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Abstract

Short Structural Variants (SSVs) are short genomic variants (<50bp) other than SNPs. It has been
suggested that SSVs contribute to many human complex traits. However, high-throughput analysis
of SSVs presents numerous technical challenges. In order to facilitate the discovery and
assessment of SSVs, we have developed a prototype bioinformatics tool, “SSV evaluation
system”, which is a searchable, annotated database of SSVs in the human genome, with associated
customizable scoring software that is used to evaluate and prioritize SSVs that are most likely to
have significant biological effects and impact on disease risk. This new bioinformatics tool is a
component in a larger strategy that we have been using to discover potentially important SSVs
within candidate genomic regions that have been identified in genome wide association studies,
with the goal to prioritize potential functional/causal SSVs and focus the follow-up experiments on
a relatively small list of strong candidate SSVs. We describe our strategy and discuss how we have
used the SSV evaluation system to discover candidate causal variants related to complex
neurodegenerative diseases. We present the SSV evaluation system as a powerful tool to guide
genetic investigations aiming to uncover SSVs that underlie human complex diseases including
neurodegenerative diseases in aging.
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INTRODUCTION

Structural Variants (SVs) are genomic variants other than SNPs, and include deletions,
insertions, microsatellites or simple sequence repeats/short tandem repeats (SSRs/STRS),
copy number variation (CNV), block substitutions, and inversions (Frazer, et al., 2009). Our
interests focus on Short SVs (hereafter SSVs), a category that is defined here as variants
other than single nucleotide variation, that encompass short sequence (usually with size
change less than 50 bp), and include short deletions, short insertions, insertion/deletions (In-
del), mixed (cluster that contains multiple classes), multiple nucleotide polymorphism
(MNP, the alleles remain the same length), and microsatellites or simple sequence repeats/
short tandem repeats (SSRS/STRS).

Recently, there has been increased support for the idea that SSVs, as well as SNPs, may be
responsible for many human complex traits (Mirkin, 2007; Pearson, et al., 2005; Willems, et
al., 2014). Remarkably, a very recent study based on the analysis of an integrated SV map of
2504 human genomes showed that SVs are enriched on haplotypes identified by genome
wide association studies (GWAS) (Sudmant, et al., 2015).

While the set of SSVs may contain many of the causal variants (CVs) responsible for human
traits, the analysis of SSVs — particularly the class of repeat variations (such as short and
long tandem repeats) — presents numerous technical challenges to the investigator. Many
current next generation sequencing (NGS) technologies will not accurately detect
polymorphic repetitive sequences, because of short reads and difficulties in assembling
repeating elements into contigs. Other approaches that allow phased sequencing, such as
PacBio or cloning coupled with traditional Sanger sequencing, are not feasible and/or very
expensive to carry out at the whole-genome level. Therefore, we were motivated to develop a
bioinformatics tool that would allow human geneticists to narrow down and efficiently focus
the genotyping and sequencing efforts on a smaller list of SSVs that are predicted to have a
high biological impact, and may be causal variants for the traits under investigation.

Our research strategy expands on the concept that changes, even subtle, in expression levels
of normal (wild-type) proteins in the brain can lead to neurodegenerative diseases of the
aging brain. Our major goal is to uncover functional variants that modulate expression
regulation and lead to subtle changes in expression level of specific genes that play a role in
pathways related to neurodegeneration. It has been suggested that many SSVs control gene
expression, and so our current focus is on SSVs that are within putative regulatory regions,
and their role in late onset neurodegenerative diseases. A new study identified >2000
expression STRs (eSTRs) in the human genome and found that eSTRs contribute to
~10-15% of the cis heritable variation in gene expression attributed to common variants, and
hence provided further support for our focus on SSVs in the context of expression changes
as an underlying mechanism for late onset neurodegenerative diseases (Gymrek, et al.,
2016).

