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Blood lipid levels are highly heritable and modifiable risk factors for coronary artery disease (CAD),
and are the leading cause of death worldwide. These facts have motivated human genetic association
studies that have the substantial potential to define the risk factors that are causal and to identify
pathways and therapeutic targets for lipids and CAD.

The success of the HapMap project that provided an extensive catalog of human genetic variations
and the development of microarray based genotyping chips (typically containing variations with allele
frequencies >5%) facilitated common variant association study (CVAS; formerly termed genome-
wide association study, GWAS) identifying disease-associated variants in a genome-wide manner. To
date, 157 loci associated with blood lipids and 46 loci with CAD have been successfully identified,
accounting for approximately 12% —14% of heritability for lipids and 10% of heritability for CAD.
However, there is yet a major challenge termed “missing heritability problem,” namely the observa-
tion that loci detected by CVAS explain only a small fraction of the inferred genetic variations. To
explain such missing portions, focuses in genetic association studies have shifted from common to
rare variants. However, it is challenging to apply rare variant association study (RVAS) in an unbiased
manner because such variants typically lack the sufficient number to be identified statistically.

In this review, we provide a current understanding of the genetic architecture mostly derived from

CVAS, and several updates on the progress and limitations of RVAS for lipids and CAD.
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Introduction

It has been shown that blood lipid levels are
highly heritable and modifiable risk factors for coro-
nary artery disease (CAD), which is the leading cause
of death worldwide'. These facts have motivated
human genetic association studies that have the sub-
stantial potential to define the risk factors that are
causal and to identify pathways and therapeutic tar-
gets for lipids and CAD?.

Common and rare variants across the full minor
allele frequency (MAF) spectrum are important con-
stituents of the genetic architecture of disease traits®.
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Using a common variant association study (CVAS;
formerly called genome-wide association study, GWAS),
157 loci associated with blood lipids and 46 loci asso-
ciated with CAD have been successfully identified,
accounting for approximately12%—14% of heritabil-
ity for lipids” and 10% of heritability for CAD®. In
addition, it has been shown that variants with small
effects can indicate pathways and therapeutic targets
that enable clinically important changes in blood lipid
levels and CAD?. Although several rare variant associ-
ation studies (RVAS) using a candidate gene approach
for complex traits have successfully identified novel
associations, including lipid phenotypes'® ', it is yet
quite challenging to apply RVAS in an unbiased man-
ner because of the lack of statistical power.

In this review, we provide a current understand-
ing of the genetic architecture mostly derived from
CVAS and several updates on the progress and limita-
tions of RVAS for lipids and CAD.
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Fig.1. Genetic architecture of disease traits and association testing using rare alleles.

(A) “Common” and “Low-frequency” variants can be typically assayed by genotyping and tested for association individually

using single marker tests of association.

(B) “Rare” variants may be observed only in a single person (i.e., a singleton). Variants in this frequency range must be grouped
together and tested in aggregate. Association signals from a burden of such rare variants are typically best validated using rese-
quencing of the same genomic interval in additional individuals. This figure is adopted from Kathiresan ez al. (2012).

Each line represents a DNA sequence from a different individual, and each circle represents a DNA sequence variant. Each
color denotes a DNA sequence variant allele at a different nucleotide site.

Genetic Architecture for Complex Traits

What are Rare Variants?

With regard to the genetic architecture for a cer-
tain trait, it is useful to divide the variants according
to their allele frequencies (Fig.1) because this facili-
tates the determination of optimal research strate-
gies'?. Here, we define the threshold of “common”
variants for MAF to be >5% of the population
(greater than 1:10 people have a minor allele), and
“rare” for MAF if <0.5% (less than 1:100 people have
a minor allele). In Table 1, we divide potential causal
variant frequencies and outline their implications for
analytical strategies.

Why Rare Variants?
Although CVAS has identified thousands of

common genetic variants associated with complex

human traits, a large fraction of heritability is unex-
plained in most of these traits. In addition, large-scale
surveys of human genetic variation using next-genera-
tion sequencing (NGS) technology have reported that
human populations harbor an abundance of rare vari-
ants, several of which are deleterious because of the
recent explosive population growth and weak purify-
ing selection’". Those notions fortify the impor-
tance and relevance of exploring rare variants to
understand human disease risk.

