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Abstract

Insertions and deletions (INDELS) represent a significant fraction of inter-individual variation in
the human genome yet their contribution to phenotypes is poorly understood. To confirm the
quality of imputed INDELSs and investigate their roles in mediating cardiometabolic phenotypes,
genome-wide association and linkage analyses were performed for 15 phenotypes with 1,273,952
imputed INDELSs in 1024 Mexican-origin Americans. Imputation quality was validated using
whole exome sequencing with an average kappa of 0.93 in common INDELs (MAF=5%).
Association analysis revealed one genome-wide significant association signal for the
Cholesterylester Transfer Protein gene (CETP) with high density lipoprotein levels (rs36229491,
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P=3.06x10712); linkage analysis identified two peaks with LOD>5 (rs60560566, LOD=5.36 with
insulin sensitivity (S;) and rs5825825, LOD=5.11 with adiponectin levels). Suggestive overlapping
signals between linkage and association were observed: rs59849892 in the WSC Domain
Containing 2 gene (WSCD2) was associated and nominally linked with S; (P=1.17x1077,
LOD=1.99). This gene has been implicated in glucose metabolism in human islet cell expression
studies. In addition, rs201606363 was linked and nominally associated with low density
lipoprotein (P=4.73x1074, LOD=3.67), apolipoprotein B (P=1.39x10~3, LOD=4.64), and total
cholesterol (P=1.35x1072, LOD=3.80) levels. rs201606363 is an intronic variant of the UBE2F-
SCLY fusion gene which may regulate cholesterol through selenium metabolism. In conclusion,
these results confirm the feasibility of imputing INDELSs from array-based SNP genotypes.
Analysis of these variants using association and linkage replicated previously identified SNP
signals and identified multiple novel INDEL signals. These results support the inclusion of
INDELSs into genetic studies to more fully interrogate the spectrum of genetic variation.
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Introduction:

Insertions and deletions (INDELS) of DNA sequence contribute a significant fraction of
genetic variation in the human genome [Weischenfeldt, et al. 2013]. Genetic studies have
confirmed association signals between INDELs and multiple disease and non-disease related
phenotypes including dietary starch consumption, autism, schizophrenia, Crohn’s disease,
rheumatoid arthritis, type 1 diabetes, and obesity [Cantsilieris and White 2013; Craddock, et
al. 2010; Jacquemont, et al. 2011; Malhotra and Sebat 2012; Perry, et al. 2007; Pinto, et al.
2014]. However, compared to single nucleotide polymorphism (SNP) association analyses,
very few studies have included INDELSs.

Traditional discovery and genotyping approaches for INDELS largely rely on polymerase
chain reaction (PCR) and several other modified PCR-based techniques [Dhawan and Padh
2009]. These techniques are either expensive or inconvenient and therefore not ideal for
large-scale studies [Almal and Padh 2012]. More recently, short-read DNA sequencing data
from the 1000 Genomes Project (1000G) has enabled a better constructed set of INDELS
across different ethnicities with enhanced size and breakpoint resolution [Mills, et al. 2011,
Sudmant, et al. 2010]. The release of the 1000G reference panel has enabled researchers, for
the first time, to accurately impute large numbers of INDELSs from array-based genotypes
[Abecasis, et al. 2012]. To further investigate the feasibility of INDEL imputation, Lu ef a/.
characterized the linkage disequilibrium between INDELSs and nearby tagging SNPs using
Next Generation Sequencing (NGS) data. These results suggest a high concordance rate and
correlation between INDELSs and nearby SNPs of similar minor allele frequencies (MAF),
which suggests ample opportunities for genome-wide association studies (GWAS) with
imputed INDELS to capture additional variation across the genome.
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To evaluate the quality of INDEL imputation as well as comprehensively investigate their
role in cardiometabolic phenotypes, we performed genome-wide association and linkage
analyses of 1,273,952 imputed INDELs in 1024 Mexican-origin Americans from the Insulin
Resistance Atherosclerosis Family Study (IRASFS)[Henkin, et al. 2003]. The phenotypes
included in the study were well established biomarker, diabetes and serum cholesterol
measures. These phenotypes are widely used in population genetic studies and multiple
significant association and linkage signals have been identified [Bowden, et al. 2010;
Palmer, et al. 2015; Willer, et al. 2013]. In IRASFS, SNP association and linkage analyses
were performed using these phenotypes [Hellwege, et al. 2015; Hellwege, et al. 2014a;
Hellwege, et al. 2014b] yet no INDEL analysis has been conducted. Therefore, we
hypothesize that INDELSs can be imputed based on array-based data from GWAS and with
appropriate association and linkage approaches, analysis of INDELs may identify additional
novel signals and provide valuable biological insights.