Herein we propose an evaluation system to guide genetic investigations exploring the role of
SSVs in human complex diseases, particularly neurodegenerative diseases of aging. Our
general strategy, outlined in Fig. 1, is to use available GWAS data to define candidate
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genomic regions, then to use the SSV evaluation system to prioritize particular SSV's within
these regions, and finally in future studies to conduct laboratory testing to analyze the high-
priority SSVs using experiments that include case-control samples to evaluate an association
with a particular brain disease of interest coupled with functional studies to uncover the
plausible mechanisms of action of the candidate SSV. This paper describes the stage of this
general strategy in which we developed an /n silico tool, the SSV evaluation system, for
prioritization of candidate SSVs.

Organization of the SSV evaluation system

Our prototype SSV evaluation system consists of an annotated, genome-wide list of SSVs
(dbSSV), and a search and scoring program (SSV Search) that generates custom SSV
Reports for a given query. Fig. 2 shows the data sources and organization of the main
components of the system. The left side of this figure shows the public domain sources of
the various data tracks, and the arrows indicate the processing of those tracks to make
component databases and the final databases. This overall structure is easily expandable,
permitting the future addition of new tracks within existing categories and the addition of
entirely new categories.

The SSV evaluation system is publicly accessible and can be downloaded in the following
link at the Polymorphic DNA Technologies FTP site: http://polymorphicdna.tdl.com/
download/userl (username, "userl"; password, "rna389").

Database content and related fields

The current version of the dbSSV database contains information on approximately 4 million
known SSVs and an additional 2 million SSRs found in the human genome. The position of
each SSV is mapped to the human reference sequence version GRCh37/hg19. The known
SSVs were extracted from the public database dbSNP (build 142) choosing essentially all
variants that are not described as “simple” (7.e. SNP). The set of SSRs was created by a scan
of the entire Human Reference Sequence, searching for simple repeats of any nucleotide unit
of length ranging from 1 to 50 nucleotides. Data describing the location and definition of the
SSV, variability indicators, repeat context, gene context, transcription factor and microRNA
binding sites, other regulatory markers, conservation, position within a linkage
disequilibrium (LD) block, GWAS signals, and tissue-specific regulatory signals are
registered in the underlying database files. A list of the data sources for each of these fields
is given in Supp. Table S1. Descriptions of the derivations of each field are given in Supp.
Table S2.

Search and Scoring Software

The database searches and scoring are performed by “SSV Search”, which is an Excel file
with a Visual Basic macro. This file includes a “Browser” worksheet that serves as the main
user interface (Supp. Figure S1). The program finds all SSVs and related fields in dbSSV for
the specified ranges, performs scoring of each SSV based upon all data fields, and creates a
separate SSV Report file containing all related data fields and component scores. The report

Hum Mutat. Author manuscript; available in PMC 2017 September 01.


http://polymorphicdna.tdl.com/download/user1
http://polymorphicdna.tdl.com/download/user1

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saul et al.

Page 4

contains a worksheet named “Full Report” that lists all fields and partial scores. In addition,
a separate worksheet called “Brief Report™ lists a smaller number of data fields and only the
major category scores and their associated total scores.

The algorithm: scoring parameters and considerations

The scoring algorithm creates numerical scores for 24 different properties of each SSV. For
all numerical data and for some qualitative descriptions, we have assigned weighting factors
or look-up values that can be used to produce partial scores for each property. It should be
noted that the values we have assigned to these weighting factors are arbitrary and represent
our knowledgeable prediction of the weight that describes the relative importance of each
factor. The scoring parameters are contained in a separate “Scoring Rules” worksheet of the
SSV Search file (Supp. Figure S2). Below, we briefly describe the significance of each data
type and the scoring strategy:

1.

Size Variability — We include fields for the number of known alleles of the
SSV (from dbSNP), the known size range of the SSV region (calculated
from dbSNP), and an SSR Slippage Index (calculated from a custom
model of polymerase slippage). These parameters are all indictors of the
extent to which an SSV may alter the size of a genomic region. Our
scoring method assigns larger significance to data values that are related to
larger size changes.