Common Variant/Complex Trait Hypothesis

The first concept of a genome-wide scan for asso-
ciation to detect variants that contribute to complex
diseases was described in 1996'?. Immediately after
its development, the HapMap project provided an
extensive catalog of SNPs that represented a signifi-
cant fraction of all existing variations in the genomes
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Table 1. Variants classification for association testing

Variant class MAF Implication for analysis
Common >5% Contemporary CVAS
Low-frequency 0.5%—5% RVAS using exome array
RVAS using exome array
Rare <0.5% RVAS using exome/genome sequencing
Private Restricted to probands and immediate relatives Still challenging

MAF: Minor allele frequency, CVAS: Common variant association study, RVAS: Rare variant association study

of multiple human populations'”. With regard to this
and microarray-based genotyping, using “GWAS
chips,” the Wellcome Trust Case Control Consortium
(WTCCC) reported a “landmark paper,” a modern
CVAS strategy that demonstrated 24 independent
associated signals across 7 different types of common
complex traits using 2,000 cases and 3,000 controls'®.
Thereafter, several thousand genetic variants have been
shown to be robustly associated with complex traits
(htep://www.genome.gov/gwastudies), providing valu-
able insight into the complexities of their genetic
architecture'”. These CVAS use common variations
(MAF >5%), therefore examining only a portion of
the genomic landscape of complex traits.

In addition, variants identified through CVAS
are not likely to be the causal variant because selec-
tions of the variants are based on their distribution
across the genome and not on known biological func-
tions for a certain phenotype. However, those variants
are likely to be associated only through linkage dis-
equilibrium with the true, but unknown, causal vari-
ants. A large amount of common variants identified
through CVAS associated with common traits are
located outside of the genome’s coding regions. This
has complicated their biological interpretation and has
resulted in enthusiasm for exome analysis targeting the
coding regions.

Common Variant/Lipid and CAD Traits

In 2007, a common genetic variant in the gluco-
kinase regulatory protein (GCKR) locus was shown to
be associated with plasma triglyceride levels using the
CVAS approach??. Since then, larger size meta-analy-
ses using CVAS have successfully identified new loci
associated with lipids and replicated the previously
reported loci?**. Currently, 157 loci have been
shown to be associated with lipid traits, accounting for
approximately12%-14% of the total variance in each
lipid trait, as shown by the Framingham Heart Study,
which employed the largest meta-analysis of CVAS
using 188,577 individuals (Fig.2). Furthermore, 40

among the 157 loci were shown to be associated with
CAD traits, demonstrating the causal relevance of
lipid traits to CAD (Fig.2).

Similarly, the first robust meta-analysis of CVAS
identified a locus (9p21) associated with CAD in
2007, Since then, 46 loci have been identified to be
associated with CAD traits, accounting for approxi-
mately 10% of the total variance through the largest
meta-analysis of CVAS to date, using 63,746 CAD
cases and 130,6811 controls®. Moreover, 12 among
the 46 loci showed a significant association with the
lipid traits, suggesting the importance of lipids
(Fig.3), particularly LDL cholesterol and triglyceride,
as a causal CAD risk factor®?.

However, similar to most traits where indepen-
dent estimates of the total contribution of genetics to
variation in the trait are available, the variants identi-
fied by the largest meta-analysis of CVAS for lipids
and CAD explain only a small fraction of the total
genetic variance, resulting in the general question of
how to account for the unexplained heritability®’.
Although several articles have indicated that much of
that missing heritability could be explained by com-
mon variants than by rare variants®**¥, it is debated
whether rare variants substantially contribute to the
genetic architecture of complex traits. Several reasons
are provided in the following section.

