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Significant findings from genome-wide association studies
(GWASs) only explain a limited proportion of the genetic
variance (i.e., heritability) for many phenotypes (1,2). This
proportion potentially increases when all variants typed
or tagged by GWAS arrays are considered (3); however,
the common disease/common variant (CDCV) hypothesis
leads to detection of loci that explain, almost invariably,
only a small part of the “missing heritability” (4). The
focus of genetic association studies has thus shifted toward
rarer alleles with larger effect sizes (5). Researchers refer
to variants with minor allele frequencies (MAFs) between
1% and 5% as “less common” variants and those with
MAFs <1% as “rare” variants. Rare variants are one of the
sources contributing to missing heritability (6), although
due to their rarity they may contribute very little to
heritability, individually (3). This could be because either
the variants are too rare to contribute population-wide, or
because the effect size of each variant is, in general, very
small. It has been theorized that the severity of diseases in
individuals who have the risk variants and display disease
symptoms may be largely due to the cumulative effect of
a collection of possibly hundreds, or even thousands, of
similar conditions that are associated with rare variants at
individual loci (7).
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Rare variants constitute the bulk of genetic variation
in the human genome and are predicted to have larger
phenotypic effects than common variants (8); however,
it has been challenging to analyze such variants with
adequate power in population-based studies due to their
poor representation in the genotyping arrays that are
typically used in GWASs. The total number of loci that
may contribute to a disease’s prevalence is dependent on
the disease incidence, the frequency of rare variants per
locus, and their effect size (the genotype relative risk) (9).
For a disease with high heritability, with the increase of
the number of contributing rare alleles in an individual,
the relative risk rises steeply under a multiplicative model.
However, if each of these variants explains most of the
risk in just a few people, their effects will not explain
enough of the variance in a total population, and therefore
standard GWAS procedures would fail to detect them (9).
Furthermore, they are scarcely tagged as single-nucleotide
polymorphisms (SNPs) in genome-wide arrays, with the
exception of family-based studies and studies with very
large sample sizes. Moreover, most CDCV-based GWASs
exclude rare variants from their analysis in the early quality
control steps. Besides, assaying rare variants directly via
arrays is expensive. Hence, researchers opt for the more
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economical approach of utilizing existing sequencing data
as reference panels in order to impute rare variants into
existing large datasets for the purpose of characterizing the
disease burden of rare variants.
It has been established that the ability to impute a variant
accurately is dependent both on the choice of array and
the total number of individuals genotyped in the reference
panel carrying that variant (10). Simulation studies have
found that increasing sample size in the reference panel
may improve imputation accuracy, especially for SNPs
with relatively low MAFs (11). A large reference panel
may capture many less common and rare variants, which
should provide a better resolution to establish the haplotype
background for observed variants (12). Accordingly,
numerous international collaborative projects have
made large-scale efforts, over the past decade, to set up
successively larger and more genetically diverse resources.
The most popular amongst them are the International
HapMap Project (13), which produced a reference panel of
420 haplotypes with 3.1 million SNPs in three continental
populations; and the 1000 Genomes Project (14,15), which
utilized low-coverage whole-genome sequencing to create
a reference panel of 5,008 haplotypes with over 88 million
variants from 26 worldwide populations. The research
community has utilized these primary sources extensively
for un-typed SNPs in genomic array datasets. The large
number of haplotypes, SNPs, and populations has indeed
led to improved genotype imputation accuracy (15),
allowing the possibility of imputation and association
testing for rare variants as well.
Another panel that has been recently released is the
Haplotype Reference Consortium (HRC) panel, which
combines datasets from 20 different studies, the majority of
which have low-coverage whole-genome sequencing data
(4–8× coverage) and are known to consist of samples with
predominantly European ancestry (16). The 1000 Genomes
Project Phase 3 cohort is a part of this panel, with 64,976
haplotypes at 39,235,157 SNPs having evidence of a minor
allele count ≥5. However, it remains controversial as to how
effective such approaches are for successfully imputing rare
variants, as well as the minimum allele frequency that is
accessible by utilizing such reference panels for phasing and
imputation.
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It has been claimed by some studies that it is unattainable
to impute rare variants with MAF <0.03 (17), whereas some
other studies have indicated that it is possible to impute
not only “less common” variants, but even rare and “very
rare” (MAF <0.01) variants using GWAS data (18,19).
For instance, one study reported that the HOXB13 G84E
mutation (a putative marker for prostate cancer) could
not be imputed using the SNPs included on a custom
Illumina Collaborative Oncological Gene-Environment
S t u d y ( i C O G S ) a r r a y, e v e n t h o u g h e x p e r i m e n t a l
evidence displayed a synthetic association of many
common genetic variants in the region with G84E (20).
To overcome this bottleneck, a hybrid imputation
approach can subsequently be applied to a large cohort
of individuals in order to successfully impute such rare
mutations. The fundamental idea behind such hybrid
approaches is to increase the sample size of the genotype
data to identify disease-associated SNPs with higher
power, and then use those SNPs to construct a mutation
carrier-enriched reference panel. Thereafter, imputation
of rare mutations can successfully be achieved through the
following consecutive steps: (I) meta-analysis of multiple
GWAS studies for a disease of interest, where the genotype
data from the GWASs are imputed, (II) combined test of
association with the disease under study, over all SNPs,
(III) construction of a panel of SNPs that showed evidence
of association, and (IV) use of this SNP panel to conduct
imputation, thereby increasing the frequency of the putative
variants in the populations. Some studies have shown that
combining reference panels may increase the number and
accuracy of imputed rare variants in comparison to when
they are imputed using single reference panels (21). Hence,
a customized SNP panel along with other reference panels,
such as 1000 Genomes Phase 3, could be combined to
identify additional rare SNPs by imputation.