Repeat Context — The database includes descriptive fields from the
“RepeatMasker” genome-wide track. These descriptions indicate regions
that contain repeated elements, and such regions are known to be hotspots
for mutation and for large size variations. Our scoring method gives higher
values for “simple repeats”, “low complexity”, and “LTR”, since such
regions are known to be sites of some causal variants. This category also
employs a “clustering index”, which adds an additional score to pairs of
SSVs that are in close proximity, since such adjacent SSVs may act

synergistically.

Gene Context — For the site of each SSV, we determine whether it is
within a gene and if so, whether it is in a coding exon, a 5’UTR, a 3’UTR,
an intron, or a promoter region. We assign higher scores to coding regions,
UTRs, and promoters because these are most likely to affect gene
expression and/or peptide sequence. We also assign higher scores to larger
introns since these may contain sequences with regulatory function.

GWAS - dbSSV currently contains GWAS “signals” for 19 different
disease traits. To get these signals, we first take the logarithm of the
negative logarithm of the p-values of each GWAS-SNP to get a signal
value at each SNP site. This “log of the log” calculation is done to reduce
the range of the GWAS signals from hundreds of orders of magnitude to
just a few orders of magnitude. We then use the known local
recombination rates to compute a continuous GWAS signal over the
chromosome locations flanking each GWAS-SNP, with that signal
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dropping off with accumulated loss of association because of
recombination. Each SSV is assigned this calculated GWAS signal value
and scores are assigned in proportion to signal strength. This parameter
assigns higher scores to SSVs that are closer to a strongly associated
GWAS SNP.

5. Regulation — We have selected tracks available from several data sources:
NIH Roadmap Epigenomics project, ENCyclopedia Of DNA Elements
(ENCODE), Biobase, TargetScan.

5.1. NIH Roadmap Epigenomics project: We have chosen six
tissue-specific regulatory signals, which are the four histone
modifications H3K4mel, H3K4me3, H3K%ac, and H3K27ac,
and also tracks for DNase | hypersensitivity and for
methylation. The current version of the SSV evaluation system
includes these tracks for four brain tissues [brain hippocampus
middle (BHM), brain inferior temporal lobe (BITL), brain mid
frontal lobe (BMFL), and brain substantia nigra (BSN)]. These
epigenetic signals reflect the extent to which genomic regions
are active in various gene expression processes. For scoring, we
have initially scaled the weighting factors for each of the six
signals in order to get a range of partial scores of 0 to 5 for
each signal.

5.2. ENCODE: We have chosen two tracks, Genome
Segmentation and Transcription Factor ChlPs. (i) Genome
Segmentation represents multivariate genome-segmentation
results based on ENCODE data from 6 cell-lines (Consortium,
2012) and using machine learning techniques. The genome was
automatically segmented into disjoint segments and each
segment belongs to one of seven specific genomic "states"
(region): Promoter (including transcription start site, TSS),
Promoter-flanked, Enhancer, Weak Enhancer, Transcribed,
Repressed, and CTCF enriched element. Scores were assigned
with higher values for Enhancer and CTCF enriched regions
since these regions are more involved in regulation. (ii)
Transcription Factor ChIP track represents a comprehensive set
of human transcription factor binding sites based on ChIP-seq
experiments generated by all production groups in the
ENCODE Consortium (Consortium, 2012). The report includes
the names of the transcription factors (TFs), and scores for
their signal strength using a linear scoring factor.

5.3. Biobase and TargetScan: We have chosen two matrix
databases, for TF binding sites and for microRNA derived from
in silico analyses. (i) Conserved Transcription Factor Binding
Sites (TFBS) contains the location and score of transcription
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factor binding sites conserved in the human/mouse/rat
alignment. In this track, a binding site is considered conserved
across the alignment if its score meets the threshold score for
its binding matrix in all 3 species. The score and threshold are
computed with the Transfac Matrix Database (v7.0) created by
Biobase. The scoring factor used for this track is the same as
that used for the Transcription Factor ChIP track. (ii)
TargetScan represents conserved mammalian microRNA
regulatory target sites for conserved microRNA families in the
3' UTR regions of Refseq Genes, as predicted by
TargetScanHuman (v7.0) (Agarwal, et al., 2015). These sites
are typically only 8 base-pairs in length, but we have extended
the range in which to apply their signal to larger window sizes
of either 60, 400, order 2000 bp. For scoring, we multiply these
signals by a linear scoring factor.

