room temperature to biotinylate cysteine residues. Chromatin was digested
with Hindlll (New England Biolabs) overnight at 37 °C with rotation. After digestion, the
mixture was placed in a Slide-A-Lyzer Dialysis Cassette (20K MWCO) (Pierce Protein
Research Products, Rockford, Illinois) and dialyzed for four hours at room temperature against
1 L of the TE buffer (10 mM Tris-HCI, pH 8.0, I mM EDTA) to remove IPB remaining from
the biotinylation step. The TE buffer was renewed after three hours.

Digested chromatin was immobilized on 0.4 mL Dynabeads(R) MyOne Streptavidin T1
beads (Invitrogen) to remove non-crosslinked DNA fragments. The magnetic beads were treated

with neutralized IPB and then washed twice with wash buffer 2 (10 mM Tris-HCIL, pH 8.0, 50
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mM NacCl, 0.4 % Triton X-100). The DNA ends were labeled by adding 0.7 uL 10 mM dATP,
0.7 uL 10 mM dTTP, 0.7 pL 10 mM dGTPalphaS (AXXORA), 15 pL 0.4 mM biotin-14-dCTP
(Invitrogen), and 5 pL 5 units/pL Klenow (New England Biolabs), and then incubated at room
temperature for 40 min. The labeling reaction was stopped by adding 5 uL 0.5 M EDTA, and
then the beads were washed twice and resuspended in 500 puL of wash buffer 3 (50 mM
Tris-HCI, pH 7.4, 0.4 % Triton X-100, 0.1 mM EDTA). For ligation, the beads suspension was
added to 4.4 mL of ligation mix (containing 180 pL 10 % Triton X-100, 250 uL 10X ligase
buffer (New England Biolabs), 100 uL 1 M Tris-HCI, pH 7.4, and 50 pL 100X BSA (New
England Biolabs)). After the addition of 2 pL DNA ligase (New England Biolabs), the
suspension was gently rocked on a reciprocal shaker at 16 °C. After 4 hours incubation, 0.2 mL
0.5 M EDTA was added to stop the ligation step. To purify the ligated DNA,
reverse-crosslinking and protein digestion with proteinase K (New England Biolabs) were
performed overnight at 65 °C. DNA free from streptavidin-coated beads was purified by
phenol-chloroform-isoamylalcohol extraction. To determine whether or not the ligatin step had
been successful, PCR amplification was performed using the primers described by
Lieberman-Aiden et al. [4], and then the PCR products were sequenced using a Sanger
sequencer ABI 3130 (Applied Bioscience).

After quality checking, biotinylated residues from unligated DNA ends were removed using
Escherichia coli exonuclease III (New England Biolabs). The DNA was sheared with an
acoustic solubilizer Covaris S2 (Covaris Inc.), and the fragment size was checked with a 2100
Bioanalyzer (Agilent Technologies). The biotin-labeled DNA fragments were pulled-down
using 10 pL streptavidin-coated magnetic beads (Dynabeads(R) MyOne Streptavidin C1 beads
(Invitrogen)). The DNA fragments were ligated with paired-end sequencing adaptors (Illumina,
San Diego, CA) and then amplified (12-15 cycles). After amplification, the library was
size-selected by agarose gel electrophoresis to remove DNA fragments whose length was less
than 350 bp or more than 500 bp. The DNA fragments of 350-500 bp in the agarose gel were
purified with a QIAquick gel extraction kit (QIAGEN). The size and concentration of the

purified library were determined with a 2100 Bioanalyzer.

Processing of the sequencing output
Image analysis and base calling were performed using Illumina RTA and CASAVA with a
default parameter. Mapping and filtering were carried out according to a procedure reported by

Imakaev et al. [5]. In brief, sequenced reads were mapped to the human reference genome
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(hg19) using Bowtie2 [6]. The reads of 25 bp were mapped at first. If the reads were not
mapped uniquely, they were extended to 30 bp and re-mapped. This extension and re-mapping
process was repeated until the read length of 75bp was reached. To remove non-informative
pairs, the following read pairs were removed: (1) self circles (both reads mapped in the same
restriction fragment), (2) dangling ends (sum of the distances between read and corresponding
HindlIll recognition site more than 500 bp), and (3) redundant (which may result from PCR
amplification). We used a library “hiclib” (provided by the Leonid Mirny laboratory
(https://bitbucket.org/mirnylab/)) for these filtering steps. The processing steps described above

were carried out with our in-house computational pipeline.