Materials and Methods:

Insulin Resistance Atherosclerosis Family Study (IRASFS)

The study design, recruitment, and phenotyping for the IRASFS has been previously
described [Henkin, et al. 2003]. In brief, the IRASFS was designed to investigate the genetic
and environmental basis of insulin resistance and adiposity. Mexican Americans included in
this cohort (N=1,417 individuals, 90 pedigrees) were recruited from clinical centers in San
Antonio, TX and San Luis Valley, CO. Since the criteria for selection was based on reported
family size but not on affection (diabetes) status, about 12.7% of genotyped subjects had
diabetes. After removing individuals with diabetes and incomplete phenotypes, 1024
individuals from 88 pedigrees were included in this report. The study protocol was approved
by the Institutional Review Board of each participating clinical and analysis site and all
participants provided their written informed consent.

Genotyping and Imputation

GWAS genotyping was supported through the Genetics Underlying Diabetes in Hispanics
(GUARDIAN) Consortium [Goodarzi, et al. 2014] using the Illumina OmniExpress and
Omnils arrays (lllumina Inc.; San Diego, CA, USA) in 1024 individuals as well as 13
duplicate controls. A detailed description of genotyping platforms and quality controls has
been previously published [Palmer, et al. 2015]. Imputation was performed using IMPUTE2
[Howie, et al. 2009] and the 1000G phase | version 3 integrated reference panel
(Cosmopolitan panel) [Abecasis, et al. 2012]. Variants were checked for confidence score
(>0.90), information score (>0.50), and Mendelian errors resulting in a total of 1,273,952
high quality INDELs. INDEL annotation was performed using ANNOVAR [Wang, et al.
2010]. To validate the imputation quality, 9,370 INDELSs that were captured by whole exome
sequencing were analyzed for sequence-imputation concordance using the kappa statistic.

Exome sequencing

Exome sequencing was performed at Texas Biomedical Research Institute using the Illumina
Nextera Exome Enrichment System in conjunction with the Illumina HiSeq 2500 sequencer.
All sequence reads were passed through the Illumina Data Analysis Pipeline. All sequence
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reads from samples passing QC criteria were mapped to the human genome reference
sequence (hgl19). A detailed description of the sequencing platforms and analysis pipeline
can be found in supplemental material.

Phenotype acquisition and variable calculations have been previously described [Henkin, et
al. 2003; Wing, et al. 2011]. Briefly, insulin sensitivity (S;) and glucose effectiveness (Sg)
were obtained using the frequently sampled intravenous glucose tolerance test with minimal
model (MINMOD) analysis [Bergman, et al. 1985; Pacini and Bergman 1986]. Acute insulin
response (AIR) was measured at 8 minutes following glucose infusion as the mean insulin
increment in plasma insulin concentration above the basal concentration. Disposition Index
(DI) was calculated as the product of S; and AIR. Metabolic clearance rate of insulin
(MCRI) was calculated as the ratio of the insulin dose over the incremental area under the
curve of insulin. Fasting plasma glucose (GFAST) and insulin (FINS) and biomarkers were
measured from a fasting blood draw using standardized approaches. Homeostatic model
assessment of beta-cell function and insulin resistance (HOMAg and HOMA R,
respecitvely) were computed from fasting measures using published equations [Levy, et al.
1998]. Plasma adiponectin (ADP) levels were measured by radioimmunoassay (RIA; Linco
Research, St Charles, MO, USA), which uses a polyclonal anti-adiponectin antibody which
recognizes trimers and higher multimers of adiponectin and includes recognition of the
globular domain. Serum total cholesterol (CHOL), high density lipoprotein cholesterol
(HDL), and triglycerides (TRIG) were measured on fasting blood samples by standard
techniques. Low density lipoprotein cholesterol (LDL) levels were computed using
Friedewald formula [Friedewald, et al. 1972]. Apolipoprotein B (APOB) was measured
using immuneprecipitation.