6. Conservation — The SSV evaluation system includes tracks for both
primate and mammalian conservation, and we have calculated
“smoothened” tracks averaged over 25, 75, 125, or 225 base-pairs. The 25
base-pair averaged signal is named the “small window” track and the user
can choose one of the other averaged tracks as the “long window” track.
The system allows the user to score these in various ways, but our
preferred choice is to subtract the short-window mammalian signal from
the long-window mammalian signal and score that difference. This
strategy provides higher scores to regions that are conserved over a larger
region (long window) but have been subject to variation in the immediate
region (short window).

The SSV evaluation system has been frequently updated and we are currently pursuing
ongoing efforts to include additional datasets from the NIH Roadmap Epigenomics project,
the ENCODE integrative data, and the new build of dbSNP (dbSNP144), with the goal of
ensuring that the SSV evaluation system is continuously up to date and includes new
regulatory and annotation tracks as they become publicly available.

RESULTS AND DISCUSSION

Genome-wide association studies (GWAS) and related genome-based approaches have
resulted in the identification of extensive lists of SNPs associated with human complex traits
and diseases, but the precise causal genetic variants and the molecular mechanisms
underlying those genetic associations remain largely unknown. To date, GWAS using SNP
platforms have been the primary genetic analytical approach to study human complex
diseases and expression traits (eQTL), while the analysis of SSVs has been underrepresented
in such studies. Recently, there has been increased support for the idea that SSVs may
contribute to variation in gene expression in humans and also contribute to many human
complex traits (Gymrek, et al., 2016; Mirkin, 2007; Pearson, et al., 2005; Willems, et al.,
2014). Herein, we present a tool that supports and guides human genetic studies that aim to
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understand the contribution of SSVs to complex neurodegenerative disorders in aging brains
including Alzheimer, Parkinson and related disorders.

Short SVs (SSVs) are thought to affect phenotype by altering the regulation of gene
transcription (Akai, et al., 1999; Chiba-Falek and Nussbaum, 2001; Okladnova, et al., 1998;
Peters, et al., 1999; Searle and Blackwell, 1999; Shimajiri, et al., 1999), splicing (Hefferon,
et al., 2004), and translation, and it is by these mechanisms that SSVs may play a role in the
etiology of human diseases, including complex disorders. Furthermore, recent studies
proposed a potential mechanism whereby SSRs affect transcription. These studies showed
that certain repetitive DNA sequences, when present in the flanking regions of specific
transcription factor (TF) binding sites, can have a magnitude effect on the intensity of TF-
DNA binding, through a mechanism we termed “non-consensus binding” (Afek, et al., 2015;
Afek, et al., 2014). Notably, a recent study based upon the analysis of an integrated SV map
of 2504 human genomes showed that SVs are enriched on haplotypes identified by GWAS
and exhibit enrichment for expression quantitative trait loci (Sudmant, et al., 2015).
Furthermore, another new analysis showed that STRs in the human genome extensively
contribute to variation in gene expression and that these eSTRs are enriched in genomic
regions associated with clinically relevant phenotypes (Gymrek, et al., 2016).

There are several public resources that contain extensive information on SVs, mainly
focused on large SV. dbVar (http://www.ncbi.nlm.nih.gov/dbvar) is NCBI's database of
genomic structural variation (Sayers, et al., 2012): insertions, deletions, duplications,
inversions, multinucleotide substitutions, mobile element insertions, translocations, and
complex chromosomal rearrangements. Copy number variants (CNV) are extensively
described in this database and the database includes data from all species. In addition to
information about the variant region, the database also contains information on clinical
assertions and genotypes. Extensive browsing, search and data download facilities are
provided; the database can also be used with the Variation Viewer (http://
www.nchi.nlm.nih.gov/variation/view/). The ENSEMBL genome browser (http://
useast.ensembl.org) contains extensive annotation of SVs. A highly curated catalog of
structural variation in healthy control human samples is available from the Database of
Genomic Variants (16) (http://dgv.tcag.ca/dgv/app/home). These public resources offer an
extensive catalog of structural variation in the human genome. For studies that are focused
on larger (> 50bp) SVs, these resources provide data for bioinformatics analysis of these
classes of genetic variation and serve as a starting point for next generation sequencing
studies for genetic association studies.