Rare Variant/Complex Trait Hypothesis

A substantial number of rare variants are known
to be responsible for monogenic, Mendelian diseases
caused by single-gene mutation(s) with a major effect
on a wide variety of traits? 3. Initially, familial link-
age analysis, followed by the publication of the
Human Genome Project and the application of NGS,
facilitated the identification of diseases that caused
variations®". Now, >5,000 Mendelian diseases among
a pool of 7,000 have been shown to be associated with
a specific molecular defect?. However, such variants
do not reach significant frequencies in human popula-
tions, with dominant variants mostly occurring because
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HDL-cholesterol (46)

ABCAE, ADHS, AMPD3, ANGPTL1,
ANGPTL4, ANGPTLS, ARL15, ATG7,
Cdorf52, CITEDZ2, CMIP, COBLL1, CP51,
DAGLB, FAM13A, GSK3B, HAS1, HDGF-
PMVEK, IKZF1, KATS, KLF14, LCAT, LCATB,
LILRA3, LRP4, MCAR, MOGAT2-DGAT2,

TRPS1, UBEZL3, ZBTBA2-AKT1, ZNF648,

10 loci
FTO, GALNTZ, IRS1,
LPL, LRP1, MLXIPL,
PEPD, PLTP, RSPO3,
VEGFA

Triglyceride (16)

AKGR1C4, CAPN3, CTF1, CYP26A1, FRMDS,
INSR, JMID1C, KLHL8, MAP3K1, MET,
MPP3, MSL2L1, PDXDC1, PINX1, PLA2G6,
TYW1B

MVK, ORAC46, PABPC4, PDE3A, PSG1, ABCAL, HNF4A,
RBMS, SBNO1, SCARB1, SETD2, SLC39A8 LPG, MARCHS- | CUBN
SNX13, STAB1, STARD3, TMEM176A, ALOXS, TTC398, \

UBASH3B

Total cholesterol (18)

ABCB11, ASAP3, C60rf106,
ERGIC3, EVIS, FAM117B,
GPR146, HBS1L, KCNK17,
MAMSTR, PHC-AZML1,
PHLDB1, PXK, RAB3GAP1,
\ RAF1, SPTYZD1, TOM1, VIM-

36 loci
ABCGS/8, ABQ, APOB, BRAP,
CMTM6, CSNK1G3, CYP7AL, DLG4,
DNAH11, FRK, GPAM, HFE, HLA,
HMGCR, HNF1A, HPR, INSIG2,
IRF2BP2, LDLR, LDLRAP1,
LOC84931, LPA, MAFB, MOSC1,
MYLIF, NPC1L1, OSBPLY, PLEC1,
PPARA, PCSK9, SORT1, SOX17,
ST3GAL4, TOP1, UGT1A1, VLDLR

LDL-cholesterol (9)

ANXA9-CERS2, APOH-PRXCA, BRCA2, EHBP1,
FN1, MTMR2, NYNRIN, SNX5, SPTLC3

Fig.2. 157 loci associated with plasma lipids detected through CVAS.

The number of loci primarily associated with only one trait is listed in parentheses after the trait name, and locus names are listed below. The
loci that show an association with two or more traits are shown in the appropriate segment. Red colored genes have been shown to be associ-

ated with CAD. This figure was adopted and modified by reference 7.

of de novo mutations, whereas recessive variants are
maintained at low frequencies by selection against
homozygotes. Several massive studies using NGS tech-
nology have shown that the vast majority of variations
are evolutionarily recent, rare, and enriched for delete-
rious alleles, resulting in the notion that those rare
variations likely provide an important contribution to
human phenotypic variation and disease susceptibil-
ity'> ' 32 Similarly, it has been proposed that rare
variants affecting common complex traits tend to have

larger effect sizes than common variants, and both
common variants with small effect sizes and rare vari-
ants with moderate effect sizes may provide significant
contributions to variance in complex traits®”. There-
fore, it is reasonable to assume that a substantial pro-
portion of trait heritability could be explained by
those rare variants, although it is challenging to detect
associations or to determine their effect.
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Fig.3. 46 loci associated with CAD detected through CVAS.

Genes in the orange circle represent lipid-associated genes, hypertension-related
genes are shown in purple, and genes that show unclear relatedness are shown in red
circles. This figure was adopted and modified by reference 8.

