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Abstract. Hundreds of genome-wide association studies (GWAS) of human traits are performed each year. The
results of GWAS are often published in the form of summary statistics. Information from summary statistics can
be used for multiple purposes - from fundamental research in biology and genetics to the search for potential
biomarkers and therapeutic targets. While the amount of GWAS summary statistics collected by the scientific com-
munity is rapidly increasing, the use of this data is limited by the lack of generally accepted standards. In particular,
the researchers who would like to use GWAS summary statistics in their studies have to become aware that the data
are scattered across multiple websites, are presented in a variety of formats, and, often, were not quality controlled.
Moreover, each available summary statistics analysis tools will ask for data to be presented in their own internal
format. To address these issues, we developed GWAS-MAP, a high-throughput platform for aggregating, storing,
analyzing, visualizing and providing access to a database of big data that result from region- and genome-wide
association studies. The database currently contains information on more than 70 billion associations between
genetic variants and human diseases, quantitative traits, and “omics” traits. The GWAS-MAP platform and database
can be used for studying the etiology of human diseases, building predictive risk models and finding potential bio-
markers and therapeutic interventions. In order to demonstrate a typical application of the platform as an approach
for extracting new biological knowledge and establishing mechanistic hypotheses, we analyzed varicose veins, a
disease affecting on average every third adult in Russia. The results of analysis confirmed known epidemiologic as-
sociations for this disease and led us to propose a hypothesis that increased levels of MICB and CD209 proteins in
human plasma may increase susceptibility to varicose veins.
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AHHOTaLuA. EXerofHo NpoBoAATCA COTHU NMOMIHOTEHOMHbIX MCCNeAoBaHMNA accoumaLlnii (genome-wide association
studies, GWAS) uenoBeueckux npusHakoB. Pe3ynbratbl GWAS yacto ny6nukytot B Gopme CBOAHbIX CTaTUCTUK. UH-
dbopmaLmio 13 CBOAHBIX CTAaTUCTVK MOXKHO MCMOMb30BaTh A8 PeLleHna pa3inyHbIX 3af4ay — OT pyHAaMEHTaIbHbIX
nccnefoBaHni B 06nacTy 6MoNorum 1 reHeTUKM Lo MoVCcKa NOTeHLUMaNnbHbIX 6lOMapKepoB 1 MULLEHel TepaneBTu-
4eckoro Bo3aencTamA. KonnyectBo cobpaHHbIX Hay4YHbIM COOBLLECTBOM CBOAHbIX CTaTUCTMK GWAS 6bICTpO pacTerT,
O[JHaKO MCMOoJb30BaHMe AaHHbIX 3aTPYAHEHO 13-3a OTCYTCTBUA OOLLENPUHATBIX CTaHAAPTOB. B yacTHoCTH, nccne-
[oBaTeny, KoTopble XoTenun 6bl NPUMEHNTL CBoAHble cTaTUCTUKN GWAS B cBOel paboTe, CTafIKMBAIOTCA C TeM, UTO
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Mnatdopma GWAS-MAP 1 6a3a filaHHbix GWAS-MAP|homo
reHeTMYeCKMX accoumaLnini MpU3HaKoB YenoBeKa

JaHHble pa3bpocaHbl MO HECKONbKMM Beb-caiiTam, NpefcTaBneHbl B pasnyHbIX dopmaTax, Hepeako 6e3 KOHTpo-
nA KavecTBa. bonee TOro, Kax bl AOCTYMHbIA NHCTPYMEHT aHann3a CBOAHbIX CTaTUCTUK 3anpalunBaeT faHHble B
CcBOEeM COBCTBEHHOM BHyTpeHHem ¢dopmaTe. [1na pelieHna 3Tmx npobaem Mol pa3paboTanu BbICOKONPOW3BOAU-
TenbHyto nnatdopmy GWAS-MAP nns arperauyuu, XpaHeHus, aHanu3a, B3yanusaunm n Joctyna K 6ase gaHHbIX
pe3ynbTaToB MNOIHOFEHOMHbIX U PErMOHasbHbIX MCCnefoBaHNA accolymaunii. B HacToAwmil MOMEHT Ha nnatdopme
copepxutca uHpopmauusa o bonee yem 70 MUnIMapaax accoumalMini MeXay BapraHTaMmm reHOMHOWM NociefoBa-
TENIbHOCTY 1 60NE3HAMU, KONIMYECTBEHHBIMU U «OMUKCHBIMW» NMPU3HaKaMu YenoBeka. Mnatdopma v 6a3a gaHHbIX
MOTYT MCMOJIb30BaTbCA ANA U3YUYeHWA STMONOrMK 3aboneBaHnii YenoBeKka, pa3paboTkn NpeanKTMBHbIX Moaenen
PUCKa, a TakKe /1A NoMcKa NoTeHLManbHbIX G1IOMapKepoB 1 TepaneBTUYECKMX BO3AENCTBUNA. [TpumeHeHWe nnaTt-
bOpMbl Kak MHCTPYMEHTa ANA N3BJIeYEHNA HOBbIX G1ONOrMYECKUX 3HaHUA U GOPMYNIMPOBKM FMNOTE3 O MEXaHW3-
MaX reHeTUYECKOro KOHTPOA NMPOAEMOHCTPPOBAHO HA MPUMepe BapUKO3HON GONE3HN HUXKHUX KOHEUYHOCTEN,
3aboneBaHus, BCTPEYAIOLLErocs y Kax4oro TPeTbero B3pocsioro xutensa Poccun. PesynbraTbl NpoBeAeHHOMO aHa-
Nn3a NOATBEPANIN N3BECTHbIE SNMAEMMUONOTNYECKe accoumaLny ana JaHHOro 3aboneBaHnsA 1 NO3BOAWIN Bbl-
LBVHYTb rMNoTe3y O TOM, YTo ypoBeHb 6enkos MICB 1 CD209 B nfa3me KpOBYM YenoBeka MOXET BUATb Ha PUCK
BAPVKO3HOrO pacluMpeHus BeH.

KnioueBble cnoBa: 6a3a AaHHbIX; NOJIHOFEHOMHOE UCCIeA0BaHME acCoLMaLni; KONMYeCTBEHHasA reHeTKa; Bapu-
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KO3Has 60M1e3Hb HUXKHUX KoHeuHocTen; GWAS-MAP.

Introduction

Genome-wide association studies (GWAS) are one of the
main approaches for identifying associations between genetic
variants and traits (Visscher et al., 2017). One of the most
important advantages of this approach is that it is agnostic
to the molecular mechanisms or biochemical nature of the
traits or diseases under study, thus allowing fundamentally
new knowledge to be obtained. Based on the functions of the
genes mapped by a GWAS, researchers aim to discover new
molecular mechanisms underlying the development of traits
and pathologies under consideration.

GWAS are performed on large samples of genotyped and
phenotyped individuals to identify statistically significant as-
sociations between single-nucleotide polymorphisms (SNPs)
and traits (Bush, Moore, 2012). SNPs are located relatively
homogeneously and with sufficient density, consequently,
functional variants occurring at high frequency in the popu-
lation are detected with a high probability, either because
the causative allele is being tested directly or because it is
in linkage disequilibrium with genotyped markers. A special
case of GWAS is a regional genetic study of associations or
a region-wide association study (RWAS), where the analysis
is applied to SNPs in a particular region instead of the whole
genome. RWAS is used, for example, to find cis-SNPs associ-
ated with the expression of a certain gene (GTEx Consortium
etal., 2017).

The GWAS approach has become very popular over the
past decade. Since 2007 the number of GWAS has increased
exponentially and hundreds of original genome-wide studies
are published every year. The earliest GWAS addressed the
associations between a single trait and several hundreds of
thousands SNPs, using samples of several hundreds or thou-
sands individuals ( Klein, 2005; International Schizophrenia
Consortium et al., 2009).

Currently, both the number of analyzed traits and the ge-
nomic coverage of GWAS have increased by many orders of
magnitude (Timmers et al., 2019). This has become possible
due to the advent of new sequencing and genotyping technolo-
gies and the improvement of existing ones, as well as other
methods for studying biological objects, leading to an increase
in the resolution of sequencing, genotyping and phenotyping.
Modern GWAS normally assess associations with millions of

SNPs and in some cases the sample size exceeds one million
people (Timmers et al., 2019). The number of phenotypes
studied can go to hundreds (Demirkan et al., 2012; Shen et al.,
2017), thousands (Sun et al., 2018) and even tens of thousands
(GTEx Consortium et al., 2017), e. g. for “-omics” traits. The
same trait is analyzed in multiple studies, often with progres-
sively increasing sample sizes, as well as in new populations,
offering increased power and generalizability.

The direct results of GWAS/RWAS consist of files with
summary statistics. These files can include up to ten of mil-
lions rows, where each row contains information about the
association between a given SNP and the investigated trait.
Taking into account the number of GWAS studies and the size
of the files with results, GWAS results qualify as Big Data
(Wu et al., 2013; Fabregat-Traver et al., 2014). Importantly,
not only does this body of data grow, but so do the rates of
data acquisition.