Generally, variants smaller than 50bp are submitted to doSNP instead of dbVar. dbVar also
contains the structural variation data from the 1000 genomes project (63,000 variant regions
with over 6 million calls from 2,504 subjects) (Sudmant, et al., 2015). The level of
annotation for these smaller SVs is more limited than for the SVs that are >50bp. Our
dbSSV database integrates data from a variety of sources to provide more extensive
annotation of these variants. The SSV evaluation system focuses on the subclass of short
SVs and offers a scoring system to prioritize SSVs that are likely to be regulatory and/or
causal in relation to human traits in health and disease. The scoring system is an innovative,
empirical approach to prioritizing SSVs for genotyping. The scoring system is customizable
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by the individual investigator enabling a priori knowledge to be included in the evaluation.
Although several bioinformatics approaches have been described to localize causal variants
based on linkage disequilibrium (Bochdanovits, et al., 2013; Zhu, et al., 2012), the specific
aims of the SSV evaluation system is to focus on SSVs that are likely to be associated with
gene regulation for follow up laboratory studies using approaches such as nCounter
(Nanostring) to measure gene expression from samples that define the trait of interest.
Similar to the CAVIAR-Gene (Causal Variants Identification in Associated Regions)
approach (Hormozdiari, et al., 2015), the SSV evaluation system is designed to operate
across large LD regions of the genome with the aim of more precisely localizing the variants
and genes that are causal for complex traits such as Alzheimer disease in order to facilitate
fine mapping studies. Both approaches also use GWAS data as a first step for localization of
causal or informative variants. CAVIAR focuses on SNPs and partitions the SNPs at a locus
into genes in order to identify causal genes and notably can correct for population structure.
The SSV evaluation system is designed to find specific, highly informative SSVs and does
not aggregate variants at the gene level, although associated genes are listed in the
annotation. Information on gene context, regulation and conservation is included in the
scoring algorithm in order to maximize the probability of finding variants that are associated
with gene regulation.

We are currently using the SSV evaluation system in functional genomic studies of complex
neurodegenerative diseases. As an illustration of the use of the system and the overall
research strategy, a prior study suggested that clusterin (CLU; MIM# 185430) and
membrane spanning four domain subfamiliy A, member 4A (MS4A4A; MIM# 606547)
expression-associated- SNPs (eSNPs) might explain the late-onset Alzheimer Disease
(LOAD) risk association at these loci (Allen, et al., 2012). We annotated and scored SSVs
within 1Mb regions of CLU and MS4A4A loci; the distribution of the total impact scores
and the top scoring SSVs (total impact score=30) are presented in Fig. 3a and 3b,
respectively. Note that the distribution is skewed towards lower impact scores (median of
24). The relatively few SSVs in the part of the distribution with higher scores effectively
prioritizes the variants for likelihood of a functional impact based on the criteria that define
the database and the weightings in the scoring equation. The shape of the distribution shown
in Fig. 3a has been observed for multiple experiments on different regions of the genome for
genetic association studies for Alzheimer Disease, obesity and Amyotrophic Lateral
Sclerosis (ALS) (Supp. Figure S3a-c). These high priority SSVs are subject to ongoing
follow up laboratory investigations to assess their associations with LOAD and gene
expression in brain, demonstrating the potential of the SSV evaluation system to guide
follow up studies on GWAS discoveries.