Exome Array

Although exome or genome sequencing is
increasingly affordable and facilitates the detection of
rare variants in the human genome, genotyping arrays
are a cost-effective approach when investigating
genetic variants previously identified in large popula-
tions. Focusing on the exome and selecting variants
likely to affect protein structure and function (e.g.,
nonsynonymous, stop codon, insertion/deletion, and
splice site variants), a large number of genome variants
in human populations could be cataloged into a small
set of variants on a genotyping array with comprehen-
sive coverage of the variants most likely to have func-
tional consequences. This approach has recently
resulted in the development of “exome arrays” on
microarray genotyping platforms®. It is estimated
that low-frequency to moderately rare variants (MAF
approximately 0.1%) can be detected using these
arrays. Currently, exome arrays are being widely
applied to large cohorts, several of which already have
CVAS data, to expand the allele frequency spectrum
to low-frequency and moderately rare variants and to

directly detect functionally significant variants. Using
an exome array, Huyghe ez al. reported rare variants
associated with insulin processing and secretion in
three novel genes and in two known genes®. More
similar studies using these arrays are expected to be
published within the next few years.

Exome Sequencing

Since 2007, great advances have been made in
sequencing and capture technologies, enabling the
accurate determination of nearly all protein-coding
sequence variants in an individual®**4". These exome
sequencing technologies have already accelerated
genetic studies of Mendelian disorders, yielding
approximately 20%—30% success in diagnosis, and
there is great interest in extending them to complex
traits**). To address this issue, a large number of
strategies, analysis, and interpretation of exome
sequencing studies have been proposed*”, and
focused candidate gene sequencing studies have shown
some promising results” ' %9 In complex trait
genetics, exome sequencing studies can be used to
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Fig.4. Genotype imputation.

Uppercase indicates “actually typed” genotypes, and lowercase indicates “imputed” genotypes.

identify rare coding variants that are not detected by
microarray-based CVAS or exome array-based RVAS.
The potential of exome sequencing studies of complex
traits is based on the success of candidate gene studies
and has firm roots in population genetic theory, moti-
vating researchers to continue pursuing the collection
of much larger sample sizes that definitely bring fruit-
ful results.

Statistical Methods for the Analysis of Rare Variants

Candidate gene sequencing, and deep resequenc-
ing of genes associated with complex traits detected
through CVAS, has identified rare variants that
explain additional trait variance, suggesting the impor-
tance of aggregating information of multiple rare vari-
ants to produce adequately powered tests for associa-
tion(), 10, 50).

However, there are several complicating factors
associated with the construction of well-powered
gene-based association testing. Only a small fraction
of variants within a gene may affect gene function,
and strategies for classification of variants could be
misleading with false-positive or false-negative results.
Different variants may affect gene function in differ-
ent ways, and simple aggregation methods may inap-
propriately cancel the association signals. Further-
more, different functional variants will have different