GWAS results can be used to address a large number of
problems ranging from fundamental biology and genetics to
the search for biomarkers and targets for therapeutic interven-
tions. Currently, a range of methods has been developed that
implement the solution of these problems based on summary
statistics data.

In particular, methods have been developed to define sets of
SNPs that are most likely to contain the true functional variant
at loci suggested by GWAS (Kichaev et al., 2014; Benner et
al., 2016; Schaid et al., 2018). For example, this problem is
addressed by the PAINOR (Kichaev et al., 2014) software
and the conditional and joint analysis as implemented in the
GCTA tool (Yang et al., 2011).

Also, identification of causal genes influencing a trait of in-
terest is possible through the use of summary statistics (Giam-
bartolomei et al., 2014; Zhu et al., 2016; Momozawa et al.,
2018). By regulating the expression of those genes or by
manipulating their products through the use of, for example,
pharmacological interventions, the trait of interest can be
addressed in a targeted manner. Several instruments imple-
ment these methods, for example, the SMR (Summary-level
Mendelian Randomization) tool (Zhu et al., 2016). The same
methods can often be used to study pleiotropic effects (Klari¢
et al., 2020; Shadrina et al., 2020). The results of studies of
pleiotropy can be used for drug repositioning, for predicting

FEHETUKA YEJTOBEKA / HUMAN GENETICS 877


https://paperpile.com/c/ZcU28M/qFDVm
https://paperpile.com/c/ZcU28M/n6L1k
https://paperpile.com/c/ZcU28M/n6L1k
https://paperpile.com/c/ZcU28M/08w00+EcySt
https://paperpile.com/c/ZcU28M/08w00+EcySt
https://paperpile.com/c/ZcU28M/08w00+EcySt
https://paperpile.com/c/ZcU28M/u9WB4
https://paperpile.com/c/ZcU28M/u9WB4
https://paperpile.com/c/ZcU28M/9Kq8X
https://paperpile.com/c/ZcU28M/9Kq8X
https://paperpile.com/c/ZcU28M/B3YaQ
https://paperpile.com/c/ZcU28M/n6L1k
https://paperpile.com/c/ZcU28M/n6L1k
https://paperpile.com/c/ZcU28M/MPMd
https://paperpile.com/c/ZcU28M/pfAxe
https://paperpile.com/c/ZcU28M/S9gId+exyhH
https://paperpile.com/c/ZcU28M/S9gId+exyhH
https://paperpile.com/c/ZcU28M/S9gId+exyhH
https://paperpile.com/c/ZcU28M/S9gId+exyhH

T.I. Shashkova, D.D. Gorev, E.D. Pakhomov ...
Y.A. Tsepiloy, L.C. Karssen, Y.S. Aulchenko

possible side effects of gene editing, and for prediction of
possible side effects of pharmacological manipulation of the
products of these genes.

Over the past decade, the number of studies using Men-
delian randomization methods has increased substantially,
providing important new information about disease etiology
(Elgaeva et al., 2019). Mendelian randomization methods
combined with the use of summary statistics and multiple
instrumental variables (Hemani et al., 2016; O’Connor, Price,
2018) can help to reconstruct the theoretical hierarchy of cause
and effect relationships between traits and, in practice, have
the potential to be used for the identification of traits that can
be targeted by therapeutic interventions.

Methods for studying genetic correlations (Bulik-Sullivan et
al., 2015; Speed, Balding, 2019) can be particularly useful in
addressing fundamental questions related to the genetic archi-
tecture of complex traits. One of these methods is implemented
in a popular LDsr (Linkage Disequilibrium score regression)
python package (Bulik-Sullivan et al., 2015).

Finally, summary statistics from GWAS can be used in
methods to develop models for the prediction of quantitative
traits and disease risks for a given individual or group (Mak
et al., 2017; Choi, O’Reilly, 2019; Lloyd-Jones et al., 2019).
The simplest of these models use effects of the most significant
independent SNPs (Evans et al., 2009). If a GWAS involves
a large number of cases and controls, powerful predictors
can be developed for some traits even with simple models,
breast cancer being a well-known example (Mavaddat et al.,
2019). Methods allowing the researcher to manage informa-
tion about millions of SNPs and whole-genome LD structure
while developing a prediction model have recently become
popular (Vilhjadlmsson et al., 2015). Such models were used
for predicting the risk of ischemic heart disease (Khera et
al., 2018), type 2 diabetes (Khera et al., 2018), and obesity
(Khera et al., 2019).

Although the amount of GWAS results obtained by the
scientific community is constantly growing, as are the number
of methods for their analysis, they have currently found only
limited use. The problems researchers face when working
with these data are multiple. First, summary statistics files
from GWAS are large (more than tens of terabytes), and so
their storage and processing require dedicated infrastructure.
Secondly, data are produced by different laboratories using
different protocols, and consequently, quality control and a
harmonization procedure for storing such data in a common
format are required. Thirdly, the existing tools for analyses of
summary statistics data from GWAS are implemented using
different languages, hosted at different repositories and web-
sites and require custom input data formats. Finally, large-scale
adoption of these methods and data require user interfaces for
researchers without specialized bioinformatics skills.

The existing solutions are incomplete or partial. On the
one hand, resources such as GWAS Central (https://www.
gwascentral.org) or GWAS Catalog (https://www.ebi.ac.uk/
gwas/) can do as much (that is, aggregate, store and provide
access to GWAS results), but originally they were intended
for handling “small data” (that is, the most statistically signi-
ficant associations), and so their architecture does not scale
well enough to handle big data and the requirements of new
methods for processing GWAS results. On the other hand,
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The GWAS-MAP platform and database GWAS-MAP|homo
with genetic associations of human traits

most software applications (for example, SMR (Zhu et al.,
2016), GCTA (Yang et al., 2011), LDsr (Bulik-Sullivan et
al., 2015)) are intended for analyzing data rather than for
aggregating, storing or providing access to them. Finally,
the portals MR-Base (http://www.mrbase.org/) and LD Hub
(http://ldsc.broadinstitute.org/) can aggregate and store GWAS
results and allow the user to conduct specify types of analysis;
however, these portals do not offer anything for other methods
of analysis, and software solutions for data aggregation and
storage are not available.

To help address these issues, we developed the GWAS-
MAP platform for aggregating, storing, analyzing, visuali-
zing and providing access to big data obtained from GWAS.
The name GWAS-MAP means both a map between pheno-
types and genotypes, but is also an abbreviation of Multiple
Analyses Platform. Using GWAS-MAP we collected GWAS-
MAPhomo database of GWAS and RWAS results for human
traits. Currently, the database contains more than 70 billion
associations between SNPs and human traits. GWAS-MAP
provides an opportunity to carry out research that will con-
tribute to the search for new biomarkers that has a bearing on
the development of high-efficacy drugs and also reveal side
effects in existing drugs. We have performed a genetic analysis
of varicose veins to demonstrate how the platform works.

The GWAS-MAP platform

GWAS-MAP software architecture

The GWAS-MAP platform consists of two data processing
modules (one for integration and one for analysis of GWAS/
RWAS results) and a database (DB) module (see the Figure).

Data integration starts with the conversion of summary sta-
tistics files collected from various sources into a universal data
format. After conversion, we perform quality control (QC)
and if the summary statistics pass, they are uploaded to the
databases.

The DB module is the part responsible for setting up the
databases and tables structure required for the GWAS-MAP
platform. The DB module consists of two components, each
controlled by a separate open source database management
system (DBMS). One of the components is used to store the
GWAS summary statistics; for this component the ClickHouse
DBMS version 19.16.2. revision 54427 (https://clickhouse.
tech/) is used. A record in this system contains the parameters
of association between certain SNP and a trait. The other com-
ponent contains (1) meta-data that gives particular information
about the summary statistics collected from articles, study
web-sites or other sources, and (2) the results of analyses; for
this component the PostgreSQL DBMS version 10.6 (https://
www.postgresql.org/) is used.

With the analysis module a user can run various analyses on
the GWAS/RWAS summary statistics using the integrated ana-
lytical tools written in Python, which are accessible through
command-line utilities.

Integration and quality control of GWAS/RWAS results

The platform offers users the option to upload GWAS sum-
mary statistics files of their own original research. Because
these data were generated using different protocols, the result-
ing summary statistics files may appear in different formats.
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Grey blocks: data processing modules. White block: database module with database management systems. Arrows between modules:
saving/retrieving data to/from the DB. QC, quality control; DB, database; LD, linkage disequilibrium. Description of the software modules

is provided in the text.

To address this, GWAS-MAP provides an integration module
converting summary statistics files to a common format and
performing QC on the data.

To ensure data consistency within the DB, information
about a SNP’s identifier, position in the genome, and alleles
and allele frequencies are compared with reference data. The
reference is a list of SNPs with their main characteristics:
the identifier (rsID), chromosome, position, alleles and allele
frequencies. At present, the reference is based on the 503 ge-
nomes of European-ancestry individuals from the “1000 Ge-
nomes” project phase 3 version 5 (The 1000 Genomes Project
Consortium et al., 2015).