To further demonstrate that the SSV evaluation system may serve as a powerful tool in the
design of human genetic studies, below we discuss several published examples of
implementation of the SSV evaluation system in our research program of genetic studies of
Lewy body and Alzheimer spectrum disorders from our research program:
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(1) SNCA-CT rich haplotype

We have used the SSV evaluation system to analyze the SSVs in the alpha-synuclein gene
(SNCA; MIM# 163890) with the goal to identify candidate causal variants for
synucleinopathies, in particular for Lewy body (LB) variant of Alzheimer disease (LBV/
AD). The SSV evaluation system provided high scores (representative Total Impact
Score=42) in a CT-rich, low-complexity region of intron 4 of SNCA. We cloned and
sequenced this region in case (LBV/AD) and control (AD) subjects and identified four
distinct haplotypes within this region, with specific haplotype-conferred risk to develop LB
pathology in AD patients (Lutz, et al., 2015). We further demonstrated that the risk
haplotype was significantly associated with elevated levels of SNCA-mRNA in human brain
tissues relevant to the LB pathology and suggested that the CT-rich site acts as an enhancer
element of SNVCA transcription (Lutz, et al., 2015). Experiments using induced pluripotent
stem cells (iPSCs) and genome-editing technologies to validate and modulate the regulatory
effect of the candidate causal/functional SSVs are underway.

(2) SNCA-Repl

Previously, we also discovered the Repl element, a SSV cluster associated with increased
PD-risk, that regulates SNCA transcription in human brain (Linnertz, et al., 2009). We
confirmed these findings using luciferase reporter assay (Chiba-Falek and Nussbaum, 2001;
Chiba-Falek, et al., 2003) and a humanized mouse model (Cronin, et al., 2009).
Retrospectively, the Repl site was evaluated and had a high score (Total Impact Score=31)
relative to the complete list of SSRs within SNCA genomic regions including +/-50kb
flanking regions in SSV evaluation system was confirmed.

(3) TOMM40-523"

Using phylogenetic analyses based on phased sequence data, we identified a variable
intronic poly-T, in the TOMMA40 (MIM# 608061) gene that is associated with risk for
LOAD and age of onset (Roses, et al.). We demonstrated using AD-affected and normal
brain tissues and a luciferase reporter system that this highly-variable poly-T site regulates
the transcript levels of both TOMMA40and its neighboring gene, APOE (Linnertz, et al.,
2014). Retrospectively, this particular polyT site (rs10524523) was shown to have a very
high score (Total Impact Score=46) in the analysis of this genomic region by the SSV
evaluation system.

In addition we also validated the utility of our tool for the prioritization of regulatory/causal
variants using examples from studies of ALS and frontal temporal dementia (FTD) by other
groups. A massive hexanucleotide (GGGGCC) repeat expansion mutation in the C9orf72
(MIM# 614260) gene has been linked to the majority of familial ALS, familial-FTD, some
sporadic forms of FTD, and mixed ALS-FTD cases (DeJesus-Hernandez, et al., 2011;
Haeusler, et al., 2014; Renton, et al., 2011). This repeat is positioned in the non-coding
region of C9orf72and it has been postulated to have a regulatory function. We analyzed the
C9orf72 gene and flanking regions using our SSV evaluation system and showed that this
structural variant generated a high score (Total Impact Score=52) relative to the landscape of
the C9orf72region.
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We also assessed the SSV evaluation system for its scoring of “negative SSVs”, that is
variants from our laboratory studies that showed no evidence to have neither a functional
effect nor impact on disease risk. Towards this goal, we analyzed two SSVs, a ‘TTAG’
deletion and poly(GT) SSR positioned within SNCA locus that previously showed no
association with LB in AD cases (n=214, p=0.50, p= 0.12, respectively) and no effects on
SNCA-mRNA levels (our unpublished data). These SSVs produced Total Impact Scores of
26 and 19, respectively, which is below the cut off score we suggested here for the top
priority SSVs. This evaluation strengthens the evidence for the utility and the potential of
our new tool to effectively and specifically prioritize only strong candidate SSVs.