effect sizes and should be appropriately weighed in an
aggregate test. Among an enormous amount of papers
focusing on statistical strategies, there are four differ-
ent types of approaches: burden tests, mixed-effects
models, data-driven approaches, and hybrid meth-
ods>”. Burden tests basically test whether there is an
excess of rare variants in cases or controls, aggregating
multiple rare variants in a gene. However, when a por-
tion of causal variants has effects in opposite direc-
tions, aggregated variants could weaken the associa-
tion signal. Mixed-effects models have been developed
to deal with this issue, providing it with more power
compared with burden tests in the presence of oppo-
site directions of genetic effects (e.g., sequence kernel
association test (SKAT))*?. A data-driven approaches
perform several tests to identify the optimal cutoff
(such as MAF) and uses permutation to correct multi-
ple testing to obtain empirical p values (e.g., the vari-
able threshold)*”. Although all of these approaches are
weaker when non-causal variants are included in the
analysis, hybrid methods have been proposed to com-
bine methods that are powerful for variants with the
same effects and methods that are robust when either
non-causal variants or variants with opposite effects
are present (e.g., SKAT-O)°®. Because of these pros
and cons, it appears reasonable to adopt several differ-
ent types of analytical strategies listed above to under-
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Table 2. Novel associations identified through RVAS
Effect size .
Year Trait Gene Variants MAF [mg/dl (s.c.) Genotyping Number of Pop ulaltlon Ref.
or Odds ratio] samples samplings
Triglyceride —45.5 (6.6) i ion-
2013 8 APOC3 1576353203 3.80% exome array 1267 isolated populacion-
HDL cholesterol 12.3 (2.1) based cohort
0 imputation-based population-based
2014 LDL cholesterol ABCAG6 577542162 3.40% 1(0.7) CVAS 36,000 cobort (Meta-analysis) 59
. o .
2014 LDL cholesterol  PNPLAS maultiple <% 417(78)  cxomesequencing 2005  Population-based 60
variants (gene-based) cohort/extremes
Total cholesterol -5.6 (1.4) lation-
2014 TM6SF2 1558542926 8.90% exome array 5643  population-based 68
CAD 0.87 cohort
1 < 0, —
2015  Early onset MI  LDLR/APOA5 mublnp le o% 2.4/2.0 exome sequencing 9793 ¢ control 61
variants (gene-based) (extremes)
o imputation-based population-based
2015  Total cholesterol ADAMTS3 rs117087731 1% 11.9 (2.0) CVAS 62166 cohort (Meta-analysis) 62
o imputation-based population-based
2015  Total cholesterol MTHFD2L rs182616603 1% 14.5 (1.7) CVAS 62166 cohort (Meta-analysis) 62
imputation-based population-based
201 LDL chol | MTHFD2L 182616 19 12.1 (1. 216 2
> cholestero 5182616603 & 17 CVAS 62166 cohort (Meta-analysis) 6
. . lation.
2015 Triglyceride TMA4SF5 rs193042029 1% ~150 (2. mpuwdonbased o)) 0 populacion-based 62

CVAS

cohort (Meta-analysis)

MAF: minor allele frequency, CAD: coronary artery disease, APOC3: apolipoprotein C3, ABCAG: ATP-binding cassette, sub-family A (ABC1), member 6,
PNPLAS5: patatin-like phospholipase domain containing 5, TMGSF2: transmembrane 6 superfamily 2, LDLR: LDL recepror, APOA5: apolipoprotein A5,
ADAMTS3: ADAM metallopeptidase with thrombospondin type 1 motif, 3, MTHFD2L: methylenetetrahydrofolate dehydrogenase (NADP " dependent) 2-like,
TM4SF5: transmembrane 4 L6 family member 5, CVAS: common variant association study

stand the genetic architecture of rare variants for cer-
tain traits.

Genotype-Imputation

Because of the accumulation of a deep catalogue
of human genotypes by 1000 genome project and the
HapMap Project, we can estimate the missing geno-
types based on haplotypes in a certain population
(Fig.4), expanding the opportunity for identifying
signals in several CVAS, including lipids and CAD” 9.
Recently, the accumulation of genotypes across eth-
nicities enables us to use population-specific reference
panel, resulting in identifications of novel associations
in rare variants including lipids®?.

Rare Variant/Lipid and CAD Traits

In Table 2, genes identified through RVAS are
summarized. In 2014, a novel association between
LDL cholesterol and the burden of rare or low-fre-
quency variants in patatin-like phospholipase domain
containing 5 (PNPLAS5), encoding phospholipase-
domain-containing protein through exome sequenc-
ing for the subjects with extreme LDL cholesterol
phenotype, replicated by sequencing study in inde-