In general, summary statistics contain all fields required
for unification in a universal format. If some fields are absent,
then the missing information is added from the reference (for
example, allele frequency) or calculated from the information
in the input file. For example, it is possible to recover the
standard error of the effect size based on the effect size and
p-value.

Before uploading GWAS/RWAS data to the DB, it is ab-
solutely necessary to have them passed through QC. QC is
indispensable not only for meta-analyses of GWAS/RWAS
results, but also for verifying separate studies, because seem-
ingly insignificant data errors may lead to heavily biased
results later on.

We have developed a QC module which spots outlying
SNPs (that is, those with characteristics other than expected)
and assesses the overall quality of the input data. More spe-
cifically, QC includes (1) a comparison of the frequencies of
alleles from the input data with those from the reference set,
a comparison of the p-values provided in the study and those
calculated from the Z-statistics (if present), (2) an analysis
of the distribution of estimates of the allele effect sizes,
(3) calculation of the trait variance and (4) genomic control
factor (A, ). SNPs whose characteristics depart by more than
a threshold value from those expected are labeled as outliers
and can be filtered out by the user. If the summary statistics
from GWAS have more than 5 % outliers, or the effect size

distribution is not symmetric, this data will be not recom-
mended for upload, although the final decision is up to a user.
We should notice that all current data in DB have passed the
above described criteria.

Analysis methods using GWAS/RWAS summary statistics
implemented in GWAS-MAP
GWAS-MAP incorporates several widely used methods for
the analysis of GWAS/RWAS summary statistics with special
emphasis on the identification of genes, molecules, traits and
functional SNPs that appear as potential targets of therapeutic
interventions. In particular, data processing can be carried out
using the following methods.

1. Linkage disequilibrium score regression is a method to as-
sess the heritability of a trait and to calculate genetic correla-
tions between two traits (Bulik-Sullivan et al., 2015). This
method was implemented in Python 2 by Bulik-Sullivan
and co-authors (2015). We have re-written it in Python 3
because it is the main programming language used for
GWAS-MAP and because Python 2 has been deprecated
since January 1, 2020. This also allowed us to optimize it
for working with our DBs.

2. Mendelian randomization methods — a set of tests that al-
low to infer causal relationships between two traits (Hemani
et al., 2016). Hemani and colleagues provided an open
source R package, which includes such methods. To this,
we added a module for reading summary statistics from the
GWAS-MAP DB in the required format.

3. Summary-level Mendelian randomization (SMR) and he-
terogeneity in dependent instruments (HEIDI) are the tests
to ascertain whether two different traits are associated with
the same locus (SMR) and whether this association can
be explained by the null hypothesis of pleiotropy or by
an alternative hypothesis that each trait is associated with
different SNPs in linkage disequilibrium (LD) (HEIDI)
(Zhu et al., 2016). We implemented the SMR-HEIDI tests
ourselves for the GWAS-MAP platform. The rationale be-
hind this was mainly that the SMR tool developed by Zhu
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Database content

The GWAS-MAP platform and database GWAS-MAP|homo
with genetic associations of human traits

Domain Collection Number of sets Associations
of summary statistics (billions)
Complex traits UKB_NealeLab (Neale Lab, 2018), 2475 25.5
UKB_GeneAtlas (Canela-Xandri et al., 2018),
CVD (Schunkert et al., 2011; Nikpay et al., 2015;
Howson et al., 2017), and others
Metabolomics (mQTL) Metabolomics (Kettunen et al., 2016), 127 1.3
GLGC (Willer et al., 2013)
Proteomics (pQTL) Somalogic_2017 (Suhre et al., 2017), 4489 335
Somalogic_2018 (Sun et al,, 2018),
OLINK (Folkersen et al., 2017)
Glycomics (glyQTL) Plasma_Glycome (Sharapov et al., 2019), 190 1.1
Glycomics_ IgG (Klari¢ et al., 2020)
Transcriptomics (eQTL) GTEx_v7 (GTEx Consortium et al., 2017), 1137406 7.9
blood_eQTL (Westra et al., 2013),
CEDAR (Momozawa et al., 2018)
Total: 70

Note. List of collections in the DB, the domains to which they have been assigned and the corresponding numbers of GWAS/RWAS and SNP summary statistics.
Domains: complex traits, mQTL (metabolite levels), pQTL (protein levels), glycomics (glycan levels), and eQTL (gene expression data). UKB, UK Biobank; CVD,
cardiovascular diseases; GLGC, Global Lipids Genetics Consortium; IgG, immunoglobulins G.

and colleagues (2016) specializes in testing pleiotropy be-
tween the level of gene expression (RWAS) and a complex
trait (GWAS), but not between two sets of GWAS results
summary statistics.

4. We also implemented the 6 metric defined by Momozawa
et al., which assesses the similarity between association
profiles using only summary statistics and is an alterna-
tive to the HEIDI test. This method is preferable when the
LD information of the population used in a GWAS is lack-
ing or unreliable (Momozawa et al., 2018). The 6 metric
as implemented in GWAS-MAP is based on the equations
provided in the article (Momozawa et al., 2018).

5. Finally, the GWAS-MAP platform implements several
standard methods for meta-analysis which can be applied to
a pool of GWAS results of the same trait in order to obtain
enhance power (Winkler et al., 2014). GWAS-MAP has a
module for checking the quality of the GWAS results to
be used in meta-analyses and a module for meta-analysis.
We have implemented two methods for meta-analysis:
inverse-variance weighting and Z-score (Evangelou, Ioan-
nidis, 2013).

GWAS-MAP|homo database content

To allow the researcher to filter GWAS/RWAS according to
certain criteria, the platform offers key information including
the publication data, reference set used for imputations, the
name/type of the DNA microarray (e.g. Metabochip, Affy-
metrix, [llumina SNP arrays) or whole-genome sequencing
used in each study. Currently, the DB contains more than
70 billion associations between SNPs and traits, collected from
7281 GWAS and more than a million RWAS (see the Table).
To give areader an idea of the context, such popular databases
as “GWAS central” (Beck et al., 2020) provides information
on 71 million of associations, while Phenoscanner (Staley et
al., 2016) — 65 billion.
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The GWAS and RWAS in the DBs are assigned to the fol-
lowing domains: complex traits (including diseases), metabo-
lites (mQTL), proteins (pQTL), glycans and gene expression
data. Additionally, the GWAS and RWAS results coming from
the same study are pooled in a collection. The presence of
GWAS traits from different domains enables the researcher
to conduct a comprehensive study of the trait of interest, to
identify ways of how the trait of interest is influenced by the
expression levels of genes, proteins and metabolites, and to
look for associations with other diseases or quantitative traits.

GWAS-MAP application:

a genetic analysis of varicose veins

Varicose veins (VV) is a widely prevalent disease affecting on
average every third adult in Russia (Zolotukhin et al., 2017).
The genetic basis of this pathology has long been poorly
studied. Shadrina and co-authors have performed the first
large-scale study of its genetic architecture using a range of
modern methods in bioinformatics as implemented in GWAS-
MAP (Shadrina et al., 2019).

The study used UK Biobank (http://www.ukbiobank.ac.uk/)
data on 408,455 individuals of European descent. GWAS
summary statistics of VV were retrieved from the open access
databases Gene ATLAS (Canela-Xandri et al., 2018) and the
Neale Lab website (Neale Lab, 2018). Shadrina and co-authors
identified 12 genetic loci associated with VV which account
for 13.4 % of the SNP-based heritability. A gene or a group
of genes most probably involved in VV pathogenesis was
prioritized for each locus. The SMR-HEIDI implementation
in GWAS-MAP was used as one of the prioritization methods.
With SMR-HEIDI, we searched for the genes for which the
expression levels are associated with SNPs affecting V'V risk
(cases of the so-called colocalization of associated loci). The
analysis relied on data from the eQTL (expression quantitative
trait loci) domain, namely data of 44 tissues in the GTEx v7
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(GTEx Consortium et al., 2017) and blood eQTL (Westra
et al., 2013) collections. Colocalization was demonstrated
for the following loci: rs3101725 (associated with the ex-
pression level of the long non-coding RNA LINC01184 in
9 tissues), rs2241173 (associated with the expression level
of the non-coding RNA 4C005152.3 in the lower extremity
skin) and rs2861819 (associated with expression levels of the
PPP3RI gene in blood). Because the functions of LINC01184
and 4C005152.3 are not yet known, we may only speculate
about the role of these RNAs in VV. As far as PPP3R] is
concerned, its association with VV appears to be more sound.
Its product is involved in the inflammatory response in the
vascular wall, stimulating the production of the chemokine
MCP-1 (Satonaka et al., 2004), which is consistent with the
modern view of the pathogenesis of chronic venous disease
(Lim, Davies, 2009; del Rio Sola et al., 2009). Additionally,
Smetanina and co-workers demonstrated enhanced PPP3R1
expression in VV specimens compared to unaffected veins
(Smetanina et al., 2018).