In conclusion, the SSV evaluation system leverages on existing SSVs databases and other
relevant genomic datasets and offers an integrated, customizable scoring system to rank
SSVs that are more likely to be regulatory and/or causal in relation to human traits in health
and disease. This screening and prioritization strategy enables us to focus our re-sequencing
efforts on highly informative SSVs that are likely to be functional and potentially causal.
The SSV evaluation system has proven to be an efficient, effective tool facilitating the
wet/dry cycle of experimentation necessary to understand the genetic underpinnings of
disease. Thus, our new developed SSV evaluation system is a powerful tool to guide genetic
investigations aiming to uncover SSVs that underlie human complex diseases including
idiopathic neurodegenerative disease in aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Process to Discover Causal Genetic
Variants Using SSV Evaluation System

Use GWAS data to identify genes or chromosome
ranges associated with trait.

I

Search dbSSV for short structural variants in specific
regions, selecting trait-specific GWAS signals and
tissue-specific regulatory signals.

\ 4

Use scoring from SSV report to identify and
prioritize potential causal variants.

\ 4

Perform genotyping on case and control samples
for regions identified from SSV analysis.

I

Perform additional studies to determine effects
of putitive causal variants on gene regulation.

Page 13

Fig. 1. The strategic flowchart of using the SSV evaluation system to discover causal genetic

variants

By focusing on genomic regions that are identified by GWAS and then prioritizing the SSVs
in those ranges using the SSV evaluation system, the total number of regions to be tested in

the laboratory can be reduced to a small number of likely candidate variants.
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Organization of the SSV Evaluation System

Public Domain Websites Formatted Tracks iate D Comp D: A D: Reports
Human Reference Sequence Localized Human .
(GRCh37ing19) H }—»‘ SSR/STR List

Reference Sequence

dbSNP (build 142) i |
| (ncbi.nih.gov/snp) H Localized dbSNP

RefSeq Genes & Gene Feature
(refGene) . Tracks
Genome Segmentation | Genome Segmentation

(ENCODE) L Tracks

RepeatMasker ‘ Repeat Context
(repeatmasker.org) L Tracks

phastCons Mammal
(phastCons46wayPlacental) Evolutionary
Conservation Tracks

phastCons Primate

(phastCons46wayPrimates) dbSSV SSV Search
Pl (annotated SSV st Progam ” Reports
GWAS Catalog »| GWAS SNP Lists
(genome.gov/gwastudies) L by phenotype GWAS Signal

Tracks
Recombination Rate
Tracks

Complete SSV
List

i

Recombination Rate
Raw Data

Linkage Disequilibrium
d racks

»

Recombination Rates
(HapMap)

H

H3K4me1
(various donors and tissues)

H3K4me1 Tracks
all donors and tissues

Regulatory Tracks for
Brain Hippocampus Mid.
Regulatory Tracks for
Brain Inf. Temporal Lobe
Regulatory Tracks for
Brain Mid Frontal Lobe
Regulatory Tracks for
Brain Substantia Nigra

(other tissues
planned)

H3K4me3
(various donors and tissues)

H3K4me3 Tracks
all donors and tissues

H3K9ac
(various donors and tissues)

H3K9ac Tracks
all donors and tissues

H3K27Ac Tracks

(various donors and tissues) all donors and tissues

Dnase | Tracks
all donors and tissues

Dnase |
(various donors and tissues)

Methylation RRBS
(various donors and tissues)

Methylation Tracks
all donors and tissues

| H3K27AC

T T L T T T T T

I T T T T N T T

Txn Faxtor ChiP .
(vgEncodeRegTfbsClusteredV3) TFBS ChiP Tracks R TFBS
Tracks
TFBS Conserved
(tfbsConsSites) TFBS-Conserved Tracks

TargetScan miRNA sites i micro RNA
(targetScanS) L Tracks

Fig. 2. The organization and structure of the SSV evaluation system
The boxes on the left indicate the public domain sources of raw data used in the system.