pendent samples®”. It is reasonable to adopt such a

strategy (using extreme phenotype) to identify signals
from rare variants. This is because is the strategy is
more likely to identify signals in such cases with
extreme phenotype under the condition in which a
greater sample size is required to observe associations
in RVAS because of its frequency. Similarly, Kathire-
san and co-workers investigated associations between
rare coding variants using exome sequencing and early
onset myocardial infarction, and they identified that
the burden of rare variants in LDL receptor, and apo-
lipoprotein A-V (APOAS5) genes contributed to the
development of such extreme cases®”. This is quite
impressive because an unbiased manner with a reason-
able sample size revealed that approximately 3% of
such cases could potentially have familial hypercholes-
terolemia caused by LDL receptor mutations, and
approximately 1% of such cases could potentially have
familial hypertriglyceridemia caused by APOA5 muta-
tions. Moreover, a genome-wide imputation and asso-
ciation analysis revealed several novel loci associated
with lipids (ADAM metallopeptidase with thrombos-
pondin type 1 motif, 3; ADAMTS3, methylenetetra-
hydrofolate dehydrogenase (NADP® dependent)



248

Tada et al.

Study Ancestry Odds Ratio (95% Cl) P value
WHI EA - —_— 0.39(0.14-0.89) 0.02
WHI AA [ 0.00(0.00-4.30) 1.00
FHS EA = > 0.00(0.00-13.00) 1.00
MDC-CVA EA L > 1.70(0.18-7.10) 0.36
ARIC EA i 0.59(0.07-2.50) 0.76
ARIC AA = > 2.40(0.89-5.70) 0.05
IPM EA —_——_— 0.74(0.32-1.60) 0.50
IPM HA —_— 0.51(0.06-2.20) 0.54
IPM AA —u— 0.62(0.12-2.00) 0.61
ATVB+VHS EA _— 0.43(0.17-1.00) 0.04
OHS EA —— 0.35(0.07-1.20) 0.10
PROCARDIS EA —— 0.56(0.23-1.30) 0.17
HUNT EA = 0.86(0.24-3.00) 1.00
GoDARTSCAD EA — 0.00(0.00-1.40) 0.16
EPICCAD EA - 1.00(0.11-4.80) 1.00
FIA3 EA 0 0.00 (0.00-0.36) 0.002
German CAD EA —E— 0.54(0.33-0.86) 0.007
WTCCC EA —_—— 0.98 (0.47-2.00) 1.00
All - - 0.60(0.47-0.75) <0.001

I I | | |
0 1 2 3 4 5

Fig.5. Association of APOC3 loss-of-function mutations with risk of coronary heart disease among 110,970 participants in 15

studies.

The diamond indicates a combined estimate of the odds ratio and the corresponding 95% confidence interval. HA denotes Hispanic ancestry.
The full study names are as follows: ARIC, Atherosclerosis Risk in Communities; ATVB, Italian Atherosclerosis, Thrombosis, and Vascular
Biology Study; EPIC, European Prospective Study into Cancer and Nutrition; FHS, Framingham Heart Study; FIA3, First Myocardial Infarc-
tion, in AC County 3; GoDARTS, Genetics of Diabetes Audit and Research Tayside Study; HUNT, Nord —Trendelag Health Study; IPM,
Mt. Sinai Institute for Personalized Medicine Biobank; MDC—CVA, Malmg Diet and Cancer Study Cardiovascular Cohort; OHS, Ottawa
Heart Study; PROCARDIS, Precocious Coronary Artery Disease Study; VHS, Verona Heart Study; WHI, Women’s Health Initiative;
WTCCC, Wellcome Trust Case Control Consortium. EA, European ancestry; AA, African ancestry.

2-Like; MTHFD2L, transmembrane 4 L6 family
member 5; TM4SF5), including low-frequency vari-
ants®?.

In addition, using targeted gene sequencing strat-
egies, several rare variants have been shown to be asso-
ciated with lipids, as stated in the previous sections.
The identifications of such rare variants, regardless of
their effect sizes, could successfully result in the devel-
opment of novel types of drugs®®. Consistent with

this paradigm, the particular rare apolipoprotein C-III
(APOC3) variant was verified to be associated with a
lowered triglyceride level coupled with a reduction of
CAD through exome sequencing (Fig.5)®”, resulting
in the development of an APOCS3 inhibitor. More-
over, another novel signal in transmembrane 6 super-
family 2 (TM6SF2, p.Glul67Lys) has been identified
through the exome array study for the population-
based cohort®. This particular variant was associated
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with reduced total cholesterol level and a reduced risk
for myocardial infarction.