In addition to gene prioritization, SMR-HEIDI was used to
search for traits associated with VV-related functional variants.
The analysis involved 2219 traits, including various diseases,
levels of metabolites and proteins in blood, and revealed
32 traits associated with 6 loci. The traits can conventionally
be divided into three main groups: one associated with body
weight and the total metabolic rate; a second with blood test
results, and a last one with all others.

The GWAS-MAP platform was also used for the analysis
of genetic correlations between VV and 861 traits, the sum-
mary statistics of which were obtained by analyzing more than
10 thousand individuals. The analysis showed the presence
of common genetic variance between VV cases and 62 traits.
Some of these traits were already known from previous epide-
miological studies: overweight, standing and heavy physical
work, deep venous thrombosis, gonarthrosis, and pain in the
legs when walking. Other traits that, at the genetic level, cor-
relate with VV, such as intellect, memory, educational attain-
ment, or whole-body pain, have not previously been reported
as associated with VV.

Finally, Shadrina and co-workers used Mendelian rando-
mization for the analysis of causal relationships between vari-
ous traits and VV. Analysis results showed that the following
traits directly influence the risk for VV: height (irrespective of
weight), body weight; waist and hip circumferences, and the
blood levels of two proteins, MICB and CD209 (also known
as DC-SIGN). Curiously, the risk for VV increased with an
increase of both body fat and fat-free mass. Data on height as
a risk factor for VV are consistent with the Edinburgh Vein
Study results (Lee et al., 2003). MICB and CD209 participate
in the innate and the adaptive immune response. Because
presented work is the first to propose that these proteins have
roles in VV pathogenesis, we think it reasonable to repeat
the analysis with an independent dataset. If the Mendelian
randomization results are confirmed, these proteins can be re-
garded as promising candidates for further in vivo and in vitro
studies aimed at finding therapeutic targets.

GWAS-MAP benefits and future development
The GWAS-MAP platform offers a broad range of opportuni-
ties for comprehensive analysis of GWAS results. We expect
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that GWAS-MAP will be helpful both for bioinformatics
studies and as a reference source for medical researchers. For
example, given a trait of interest, it is possible to compute what
other traits it is genetically associated with, i.e., is controlled
by overlapping sets of genetic variants. More generally, not
only correlations between traits can be calculated, but also
all pairwise correlations between the traits in the DB. The
results can be used to cluster the traits and/or to build a net-
work connecting traits that have a shared genetic basis (see,
for example, Fig. 4 from Shadrina et al., 2019). Furthermore,
the Mendelian randomization methods implemented in the
platform will help to elucidate which of these associations
are causal. Thus, it is possible to build a directed graph for
interactions between traits. By considering a particular vertex,
for example, “disease”, it is possible to infer what metabolites,
glycans and/or proteins can be used as its biomarkers.

If a researcher’s interest lies with a locus or loci associ-
ated with a certain GWAS of interest, it is also interesting to
consider colocalization. With SMR-HEIDI and the 0 metric,
it is possible to understand with the expression of what genes
the GWAS loci are associated. Additionally, by analysis of
RWAS results for the genes of interest and GWAS results
in the domains for metabolites, proteins and/or glycans, it
is possible to infer what biological processes are associated
with changes in the expression of these genes. A large-scale
analysis of colocalization will help to build networks of as-
sociations between traits in the DB and genes. These networks
will be helpful in developing medications. Not only will they
show what genes can be targeted, but also what implications
and side effects of manipulations with the gene may entail.
However, it should be kept in mind that these analyses are
done in silico and therefore, and experimental validation is
absolutely required.

A large number of methods have already been implemented
in the platform — however, there are certainly more to come.
Our short-term plans include the addition of new analysis
methods: Depict (Pers et al., 2015), CoJo (Deng, Pan, 2018),
and SbayesR (Lloyd-Jones et al., 2019). We are planning to
develop a web-interface to allow external users to access our
DBs and perform analyses. Such a web-interface will guide
the user through the search for information about the asso-
ciation between a SNP and traits and will be convenient for
e. g. medical researchers. We continue adding new data to the
database and we are working on making GWAS-MAP useful
for human populations other than Europeans.

Conclusion
We have developed the GWAS-MAP platform for aggregating,
storing, analyzing, visualizing and providing access to sum-
mary statistics from GWAS and RWAS. Using the platform we
collected GWAS-MAP|homo DB which contains over 70 bil-
lion associations between SNPs and traits. The GWAS-MAP
user interface offers a universal workspace for operating on
public and private data, and allows for rapid implementation of
new analysis methods in the platform. The user communicates
with the platform through command-line utilities, allowing
him to upload data to the platform and run analyses.

The analysis of the genetic basis of varicose veins demon-
strates the power of the platform for generating new biological
hypotheses such as, for example, ours postulating a causal
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relationship between the levels of the proteins MICB and
CD209 in blood and the risk for this disease.

GWAS-MAP is a powerful platform for the analysis of
summary statistics from GWAS and RWAS, it is actively
used in research work and can be useful to a broad range of
scientists. The platform evolves continuously through constant
acquisition of more functionalities, and the DBs are updated
with the actual data from GWAS and RWAS.

References

Beck T., Shorter T., Brookes A.J. GWAS Central: a comprehensive re-
source for the discovery and comparison of genotype and pheno-
type data from genome-wide association studies. Nucleic Acids Res.
2020;8(48):D933-D940. DOI 10.1093/nar/gkz895.

Benner C., Spencer C.C.A., Havulinna A.S., Salomaa V., Ripatti S.,
Pirinen M. FINEMAP: efficient variable selection using summary
data from genome-wide association studies. Bioinformatics. 2016;
32(10):1493-1501. DOI 10.1093/bioinformatics/btw018.

Bulik-Sullivan B.K., Loh P.-R., Finucane H.K., Ripke S., Yang J.,
Schizophrenia Working Group of the Psychiatric Genomics Con-
sortium, Patterson N., Daly M.J., Price A.L., Neale B.M. LD Score
regression distinguishes confounding from polygenicity in genome-
wide association studies. Nat. Genet. 2015;47(3):291-295. DOI
10.1038/ng.3211.

Bush W.S., Moore J.H. Genome-wide association studies. PLoS Com-
put. Biol. 2012;8(12):¢1002822. DOI 10.1016/B978-0-12-809633-
8.20232-X.

Canela-Xandri O., Rawlik K., Tenesa A. An atlas of genetic asso-
ciations in UK Biobank. Nat. Genet. 2018;50(11):1593-1599. DOI
10.1038/s41588-018-0248-z.

Choi S.W., O’Reilly P.F. PRSice-2: Polygenic Risk Score software
for biobank-scale data. GigaScience. 2019;8(7). DOI 10.1093/giga
science/giz082.

del Rio Sola L., Aceves M., Duefias A.I., Gonzalez-Fajardo J.A., Vaque-
ro C., Crespo M.S., Garcia-Rodriguez C. Varicose veins show en-
hanced chemokine expression. Eur. J. Vasc. Endovasc. Surg. 2009;
38(5):635-641. DOI 10.1016/j.€jvs.2009.07.021.

Demirkan A., van Duijn C.M., Ugocsai P., Isaacs A., Pramstaller P.P.,
Liebisch G., Wilson J.F., Johansson A., Rudan L., Aulchenko Y.S.,
Kirichenko A.V., ... Meitinger T., Hicks A.A., Hayward C., DIA-
GRAM Consortium, CARDIoGRAM Consortium, CHARGE Con-
sortium & EUROSPAN Consortium. Genome-wide association
study identifies novel loci associated with circulating phospho- and
sphingolipid concentrations. PLoS Genet. 2012;8(2):¢1002490. DOI
10.1371/journal.pgen.1002490.

Deng Y., Pan W. Improved use of small reference panels for condi-
tional and joint analysis with GWAS summary statistics. Genetics.
2018;209(2):401-408. DOI 10.1534/genetics.118.300813.

Elgaeva E.E., Tsepilov Y., Freidin M.B., Williams F.M.K., Aulchen-
ko Y., Suri P. ISSLS Prize in Clinical Science 2020. Examin-
ing causal effects of body mass index on back pain: a Mendelian
randomization study. Eur. Spine J. 2019;686-391. DOI 10.1007/
500586-019-06224-6.

Evangelou E., loannidis J.P.A. Meta-analysis methods for genome-
wide association studies and beyond. Nat. Rev. Genet. 2013;14(6):
379-389. DOI 10.1038/nrg3472.

Evans D.M., Visscher PM., Wray N.R. Harnessing the information
contained within genome-wide association studies to improve indi-
vidual prediction of complex disease risk. Hum. Mol. Genet. 2009;
18(18):3525-3531. DOI 10.1093/hmg/ddp295.

Fabregat-Traver D., Sharapov S.Z., Hayward C., Rudan 1., Camp-
bell H., Aulchenko Y., Bientinesi P. High-performance mixed models
based genome-wide association analysis with omicABEL software.
F1000Research. 2014;3:200. DOI 10.12688/f1000research.4867.1.