Expression quantitative trait loci (eQTL)

The GTEx Portal database provides SNPs associated with gene expression from 449
individuals not restricted to specific diseases or conditions in 44 diverse postmortem tissues.
RNA expression was measured by RNA sequencing. Genotyping was performed on the
Illumina Human Omni 2.5M and 5M Beadchips.

The BRAINAC database provides SNPs associated with gene expression from 134
neuropathologically normal individuals in 10 postmortem brain regions: cerebellar cortex,
frontal cortex, hippocampus, inferior olivary nucleus (sub-dissected from the medulla), occipital
cortex, putamen (at the level of the anterior commissure), substantia nigra, temporal cortex,
thalamus (at the level of the lateral geniculate nucleus), and intralobular white matter. The
BRAINAC database was calculated eQTL effects in the 10 brain regions and the average across
all available regions. RNA expression was measured using an Affymetrix Exon 1.0 ST array.

Genotyping was performed on the Illumina Infinium Omnil-Quad BeadChip.

Publicly available gene expression datasets

syn5550404 includes gene expression data for 159 cerebellum (CBE) and 160 temporal
cortex (TC) samples from North American Caucasian subjects with neuropathological diagnosis
of AD (n=82) or elderly controls without neurodegenerative diseases (n=77 in CBE; n=78 in
TC). All subjects were from the Mayo Clinic Brain Bank (MCBB) or the Banner Sun Health
Research Institute. All ADs had definite diagnosis according to the the National Institute of
Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and
Related Disorders Association (NINCDS-ADRDA) criteria and had Braak neurofibrillary tangle
(NFT) stage of IV or greater. Control subjects had Braak NFT stage of IIl or less, the
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Consortium to Establish a Registry for Alzheimer's Disease (CERAD) neuritic and cortical
plaque densities of 0 (none) or 1 (sparse) and lacked any of the following pathologic diagnoses:
AD, Parkinson’s disease, dementia with Lewy bodies, vascular dementia, progressive
supranuclea palsy, motor neuron disease, corticobasal degeneration, Pick’s disease,
Huntington’s disease, frontotemporal lobar degeneration, hippocampal sclerosis or dementia
lacking distinctive histology. Gene expression measures were generated, using next-generation
RNA sequencing with Illumina HiSeq 2000 sequencers.

In GSES5281, brain samples were collected at three Alzheimer’s Disease Centers (Washington
University, Duke University, and Sun Health Research Institute). Individuals clinically
classified as neurologically normal (10 males and 4 females) with a mean age of 79.8 + 9.1 yr.
Clinically classified late-onset AD-afflicted individuals (15 men and 18 women) with a mean
age at death of 79.9 &+ 6.9 yr. Samples were collected (mean postmortem interval (PMI) of 2.5 h)
from six brain regions that are either histopathologically or metabolically relevant to AD and
aging; these include the entorhinal cortex (BA 28 and 34), superior frontal gyrus (BA 10 and 11
and approximate BA 8), hippocampus, primary visual cortex (BA 17), middle temporal gyrus
(BA 21 and 37 and approximate BA 22), and the posterior cingulate cortex (BA 23 and 31).
Each brain tissues were analyzed on an Affymetrix Human Genome U133 Plus 2.0 Array.

In GSE44770, 230 autopsied tissues from dorsolateral prefrontal cortex (PFC), visual cortex
(VC) and cerebellum (CR) in brains of LOAD patients, and non-demented healthy controls,
collected through the Harvard Brain Tissue Resource Center (HBTRC), were profiled on a
custom-made Agilent 44K array. All subjects were diagnosed at intake and each brain
underwent extensive LOAD-related pathology examination. Gene expression analyses were
adjusted for age and sex, PMI in hours, sample pH and RNA integrity number (RIN). In the
overall cohort of LOAD and non-demented brains the mean + SD for sample PMI, pH and RIN
were 17.848.3, 6.4+0.3 and 6.8+0.8, respectively.
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