However, several rare coding variants with large
effect sizes on HDL cholesterol and/or triglycerides
detected through the recent RVAS using 56,000 indi-
viduals were not associated with CAD, suggesting that
examples of rare variants with robust effects on both
lipids and CAD may be limited®. Now, researchers,
including our group, are collecting much larger sam-
ple sizes (>100,000 in exome arrays and >10,000 in
exome sequencing) to detect robust associations with
lipid and CAD traits using rare variants in an exome-
wide strategy.

Population Sampling Strategies

We must select the appropriate population sam-
pling strategies, such as population-based cohort, case-
control study, or extreme phenotypes, acknowledging
the pros and cons of them in terms of the phenotypes
of interest, effect sizes, and allele frequencies. For
example, contemporary CVAS using case-control
design were suitable to identify disease associated
genes in common traits®. In contrast, recent RVAS for
extreme phenotypes successfully identified novel sig-
nals based on the assumption that rarer variants with
larger effect sizes should be identified in such extreme
cases®® °V. In addition, several other studies used a
specific population, particularly “isolates”, as the fre-
quency of rare variants may increase in certain popula-
tions because of drift and founder effects’”. Further-
more, these studies identified robust associations in a
variant in APOC3 (R19X) and triglyceride/HDL cho-
lesterol”" and a variant in ATP-binding cassette, sub-
family A (ABC1), member 6 (ABCAOG) (rs77542162),
and LDL cholesterol*”.

Future Directions
Whole-Genome-Sequencing

Until recently, whole-genome sequencing-based
studies have been used to identify mutations underly-
ing rare Mendelian diseases’>’?, but not to explore
the genetic architecture of common complex traits in
population-based samples. In 2013, the initial step for
analyzing whole-genome sequence data to characterize
the genetic architecture of a HDL cholesterol trait was
described”. In addition to highlighting the value of
whole-genome sequencing beyond that afforded by
exome sequencing, those authors estimated that 62%
of heritability in the HDL cholesterol trait could be
attributed to common variants (MAF >1%) and 8%
to rare variants (MAF <1%). It is reasonable that the
overall contributions by rare variants are smaller than

those by common variants simple because of their dif-
ference in frequencies. However, identifications of
novel associations in rare variants, although their over-
all contributions are relatively small, could result in
the development of novel drugs.

Improved technologies for assaying rare variants
combined with novel analytical methods for perform-
ing aggregate, gene-based tests of association will facil-
itate rare-variant association studies feasible on a
genome-wide scale in well-powered but reasonably
sized cohorts.

Refinement of Genetic Variation Information

With regard to the huge number of variants pro-
vided by current NGS technologies, it is an important
challenge to understand the variants that are function-
ally significant to incorporate them into gene-based
tests of association, particularly in RVAS. This requires
improvements to bioinformatics methods for predict-
ing the functions of protein-coding variants and an
improved understanding of the regulatory architecture
of the genome (non-coding variants). For both objec-
tives, various efficient tools have already been devel-
oped, including recent advances by the Encyclopedia
of DNA Elements (ENCODE) consortium, involving
the distribution of potential regulatory sequences
across the genome’®*?, the NIH Roadmap Epigenetic
Project producing a public resource of human epig-
enomic data®’, and the FANTOM project led by
RIKEN to develop effective system for functional gene
annotation by designing appropriate rules and meth-
ods®. Dr. Shinya Yamanaka at Kyoto University
established induced pluripotent stem cells using the
FANTOM database to select 24 candidates of tran-
scription factors®. However, variants predicted as
being “damaging” by these tools are frequently anno-
tation artifacts®, suggesting that refining variants in
annotations is yet a challenge.

Conclusions

Novel genotyping and sequencing technology,
extensive catalogs of human genetic variation, and
novel analytical methods have been developed for the
feasibility of RVAS. It is indisputable that current rig-
orous efforts could reveal the contribution of rare vari-
ants to the overall genetic architecture of plasma lipids
and CAD in the next few years.
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