Folkersen L., Fauman E., Sabater-Lleal M., Strawbridge R.J., Fran-
berg M., Sennblad B., Baldassarre D., Veglia F., Humphries S.E.,

882

The GWAS-MAP platform and database GWAS-MAP|homo
with genetic associations of human traits

Rauramaa R., de Faire U., Smit A.J., Giral P., Kurl S., Mannarino E.,
Enroth S., Johansson A., Enroth S.B., Gustafsson S., Lind L., Lind-
gren C., Morris A.P., Giedraitis V., Silveira A., Franco-Cerece-
da A., Tremoli E., Gyllensten U., Ingelsson E., Brunak S., Eriks-
son P., Ziemek D., Hamsten A., Milarstig A. Mapping of 79 loci
for 83 plasma protein biomarkers in cardiovascular disease. PLoS
Genet. 2017;13(4):e1006706. DOI 10.1371/journal.pgen.1006706.

Giambartolomei C., Vukcevic D., Schadt E.E., Franke L., Hingo-
rani A.D., Wallace C., Plagnol V. Bayesian test for colocalisation
between pairs of genetic association studies using summary statis-
tics. PLoS Genet. 2014;10(5):e1004383. DOI 10.1371/journal.pgen.
1004383.

GTEx Consortium et al. Genetic effects on gene expression across
human tissues. Nature. 2017;550(7675):204-213. DOI 10.1038/
nature24277.

Hemani G., Zheng J., Wade K.H., Laurin C., Elsworth B., Burgess S.,
Bowden J., Langdon R., Tan V., Yarmolinsky J., Shihab H.A., Timp-
sonN., Evans D.M., Relton C., Martin R.M., Smith G.D., Gaunt T.R.,
Haycock P.C. MR-Base: a platform for systematic causal inference
across the phenome using billions of genetic associations. BioRxiv.
2016;18092. DOI 10.1101/078972.

Howson J.M.M., Barnes D.R., Ho WK, Young R., Paul D.S., Frei-
tag D.F., Sun B.B., Lin W.Y., Surendran P., Di Angelantonio E.,
Chowdhury R., ... Wang T.D., Rasheed A., Frossard P., Alam D.S.,
Majumder A.A.S. Fifteen new risk loci for coronary artery disease
highlight arterial-wall-specific mechanisms. Nat. Genet. 2017;
49(7):1113-1119. DOI 10.1038/ng.3874.

International Schizophrenia Consortium, Purcell S.M., Wray N.R.,
Stone J.L., Visscher P.M., O’Donovan M.C., Sullivan P.F., Sklar P.
Common polygenic variation contributes to risk of schizophre-
nia and bipolar disorder. Nature. 2009;460(7256):748-752. DOI
10.1038/nature08185.

Kettunen J., Demirkan A., Wiirtz P., Draisma H.H.M., Haller T., Ra-
wal R., Vaarhorst A., Kangas A.J., Lyytikdinen L.-P., Pirinen M.,
Pool R., ... Raitakari O., Salomaa V., Slagboom P.E., Waldenber-
ger M., Ripatti S., Ala-Korpela M. Genome-wide study for circu-
lating metabolites identifies 62 loci and reveals novel systemic ef-
fects of LPA. Nat. Commun. 2016;7:11122. DOI 10.1038/ncomms
11122.

Khera A. V., Chaffin M., Aragam K.G., Haas M.E., Roselli C., Choi S.H.,
Natarajan P., Lander E.S., Lubitz S.A., Ellinor P.T., Kathiresan S.
Genome-wide polygenic scores for common diseases identify indi-
viduals with risk equivalent to monogenic mutations. Nat. Genet.
2018;50(9):1219-1224. DOI 10.1038/s41588-018-0183-z.

Khera A.V., Chaffin M., Wade K.H., Zahid S., Brancale J., Xia R.,
Distefano M., Senol-Cosar O., Haas M.E., Bick A., Aragam K.G.,
Lander E.S., Smith G.D., Mason-Suares H., Fornage M., Lebo M.,
Timpson N.J., Kaplan L.M., Kathiresan S. Polygenic prediction of
weight and obesity trajectories from birth to adulthood. Cell. 2019;
177(3):587-596. DOI 10.1016/j.cell.2019.03.028.

Kichaev G., Yang W.-Y., Lindstrom S., Hormozdiari F., Eskin E.,
Price A.L., Kraft P., Pasaniuc B. Integrating functional data to priori-
tize causal variants in statistical fine-mapping studies. PLoS Genet.
2014;10(10):e1004722. DOI 10.1371/journal.pgen.1004722.

Klari¢ L., Tsepilov Y.A., Stanton C.M., Mangino M., Sikka T.T.,
Esko T., Pakhomov E., Salo P., Deelen J., McGurnaghan S.J., Ke-
ser T., ... Zoldos$ V., Vitart V., Spector T., Aulchenko Y.S., Lauc G.,
Hayward C. Glycosylation of immunoglobulin G is regulated by
a large network of genes pleiotropic with inflammatory diseases. Sci.
Adv. 2020;6(8):eaax0301. DOI 10.1126/sciadv.aax0301.

Klein R.J. Complement factor H polymorphism in age-related macu-
lar degeneration. Science. 2005;308(5720):385-389. DOI 10.1126/
science.1109557.

Lee A.J.,, Evans CJ., Allan P.L., Ruckley C.V., Fowkes F.G.R. Life-
style factors and the risk of varicose veins: Edinburgh Vein Study.
J. Clin. Epidemiol. 2003;56(2):171-179. DOI 10.1016/s0895-4356
(02)00518-8.

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 8


http://paperpile.com/b/ZcU28M/AnXZ
http://paperpile.com/b/ZcU28M/AnXZ
http://paperpile.com/b/ZcU28M/AnXZ
http://paperpile.com/b/ZcU28M/AnXZ
http://dx.doi.org/10.1093/bioinformatics/btw018
http://paperpile.com/b/ZcU28M/vxA0I
http://paperpile.com/b/ZcU28M/vxA0I
http://paperpile.com/b/ZcU28M/vxA0I
http://paperpile.com/b/ZcU28M/vxA0I
http://paperpile.com/b/ZcU28M/vxA0I
http://paperpile.com/b/ZcU28M/vxA0I
http://paperpile.com/b/ZcU28M/vxA0I
http://dx.doi.org/10.1038/ng.3211
https://doi.org/10.1016/B978-0-12-809633-8.20232-X
https://doi.org/10.1016/B978-0-12-809633-8.20232-X
http://paperpile.com/b/ZcU28M/7Z8s8
http://paperpile.com/b/ZcU28M/7Z8s8
http://paperpile.com/b/ZcU28M/7Z8s8
http://paperpile.com/b/ZcU28M/7Z8s8
http://dx.doi.org/10.1038/s41588-018-0248-z
http://paperpile.com/b/ZcU28M/Zng49
http://paperpile.com/b/ZcU28M/Zng49
http://paperpile.com/b/ZcU28M/Zng49
http://paperpile.com/b/ZcU28M/Zng49
http://dx.doi.org/10.1093/gigascience/giz082
http://dx.doi.org/10.1093/gigascience/giz082
http://paperpile.com/b/ZcU28M/IzsZ8
http://paperpile.com/b/ZcU28M/IzsZ8
http://paperpile.com/b/ZcU28M/IzsZ8
http://paperpile.com/b/ZcU28M/IzsZ8
http://paperpile.com/b/ZcU28M/IzsZ8
http://dx.doi.org/10.1016/j.ejvs.2009.07.021
http://paperpile.com/b/ZcU28M/BTCor
http://paperpile.com/b/ZcU28M/BTCor
http://paperpile.com/b/ZcU28M/BTCor
http://paperpile.com/b/ZcU28M/BTCor
http://paperpile.com/b/ZcU28M/BTCor
http://dx.doi.org/10.1007/s00586-019-06224-6
http://dx.doi.org/10.1007/s00586-019-06224-6
http://paperpile.com/b/ZcU28M/BVb9
http://paperpile.com/b/ZcU28M/BVb9
http://paperpile.com/b/ZcU28M/BVb9
http://paperpile.com/b/ZcU28M/BVb9
http://paperpile.com/b/ZcU28M/BVb9
http://dx.doi.org/10.1038/nrg3472
http://paperpile.com/b/ZcU28M/woI4M
http://paperpile.com/b/ZcU28M/woI4M
http://paperpile.com/b/ZcU28M/woI4M
http://paperpile.com/b/ZcU28M/woI4M
http://paperpile.com/b/ZcU28M/woI4M
http://dx.doi.org/10.1093/hmg/ddp295
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://paperpile.com/b/ZcU28M/rYBFS
http://dx.doi.org/10.1371/journal.pgen.1006706
http://paperpile.com/b/ZcU28M/xSckm
http://paperpile.com/b/ZcU28M/xSckm
http://paperpile.com/b/ZcU28M/xSckm
http://paperpile.com/b/ZcU28M/xSckm
http://paperpile.com/b/ZcU28M/xSckm
http://paperpile.com/b/ZcU28M/xSckm
http://dx.doi.org/10.1371/journal.pgen.1004383
http://dx.doi.org/10.1371/journal.pgen.1004383
http://paperpile.com/b/ZcU28M/n6L1k
http://paperpile.com/b/ZcU28M/n6L1k
http://dx.doi.org/10.1038/nature24277
http://dx.doi.org/10.1038/nature24277
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/fgqvX
http://paperpile.com/b/ZcU28M/EcySt
http://paperpile.com/b/ZcU28M/EcySt
http://paperpile.com/b/ZcU28M/EcySt
http://paperpile.com/b/ZcU28M/EcySt
http://paperpile.com/b/ZcU28M/EcySt
http://paperpile.com/b/ZcU28M/EcySt
http://dx.doi.org/10.1038/nature08185
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://paperpile.com/b/ZcU28M/McypZ
http://dx.doi.org/10.1038/ncomms11122
http://dx.doi.org/10.1038/ncomms11122
http://paperpile.com/b/ZcU28M/Vlqsz
http://paperpile.com/b/ZcU28M/Vlqsz
http://paperpile.com/b/ZcU28M/Vlqsz
http://paperpile.com/b/ZcU28M/Vlqsz
http://paperpile.com/b/ZcU28M/Vlqsz
http://paperpile.com/b/ZcU28M/Vlqsz
http://dx.doi.org/10.1038/s41588-018-0183-z
http://paperpile.com/b/ZcU28M/CyGIE
http://paperpile.com/b/ZcU28M/CyGIE
http://paperpile.com/b/ZcU28M/CyGIE
http://paperpile.com/b/ZcU28M/CyGIE
http://paperpile.com/b/ZcU28M/CyGIE
http://paperpile.com/b/ZcU28M/CyGIE
http://paperpile.com/b/ZcU28M/CyGIE
http://dx.doi.org/10.1016/j.cell.2019.03.028
http://paperpile.com/b/ZcU28M/MPMd
http://paperpile.com/b/ZcU28M/MPMd
http://paperpile.com/b/ZcU28M/MPMd
http://paperpile.com/b/ZcU28M/MPMd
http://paperpile.com/b/ZcU28M/MPMd
http://dx.doi.org/10.1371/journal.pgen.1004722
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://paperpile.com/b/ZcU28M/5jwK
http://dx.doi.org/10.1126/sciadv.aax0301
http://paperpile.com/b/ZcU28M/08w00
http://paperpile.com/b/ZcU28M/08w00
http://paperpile.com/b/ZcU28M/08w00
http://paperpile.com/b/ZcU28M/08w00
http://dx.doi.org/10.1126/science.1109557
http://dx.doi.org/10.1126/science.1109557
http://paperpile.com/b/ZcU28M/NtBv8
http://paperpile.com/b/ZcU28M/NtBv8
http://paperpile.com/b/ZcU28M/NtBv8
http://paperpile.com/b/ZcU28M/NtBv8
http://paperpile.com/b/ZcU28M/NtBv8
http://dx.doi.org/10.1016/s0895-4356(02)00518-8
http://dx.doi.org/10.1016/s0895-4356(02)00518-8