Arrows indicate a transformation process. The various data sources were downloaded,
reformatted, and assembled into the main database, dbSSV. The SSV Search program
performs custom searches of dbSSV and writes SSV reports.
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8 27,472,379 insertion Promoter . .| i i R
8 27,472,258 insertion CLU 5'UTR 1.3 0.0 8.0 12.3 30.2 0.0 52
8 27,471,924 insertion CLU ‘ Intron 1 1.0 20 5.0 123 30.3 1.0 52
8 27,454,789 insertion CLU 3'UTR 20 1.0 7.0 20.9 13.8 1.0 46
8 27,454,791 | deletion clu | 3UTR 20 1.0 7.0 20.9 13.8 1.0 46
8 27,461,773 deletion CLU Intron 6 1.0 0.0 5.0 20.9 10.2 75 44
8 | 27455987 | deleton | CLU ’ el 1.0 0.0 90 18.9 14.6 0.0 43
8 27,466,135 deletion CLU Intron 3 1.0 2.0 5.0 20.9 13.2 1.5 43
8 27,469,996 in-del CcLU [ Intron 1 48 0.0 5.0 16.2 16.4 0.8 43
8 27,454,928 insertion CLU 3'UTR 1.0 0.0 7.0 20.9 12.5 1.0 42
il 60,062,366 SSR MS4A4A [ Intron 3 13.5 6.0 5.0 16.8 0.8 0.0 42
8 27,470,124 insertion CLU Intron 1 1.0 2.0 5.0 16.2 16.2 0.0 40
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1 60,038,808 SSR 12.4 4.0 0.0 17.0 0.7 43 38
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8 27,465,265 SSR CLU I Intron 3 31 20 5.0 21.0 43 1.5 37
8 27,470,471 deletion CLU Intron 1 1.0 5.0 5.0 16.2 8.0 1.8 37
8 27,458,149 deletion CLU \ Intron 6 13 20 5.0 20.4 79 0.3 37
8 27,470,908 SSR CLU Intron 1 34 2.0 5.0 14.1 12.3 0.0 37
8 27,470,493 insertion CLU \ Intron 1 1.0 5.0 5.0 16.2 75 1.8 36
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8 27,457,745 SSR CLU ‘ Intron 6 0.2 2.0 5.0 20.4 3.0 0.3 31
8 27,450,890 SSR 8.0 4.0 0.0 15.3 3.1 0.3 31
8 27,450,338 deletion ‘ 20 1.0 0.0 15.3 11.8 0.5 31
1 60,057,048 SSR MS4A4A Intron 2 0.8 7.0 5.0 16.5 1.2 0.0 30
1" 60,062,424 insertion MS4A4A [ Intron 3 17 6.0 5.0 16.8 0.8 0.0 30
1 60,075,766 deletion MS4A4A 3'UTR 1.7 0.0 7.0 17.7 3.5 0.0 30
8 27,459,357 insertion CLU [ Intron 6 1.0 20 5.0 20.7 2 0.0 30
8 27,454,130 deletion 6.9 2.0 0.0 18.5 24 0.0 30
11 | 60,068,525 | insertion | Ms4a4a | Coding 10 0.0 90 174 26 0.0 30
Exon 5
1| 60050001 | inserion | Msaaea |NODCOTNG| g 00 9.0 15.9 38 0.0 30
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Fig. 3. SSV evaluation analysis of the late onset Alzheimer disease (LOAD)-GWA genes. CLU
and MS4A4A

CLUand MS54A4A genes and 1Mb regions surrounding these loci were analyzed using the
SSV evaluation system (version 4.1). The search was performed using the GWAS signal for
Alzheimer disease, the regulatory signals selected for “Brain Hippocampus Middle” tissue,
and default scoring. The specific derivation of each data item (e.g. column) and the scoring
formula are provided in the Supporting Information. (a) The distribution of total potential
impact scores. The quantile box plot is a simple, graphical depiction of the quantiles of the
distribution: the 25% and 75% quartiles are defined by the rectangle with the median as the
line in the middle; the diamond shows the mean and 95% confidence interval for the mean;
the short, horizontal lines on either side of the rectangle define quantiles: 0.5%, 2.5%, 10%,
90%, 97.5% and 99.5%. (b) Top-scoring SSVs for potential impact on LOAD in 1Mb
regions surrounding CLUand MS4A4A. This is a section of the “Brief” SSV Report, an
Excel file output result of a SSV evaluation system search for CLU and MS4A4A genes
regions.
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