To fulfill the distributional assumptions of conditional normality, phenotypic transformations
were performed. Specifically, AIR and DI were sign-square root transformed; ADP, FINS,
HOMA, MCRI, S;, HDL, CHOL, and TRIG were log transformed; LDL and APOB were
square root transformed; GFAST and Sg were normally distributed and therefore required no
transformation. For ADP, as a missense variant G45R in the AD/POQ gene has been
previously identified to have a large impact on adiponectin levels in IRASFS [Bowden, et al.
2010], a separate analysis for ADP was performed with the adjustment for the G45R variant
(rs200573126; ADP_G45R).

Statistical Analysis

Tests of associations between individual variants and quantitative traits were computed using
the Wald test from the variance component model implemented in Sequential Oligogenic
Linkage Analysis Routines (SOLAR) [Almasy and Blangero 1998]. Each variant was coded
to an additive model based on the minor allele as the reference allele. Association was
calculated adjusting for age, gender, BMI, recruitment center (San Antonio, TX or San Luis
Valley, CO), and admixture estimates. Admixture estimates were calculated as described
previously using maximum likelihood estimation of individual ancestries as implemented in
ADMIXTURE [Alexander, et al. 2009; Gao, et al. 2015]. For family-based linkage analysis,
variant specific identity-by-descent (IBD) probabilities for best-guess genotypes

Genet Epidemiol. Author manuscript; available in PMC 2019 June 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gao et al.

Results:

Page 5

(likelihood>0.9) were computed using the Monte Carlo method implemented in SOLAR as
described previously [Hellwege, et al. 2014a]. Genotypes with likelihood estimates less than
0.9 were zeroed to avoid Mendelian inconsistencies. This resulted in a total of 1,273,952
INDELSs for analysis (N=560,367 with MAF=0.05) [O’Connell and Weeks 1998]. Two-point
linkage was performed using the variance components method implemented in SOLAR,
with adjustment of age, gender, recruitment center, and BMI. Estimation of the phenotypic
variance explain by SNPs and INDELs was performed using GCTA [Yang, et al. 2010;
Yang, et al. 2011]. Statistical analysis of kappa value variations across categories was
performed with non-parametric GLM and the enrichment of MAF of linked INDELSs was
performed with an exact chi-square test using SAS version 9.4 (SAS Institute, Inc, Cary,
North Carolina).

Characteristics of the study individuals are shown in Table 1. Overall, individuals were
predominantly female (41% male) and were overweight with an average BMI of 28.3 kg/m?2.
A total of 1024 individuals were included for the analysis of 15 cardiometabolic phenotypes.
Overall, 1,273,952 INDELSs were successfully analyzed for association and two-point
linkage. Among them, 12.4% (N=157,954) were rare variants with only single or double
minor allele observations and 55% (N=713,582) were low frequency variants as defined by a
MAF<0.05 (Figure 1a). The INDELSs were then stratified by the size of the insertion/
deletion, which was defined as the difference of the length of the two alleles. As shown in
Figure 1b, 53% (681,840) of the variants were single base insertions/deletions and those
greater or equal to 8bp constituted less than 3% (53,245). Functional annotation suggested
the majority of the INDELS were intergenic and intronic, i.e. 54% and 37%, respectively.
There were only 4,582 exonic variants (less than 1%, including alternative splicing and
ncRNA exonic variants) (Figure 1c¢). The comparison of exonic and non-exonic variants
suggested no difference in MAF and a trend of enrichment in multiple bases insertion/
deletions (P=0.23) in exonic variants (Figure S1).

Imputation quality

Imputation quality was evaluated through comparison of genotypes from 9,370 imputed and
sequenced INDELSs using Cohen’s kappa statistic, which is a conservative measure of
agreement over concordance rate. The results are summarized in Figure 2a. Overall, imputed
genotypes were highly concordant with sequenced genotypes with an average kappa of 0.87.
Most of the poorly imputed variants were of low frequency and the average kappa for
common variants (MAF=0.05) was 0.93 (Figure 2b). Further analysis revealed kappa values
varied significantly based on different INDEL sizes (P=0.0006, lower kappa values for large
INDEL variants) and functional annotations (P<0.001) (Figure S2).