T.N. Wawkosa, A.4. lopes, E.[. NMaxomos ...
A.A. Llenunos, J1.K. Kapccen, 10.C. AynbyeHko

Lim C.S., Davies A.H. Pathogenesis of primary varicose veins. Br. J.
Surg. 2009;96(11):1231-1242. DOI 10.1002/bjs.6798.

Lloyd-Jones L.R., Zeng J., Sidorenko J., Yengo L., Moser G., Kem-
per K.E., Wang H., Zheng Z., Magi R., Esko T., Metspalu A.,
Wray N.R., Goddard M.E., Yang J., Visscher P.M. Improved poly-
genic prediction by Bayesian multiple regression on summary sta-
tistics. Nat. Commun. 2019;10(1):5086. DOI 10.1038/s41467-019-
12653-0.

Mak T.S.H., Porsch R.M., Choi S.W., Zhou X., Sham P.C. Polygenic
scores via penalized regression on summary statistics. Genet. Epide-
miol. 2017;41(6):469-480. DOI 10.1002/gepi.22050.

Mavaddat N., Michailidou K., Dennis J., Lush M., Fachal L., Lee A.,
Tyrer J.P,, Chen T.H., Wang Q., Bolla M.K., Yang X., ... Anto-
niou A.C., Chatterjee N., Kraft P., Garcia-Closas M., Simard J.,
Easton D.F. Polygenic risk scores for prediction of breast cancer and
breast cancer subtypes. Am. J. Hum. Genet. 2019;104(1):21-34. DOI
10.1016/j.ajhg.2018.11.002.

Momozawa Y., Dmitrieva J., Théatre E., Deffontaine V., Rahmouni S.,
Charloteaux B., Crins F., Docampo E., Elansary M., Gori A.S., Ma-
riman R., ... Tremelling M., Wei Z., Winkelmann J., Zhang C.K.,
Zhao H., Zhang H. IBD risk loci are enriched in multigenic regula-
tory modules encompassing putative causative genes. Nat. Commun.
2018;9(1):2427. DOI 10.1038/s41467-018-04365-8.

Neale Lab. 2018. GWAS database available at http://www.nealelab.
is/blog/2017/7/19/rapid-gwas-of-thousands-of-phenotypes-for-
337000-samples-in-the-uk-bioban.

Nikpay M., Goel A., Won H.-H., Hall L.M., Willenborg C., Kanoni S.,
Saleheen D., Kyriakou T., Nelson C.P., Hopewell J.C., Webb T.R., ...
McPherson R., Deloukas P., Schunkert H., Samani N.J., Farrall M.,
CARDIoGRAMplusC4D Consortium. A comprehensive 1,000 Ge-
nomes-based genome-wide association meta-analysis of coronary
artery disease. Nat. Genet. 2015;47(10):1121-1130. DOI 10.1038/
ng.3396.

O’Connor L.J., Price A.L. Distinguishing genetic correlation from
causation across 52 diseases and complex traits. Nat. Genet. 2018;
50(12):1728-1734. DOI 10.1038/s41588-018-0255-0.

Pers T.H., Karjalainen J.M., Chan Y., Westra H.-J., Wood A.R., Yang J.,
Lui J.C., Vedantam S., Gustafsson S., Esko T., Frayling T., Spe-
liotes E.K., GIANT Consortium, Boehnke M., Raychaudhuri S.,
Fehrmann R.S.N., Hirschhorn J.N., Franke L. Biological interpreta-
tion of genome-wide association studies using predicted gene func-
tions. Nat. Commun. 2015;6:5890. DOI 10.1038/ncomms6890.

Satonaka H., Suzuki E., Nishimatsu H., Oba S., Takeda R., Goto A.,
Omata M., Fujita T., Nagai R., Hirata Y. Calcineurin promotes the
expression of monocyte chemoattractant protein-1 in vascular myo-
cytes and mediates vascular inflammation. Circ. Res. 2004;94(5):
693-700. DOI 10.1161/01.RES.0000118250.67032.5E.

Schaid D.J., Chen W., Larson N.B. From genome-wide associations
to candidate causal variants by statistical fine-mapping. Nat. Rev.
Genet. 2018;19(8):491-504. DOI 10.1038/s41576-018-0016-z.

Schunkert H., Konig I.R., Kathiresan S., Reilly M.P., Assimes T.L.,
Holm H., Preuss M., Stewart A.F.R., Barbalic M., Gieger C., Ab-
sher D., ... Roberts R., Thorsteinsdottir U., O’Donnell C.J., McPher-
son R., Erdmann J., Samani N.J. Large-scale association analysis
identifies 13 new susceptibility loci for coronary artery disease. Nat.
Genet. 2011;43(4):333-338. DOI 10.1038/ng.784.

Shadrina A.S., Sharapov S.Z., Shashkova T.I., Tsepilov Y.A. Varicose
veins of lower extremities: insights from the first large-scale genetic
study. PLoS Genet. 2019;15(4):¢1008110. DOI 10.1371/journal.
pgen.1008110.

Shadrina A.S., Shashkova T.I., Torgasheva A.A., Sharapov S.Z., Kla-
ri¢ L., Pakhomov E.D., Alexeev D.G., Wilson J.F., Tsepilov Y.A.,
Joshi PK., Aulchenko Y.S. Prioritization of causal genes for coro-
nary artery disease based on cumulative evidence from experimen-
tal and in silico studies. Sci. Rep. 2020;10(1):1-15. DOI 10.1038/
$41598-020-67001-w.

Sharapov S.Z., Tsepilov Y.A., Aulchenko Y.S., Shadrina A.S., Klaric L.,
Vilaj M., Vuckovic F., Stambuk J., Trbojevic-Akmacic 1., Kristic J.,

2020
248

Mnatdopma GWAS-MAP 1 6a3a filaHHbix GWAS-MAP|homo
reHeTMYeCcKMX accoumaLnii MpM3HaKoB YeoBeKa

Simunovic J., Momcilovic A., Pucic-Bakovic M., Lauc G., Mangi-
no M., Spector T., Williams F.M.K., Thareja G., Suhre K., Simu-
rina M., Pavic T., Dagostino C., Dmitrieva J., Georges M., Camp-
bell H., Dunlop M.G., Farrington S.M., Doherty M., Gieger C.,
Allegri M., Louis E. Defining the genetic control of human blood
plasma N-glycome using genome-wide association study. Hum.
Mol. Genet. 2019;28(12):2062-2077. DOI 10.1093/hmg/ddz054.