Replicating the G84E mutation from HOXB13 in
populations has also been difficult because of its rarity
and selectivity for European genomes (carrier frequency
of 0.0034 in participants of European ancestry in the
1000 Genomes Project) (20). However, other variants
of HOXB13 have been identified in individuals of nonEuropean descent, including G135E in Chinese men, and
F127C and G132E in Japanese men (22). This is explained
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through allelic heterogeneity of genes depending on
the population being investigated. Using a reference
panel from multiple ethnic groups for SNPs that are not
population-specific may still be appropriate to provide
accurate imputation (21). However, combining a global
reference genome, such as 1000 Genomes [using only
population specific samples, such as only East Asian
(EAS) or only European (EUR)], with that of a respective
ethnically specific one, to conduct imputation, could
lead to about 40% more imputed variants than when
using 1000 Genomes only (using all ethnicities). The
improvement of imputation accuracy is attributed to
the fact that such a strategy successfully captures the
linkage disequilibrium patterns of the ethnic specific
variants which other ethnic groups with different
ancestral genetic background, might fail to capture (21).
Ethnic composition is an important predictor of
imputation accuracy (23). Many studies have validated
the accuracy and reliability of imputation of rare variants
(24,25), but the focus of most of these studies has been on
populations of European descent (25,26). When a publicly
available database that was constructed across varied
ethnic populations, was used as a reference to conduct
imputation, it was found that Europeans displayed the
highest accuracy and Africans the lowest (24). Due to the
fact that Asian populations possess some unique genetic
characteristics, it is neither possible nor appropriate to
directly adapt genetic information from studies that have
been conducted for Caucasian populations (27). Even
large reference panels such as HRC have been shown
to display limitations for Han Chinese populations (28),
suggesting the necessity of building population-specific
reference panels. Factors such as genetic alterations and/
or mutations coupled with family history and race have
been thought to play important roles in the heritability
of genetically complex diseases. Moreover, a higher false
positive rate has been observed in imputation from global
reference panels compared to imputation performed using
a local panel (29). Little research has been conducted
in the area of rare variant imputation across ethnic
populations, and none in Taiwanese populations. There
is no representation of the Taiwanese population in large
reference panels such as 1000 Genomes and HRC. The
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pan-Asian SNP genotyping database (PanSNPdb) (30),
which collected SNPs and copy number variations from
1,719 samples in 71 populations including mainland
China, India, Indonesia, Japan, Malaysia, the Philippines,
Singapore, South Korea, Taiwan, and Thailand, also has
a low Taiwanese representation. Therefore, constructing
reference panels’ specific for the Taiwanese population
is an immediate requirement for conducting rare variant
association studies in Taiwanese patients.
Taiwan has one of the most complete health-related
databases in the world, with records covering up to 99%
of the population of 23.5 million people (31). Taiwan
Biobank (TWB) (https://www.twbiobank.org.tw/new_
web_en/index.php), a national database created under
the supervision of the Ministry of Health and Welfare,
aims to collect data from 200,000 healthy participants
and 100,000 individuals with 10 to 15 specific diseases
in Taiwan. Utilizing this population-based resource
to construct reference panels would enable successful
rare variant imputation for the Taiwanese population.
The large sample size of the TWB would provide
genetic similarity between the reference panel (TWB
reference panel) and the target samples, thereby
enhancing the accuracy of genotype imputation (32).
Specific reference panels that incorporate disease-specific
haplotypes can improve imputation of disease-relevant
variants, even with the addition of only 100 diseasecarrying individuals, as well as the sensitivity and coverage
of detected variants in disease-relevant regions. Using this
TWB reference panel as the reference genome to conduct
meta-analysis would lead to identification of Taiwanesespecific disease variants, which can be used later to
customize mutation-enriched panels (disease specific
panel). Such customized panels, when coupled with EAS
sequences from the 1000 Genomes Phase 3 reference
panel and the TWB reference panel, would lead to
construction of hybrid reference panels (Figure 1). Using
such hybrid panels will (I) provide genetic similarity with
Taiwanese individuals for conducting imputation, (II)
increase the number of disease-specific haplotypes, and
(III) increase the sample size of the reference population,
thereby potentially allowing rare variant imputation with
enhanced accuracy for Taiwanese cohorts.
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Figure 1 Workflow for genotype imputation in a Taiwanese cohort using a hybrid reference panel. The gray box describes the workflow for
constructing a hybrid reference panel by combining (I) a customized disease-specific panel for Taiwanese individuals, (II) East Asian (EAS)
1000 Genomes samples, and the TWB reference panel. The orange boxes depict the phasing and imputation required for (I) disease specific
panel using 1000 Genomes and TWB panel as the reference dataset and (II) 1000 Genomes panel and TWB panel using the disease specific
panel as the reference dataset. The purple boxes show the imputation workflow using the hybrid panel as the reference. TWB, Taiwan
Biobank.
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