Shen X., Klari¢ L., Sharapov S., Mangino M., Ning Z., Wu D.,
Trbojevi¢-Akmaci¢ L., Pu¢i¢-Bakovi¢ M., Rudan I., Polasek O., Hay-
ward C., Spector T.D., Wilson J.F., Lauc G., Aulchenko Y.S. Multi-
variate discovery and replication of five novel loci associated with
immunoglobulin G N-glycosylation. Nat. Commun. 2017;8(1):447.
DOI 10.1038/s41467-017-00453-3.

Smetanina M.A., Kel A.E., Sevost’ianova K.S., Maiborodin I.V., Sheve-
la A.L, Zolotukhin I.A., Stegmaier P., Filipenko M.L. DNA me-
thylation and gene expression profiling reveal MFAPS as a regulato-
ry driver of extracellular matrix remodeling in varicose vein disease.
Epigenomics. 2018;10(8):1103-1119. DOI 10.2217/epi-2018-0001.

Speed D., Balding D.J. SumHer better estimates the SNP heritability
of complex traits from summary statistics. Nat. Genet. 2019;51(2):
277-284. DOI 10.1038/s41588-018-0279-5.

Staley J.R., Blackshaw J., Kamat M.A., Ellis S., Surendran P,
Sun B.B., Paul D.S., Freitag D., Burgess S., Danesh J., Young R.,
Butterworth A.S. PhenoScanner: a database of human genotype—
phenotype associations. Bioinformatics. 2016;20(15):3207-3209.
DOI 10.1093/bioinformatics/btw373.

Suhre K., Arnold M., Bhagwat A.M., Cotton R.J., Engelke R., Raffler J.,
Sarwath H., Thareja G., Wahl A., DeLisle R.K., Gold L., Pezer M.,
Lauc G., El-Din Selim M.A., Mook-Kanamori D.O., Al-Dous E.K.,
Mohamoud Y.A., Malek J., Strauch K., Grallert H., Peters A., Kas-
tenmiiller G., Gieger C., Graumann J. Connecting genetic risk to
disease end points through the human blood plasma proteome. Nat.
Commun. 2017;8:14357. DOI 10.1038/ncomms14357.

Sun B.B., Maranville J.C., Peters J.E., Stacey D., Staley J.R., Black-
shaw J., Burgess S., Jiang T., Paige E., Surendran P., Oliver-Wil-
liams C., Kamat M.A., Prins B.P., Wilcox S.K., Zimmerman E.S.,
Chi A., Bansal N., Spain S.L., Wood A.M., Morrell N.W., Brad-
ley J.R., Janjic N., Roberts D.J., Ouwehand W.H., Todd J.A.,
Soranzo N., Suhre K., Paul D.S., Fox C.S., Plenge R.M., Danesh J.,
Runz H., Butterworth A.S. Genomic atlas of the human plasma pro-
teome. Nature. 2018;558(7708):73-79. DOI 10.1038/s41586-018-
0175-2.

The 1000 Genomes Project Consortium, Auton A., Brooks L.D., Dur-
bin R.M., Garrison E.P., Kang H.M., Korbel J.O., Marchini J.L.,
McCarthy S., McVean G.A., Abecasis G.R. A global reference
for human genetic variation. Nature. 2015;526(7571):68-74. DOI
10.1038/nature15393.

Timmers P.R., Mounier N., Lall K., Fischer K., Ning Z., Feng X., Bre-
therick A.D., Clark D.W., eQTLGen Consortium, Agbessi M., Ah-
san H., Alves 1., Andiappan A., Awadalla P., Battle A., Bonder M.J.,
Boomsma D., Christiansen M., Claringbould A., ... Shen X.,
Esko T., Kutalik Z., Wilson J.F., Joshi P.K. Genomics of 1 million
parent lifespans implicates novel pathways and common diseases
and distinguishes survival chances. eLife. 2019;8:e39856. DOI
10.7554/eLife.39856.

Vilhjalmsson B.J., Yang J., Finucane H.K., Gusev A., Lindstrom S.,
Ripke S., Genovese G., Loh P.-R., Bhatia G., Do R., Hayeck T.,
Won H.-H., Schizophrenia Working Group of the Psychiatric Geno-
mics Consortium, DRIVE study, Kathiresan S., Pato M., Pato C.,
Tamimi R., Stahl E., Zaitlen N., Pasaniuc B., Belbin G., Ken-
ny E.E., Schierup M.H., De Jager P., Patsopoulos N.A., McCar-
roll S., Daly M., Purcell S., Chasman D., Neale B., Goddard M.,
Visscher P.M., Kraft P., Patterson N., Price A.L. Modeling link-
age disequilibrium increases accuracy of polygenic risk scores.
Am. J. Hum. Genet. 2015;97(4):576-592. DOI 10.1016/j.ajhg.2015.
09.001.

Visscher PM., Wray N.R., Zhang Q., Sklar P., McCarthy M.IL,
Brown M.A., Yang J. 10 years of GWAS discovery: biology, func-

FEHETUKA YEJTOBEKA / HUMAN GENETICS 883


http://paperpile.com/b/ZcU28M/siFEn
http://paperpile.com/b/ZcU28M/siFEn
http://paperpile.com/b/ZcU28M/siFEn
http://paperpile.com/b/ZcU28M/siFEn
http://dx.doi.org/10.1002/bjs.6798
http://paperpile.com/b/ZcU28M/Uut3a
http://paperpile.com/b/ZcU28M/Uut3a
http://paperpile.com/b/ZcU28M/Uut3a
http://paperpile.com/b/ZcU28M/Uut3a
http://paperpile.com/b/ZcU28M/Uut3a
http://paperpile.com/b/ZcU28M/Uut3a
http://dx.doi.org/10.1038/s41467-019-12653-0
http://dx.doi.org/10.1038/s41467-019-12653-0
http://paperpile.com/b/ZcU28M/qCCkZ
http://paperpile.com/b/ZcU28M/qCCkZ
http://paperpile.com/b/ZcU28M/qCCkZ
http://paperpile.com/b/ZcU28M/qCCkZ
http://paperpile.com/b/ZcU28M/qCCkZ
http://dx.doi.org/10.1002/gepi.22050
http://paperpile.com/b/ZcU28M/52FwK
http://paperpile.com/b/ZcU28M/52FwK
http://dx.doi.org/10.1016/j.ajhg.2018.11.002
http://paperpile.com/b/ZcU28M/exyhH
http://paperpile.com/b/ZcU28M/exyhH
http://paperpile.com/b/ZcU28M/exyhH
http://paperpile.com/b/ZcU28M/exyhH
http://paperpile.com/b/ZcU28M/exyhH
http://paperpile.com/b/ZcU28M/exyhH
http://paperpile.com/b/ZcU28M/exyhH
http://dx.doi.org/10.1038/s41467-018-04365-8
http://www.nealelab.is/blog/2017/7/19/rapid-gwas-of-thousands-of-phenotypes-for-337000-samples-in-the-uk-biobank
http://www.nealelab.is/blog/2017/7/19/rapid-gwas-of-thousands-of-phenotypes-for-337000-samples-in-the-uk-biobank
http://www.nealelab.is/blog/2017/7/19/rapid-gwas-of-thousands-of-phenotypes-for-337000-samples-in-the-uk-biobank
http://www.nealelab.is/blog/2017/7/19/rapid-gwas-of-thousands-of-phenotypes-for-337000-samples-in-the-uk-biobank
http://paperpile.com/b/ZcU28M/B6NSt
http://paperpile.com/b/ZcU28M/B6NSt
http://dx.doi.org/10.1038/ng.3396
http://dx.doi.org/10.1038/ng.3396
http://paperpile.com/b/ZcU28M/frvgv
http://paperpile.com/b/ZcU28M/frvgv
http://paperpile.com/b/ZcU28M/frvgv
http://paperpile.com/b/ZcU28M/frvgv
http://dx.doi.org/10.1038/s41588-018-0255-0
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://paperpile.com/b/ZcU28M/tZqK
http://dx.doi.org/10.1038/ncomms6890
http://paperpile.com/b/ZcU28M/ymsMi
http://paperpile.com/b/ZcU28M/ymsMi
http://paperpile.com/b/ZcU28M/ymsMi
http://paperpile.com/b/ZcU28M/ymsMi
http://paperpile.com/b/ZcU28M/ymsMi
http://paperpile.com/b/ZcU28M/ymsMi
http://paperpile.com/b/ZcU28M/ymsMi
http://dx.doi.org/10.1161/01.RES.0000118250.67032.5E
http://paperpile.com/b/ZcU28M/5NmT
http://paperpile.com/b/ZcU28M/5NmT
http://paperpile.com/b/ZcU28M/5NmT
http://dx.doi.org/10.1038/s41576-018-0016-z
http://paperpile.com/b/ZcU28M/sWdV7
http://paperpile.com/b/ZcU28M/sWdV7
http://paperpile.com/b/ZcU28M/sWdV7
http://paperpile.com/b/ZcU28M/sWdV7
http://paperpile.com/b/ZcU28M/sWdV7
http://paperpile.com/b/ZcU28M/sWdV7
http://dx.doi.org/10.1038/ng.784
http://paperpile.com/b/ZcU28M/OQQSJ
http://paperpile.com/b/ZcU28M/OQQSJ
http://paperpile.com/b/ZcU28M/OQQSJ
http://dx.doi.org/10.1371/journal.pgen.1008110
http://dx.doi.org/10.1371/journal.pgen.1008110
https://doi.org/10.1038/s41598-020-67001-w
https://doi.org/10.1038/s41598-020-67001-w
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://paperpile.com/b/ZcU28M/er5yv
http://dx.doi.org/10.1093/hmg/ddz054
http://paperpile.com/b/ZcU28M/aBb0X
http://paperpile.com/b/ZcU28M/aBb0X
http://paperpile.com/b/ZcU28M/aBb0X
http://paperpile.com/b/ZcU28M/aBb0X
http://paperpile.com/b/ZcU28M/aBb0X
http://paperpile.com/b/ZcU28M/aBb0X
http://dx.doi.org/10.1038/s41467-017-00453-3
http://paperpile.com/b/ZcU28M/J2gkK
http://paperpile.com/b/ZcU28M/J2gkK
http://paperpile.com/b/ZcU28M/J2gkK
http://paperpile.com/b/ZcU28M/J2gkK
http://paperpile.com/b/ZcU28M/J2gkK
http://dx.doi.org/10.2217/epi-2018-0001
http://paperpile.com/b/ZcU28M/JGFLh
http://paperpile.com/b/ZcU28M/JGFLh
http://paperpile.com/b/ZcU28M/JGFLh
http://dx.doi.org/10.1038/s41588-018-0279-5
https://doi.org/10.1093/bioinformatics/btw373
https://www.semanticscholar.org/author/H.-Grallert/145427247
https://www.semanticscholar.org/author/A.-Peters/152795176
https://www.semanticscholar.org/author/G.-Kastenm%C3%BCller/1726387
https://www.semanticscholar.org/author/G.-Kastenm%C3%BCller/1726387
http://paperpile.com/b/ZcU28M/pZipp
http://paperpile.com/b/ZcU28M/pZipp
http://dx.doi.org/10.1038/ncomms14357
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://paperpile.com/b/ZcU28M/B3YaQ
http://dx.doi.org/10.1038/s41586-018-0175-2
http://dx.doi.org/10.1038/s41586-018-0175-2
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shen X%5BAuthor%5D&cauthor=true&cauthor_uid=30642433
https://www.ncbi.nlm.nih.gov/pubmed/?term=Esko T%5BAuthor%5D&cauthor=true&cauthor_uid=30642433
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kutalik Z%5BAuthor%5D&cauthor=true&cauthor_uid=30642433
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wilson JF%5BAuthor%5D&cauthor=true&cauthor_uid=30642433
http://dx.doi.org/10.7554/eLife.39856
http://paperpile.com/b/ZcU28M/qFDVm
http://paperpile.com/b/ZcU28M/qFDVm

T.I. Shashkova, D.D. Gorev, E.D. Pakhomov ...
Y.A. Tsepiloy, L.C. Karssen, Y.S. Aulchenko

tion, and translation. Am. J. Hum. Genet. 2017;101(1):5-22. DOI
10.1016/j.ajhg.2017.06.005.

Westra H.-J., Peters M.J., Esko T., Yaghootkar H., Schurmann C., Ket-
tunen J., Christiansen M.W., Fairfax B.P., Schramm K., Powell J.E.,
Zhernakova A., ... Ripatti S., Teumer A., Frayling T.M., Mets-
palu A., Van Meurs J.B.J., Franke L. Systematic identification of
trans eQTLs as putative drivers of known disease associations. Nat.
Genet. 2013;45(10):1238-1243. DOI 10.1038/ng.2756.

Willer C.J., Schmidt E.M., Sengupta S., Peloso G.M., Gustafsson S.,
Kanoni S., Ganna A., Chen J., Buchkovich M.L., Mora S., Beck-
mann J.S., ... Ripatti S., Cupples L.A., Sandhu M.S., Rich S.S.,
Boehnke M., Deloukas P., Global Lipids Genetics Consortium.
Discovery and refinement of loci associated with lipid levels. Nat.
Genet. 2013;45(11):1274-1283. DOI 10.1038/ng.2797.

Winkler T.W., Day F.R., Croteau-Chonka D.C., Wood A.R., Loc-
ke A.E., Migi R., Ferreira T., Fall T., Graff M., Justice A.E.,
Luan J.A., Gustafsson S., Randall J.C., Vedantam S., Workalema-
hu T., Kilpeldinen T.O., Scherag A., Esko T., Kutalik Z., Heid .M.,
Alavere H., Fischere K., Metspalu A., Mihailov E., Milani L., Mor-

The GWAS-MAP platform and database GWAS-MAP|homo
with genetic associations of human traits

ris A.P., Nelis M., Perola M., Tammesoo M.-L., Teder-Laving M.,
Loos R.J.F., GIANT Consortium. Quality control and conduct of
genome-wide association meta-analyses. Nat. Protoc. 2014;9(5):
1192-1212. DOI 10.1038/nprot.2014.071.

Wu X., Zhu X., Wu G.Q., Ding W. Data mining with big data. /[EEE
Trans. Knowl. Data Eng. 2013;26(1):97-107. DOI 10.1109/TKDE.
2013.109

Yang J., Lee S.H., Goddard M.E., Visscher PM. GCTA: a tool for ge-
nome-wide complex trait analysis. Am. J. Hum. Genet. 2011;88(1):
76-82. DOI 10.1016/j.ajhg.2010.11.011.

Zhu Z., Zhang F., Hu H., Bakshi A., Robinson M.R., Powell J.E., Mont-
gomery G.W., Goddard M.E., Wray N.R., Visscher PM., Yang J. In-
tegration of summary data from GWAS and eQTL studies predicts
complex trait gene targets. Nat. Genet. 2016;48(5):481-487. DOI
10.1038/ng.3538.

Zolotukhin I.A., Seliverstov E.I., Shevtsov Y.N., Avakiants I.P., Nikish-
kov A.S., Tatarintsev A.M., Kirienko A.l. Prevalence and risk fac-
tors for chronic venous disease in the general Russian population.
Eur. J. Vasc. Endovasc. Surg. 2017;54(6):752-758. DOI 10.1016/
j.€jvs.2017.08.033.

Acknowledgements. We are grateful to Lucija Klaric and Peter Joshi for discussion and help with testing the platform. We thank Tatiana losifovna
Aksenovich for discussion of the manuscript. We thank Viktoria Voroshilova, Alexander Severinov and Ksenia Khudyakova for help with platform de-

velopment and testing.

Funding. The development of a database of genetic associations of human traits was supported by the Russian Ministry of Science and Education under
Excellence Programme 5-100. The development of the program modules of GWAS-MAP was supported by PolyKnomics BV.

Conflict of interest. YSA and LCK are co-owners of Maatschap PolyOmica and PolyKnomics BV, private organizations, providing services, research and
development in the field of computational, statistical, and quantitative (gen)omics.

Received June 23, 2020. Revised September 30, 2020. Accepted October 1, 2020.

884

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 8


http://paperpile.com/b/ZcU28M/qFDVm
http://paperpile.com/b/ZcU28M/qFDVm
http://paperpile.com/b/ZcU28M/qFDVm
http://dx.doi.org/10.1016/j.ajhg.2017.06.005
http://dx.doi.org/10.1038/ng.2756
http://dx.doi.org/10.1038/ng.2797
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://paperpile.com/b/ZcU28M/q8l2p
http://dx.doi.org/10.1038/nprot.2014.071
https://doi.org/10.1109/TKDE.2013.109
https://doi.org/10.1109/TKDE.2013.109
http://paperpile.com/b/ZcU28M/pfAxe
http://paperpile.com/b/ZcU28M/pfAxe
http://paperpile.com/b/ZcU28M/pfAxe
http://dx.doi.org/10.1016/j.ajhg.2010.11.011
http://paperpile.com/b/ZcU28M/S9gId
http://paperpile.com/b/ZcU28M/S9gId
http://paperpile.com/b/ZcU28M/S9gId
http://paperpile.com/b/ZcU28M/S9gId
http://paperpile.com/b/ZcU28M/S9gId
http://paperpile.com/b/ZcU28M/S9gId
http://dx.doi.org/10.1038/ng.3538
http://paperpile.com/b/ZcU28M/DvxQe
http://paperpile.com/b/ZcU28M/DvxQe
http://paperpile.com/b/ZcU28M/DvxQe
http://paperpile.com/b/ZcU28M/DvxQe
http://dx.doi.org/10.1016/j.ejvs.2017.08.033
http://dx.doi.org/10.1016/j.ejvs.2017.08.033