Top signals from association and linkage analysis

The strongest evidence of association was observed with insertion rs36229491 with HDL
levels (P=3.06x10712, LOD=1.52, Table 2, Figure S3). This is a common variant with a
MAF of 27% located 1,591 bp upstream of the cholesterylester transfer protein gene
(CETP). On average, minor allele carriers have a 25% increase in plasma HDL per allele. In
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addition, a CETPintronic insertion rs35874588 (MAF=0.45) was also detected with a strong
LOD score of 4.33 and a P value of 5.48x104. The two variants are poorly correlated
(r?=0.05) and analysis conditioned on rs36229491 failed to abolish the rs35874588 signal,
suggesting at least two independent signals exist. These results were consistent with
previous findings and rs36229491 and rs35874588 were in strong LD with previously
identified SNPs rs3764261 and rs5882 (r2=0.98 and 0.95, respectively) [Hellwege, et al.
2014a; Willer, et al. 2008].

For linkage analysis, two strong linkage peaks were detected with LOD scores greater than
5: rs60560566 (7q11.22, MAF=0.30) was strongly linked with S; with a LOD of 5.36 and
rs5825825 (18g22.1, MAF=0.33) was strongly linked with ADP with a LOD of 5.11 after
adjustment for the AD/POQ G45R variant (rs200573126). rs60560566 marks a single base
pair deletion located in a gene dessert region, i.e. no genes were identified +400kb.
rs5825825 is a single base pair insertion located intergenically between dermatan sulfate
epimerase-like gene (DSEL) and thioredoxin related transmembrane protein 3 gene
(7MX3). Another variant rs201639667 (MAF=0.39) was strongly linked to APOB and
CHOL with LOD scores of 4.69 and 3.71, respectively. This is a single base pair insertion
located between the macrophage scavenger receptor 1 gene (MSRI) and fibroblast growth
factor 20 gene (FGF20). MSR1 is closely involved in macrophage-associated physiological
and pathological processes and overexpression of the gene results in increased clearance of
modified lipoproteins by Kupffer cells, resulting reduced VLDL levels [Herijgers, et al.
2000]. rs59849892, an intronic variant in the WSC domain containing 2 gene (WSCD2),
was both associated and linked with Sy (P=1.17x1077, LOD=1.99). WSCDZ2 has been shown
to be involved in glucose metabolism consistent with expression patterns observed in human
islets [Taneera, et al. 2015]. Variant rs201606363 was strongly linked and associated with
LDL (P=4.73x1074, LOD=3.67), APOB (P=1.39x1073, LOD=4.64), and TC (P=1.35x1072,
LOD=3.80). This common variant (MAF=0.43) is located between the ubiquitin-conjugating
enzyme E2F gene (UBEZF) and the selenocysteine lyase gene (SCLY). SCLY has been
shown to be involved in selenium metabolism and selenoproteins synthesis [Mihara, et al.
2000]. High serum selenium concentrations have been shown to be associated with increased
serum concentrations of total and LDL cholesterol in epidemiological studies [Laclaustra, et
al. 2010]. Therefore, SCLY may play an important role in this association.

Characteristics of the nominally associated and linked INDELs

To investigate whether an enrichment of a certain characteristic exists for nominally linked
and associated INDELSs, the dataset was parsed based on nominal association (P<0.05),
association (P<0.005), nominal linkage (LOD>0.5), and linkage (LOD>1) as exemplified by
TRIG and HDL (Figure S4). As shown in the figures, no enrichment was observed for
INDEL size with association and linkage signals (P=0.91). For functional annotation, a
slightly higher proportion of exonic variants was observed for associated and linked variants.
However, no statistically significant conclusions could be drawn due to the limited number
of exonic variants in this study (n=4,582) (P=0.79). In contrast, a significant enrichment of
common variants (MAF=0.05) for linked INDELSs was observed (P<0.0001) but not for
association (P=0.82). This observation is likely attributed to the greater power of common
variants in linkage analysis.

Genet Epidemiol. Author manuscript; available in PMC 2019 June 26.
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Discussion:

In this study, INDELSs wrere successfully imputed using array-based SNP genotypes in a
Mexican-origin American cohort. Genome-wide association and linkage analysis were
performed with cardiometabolic phenotypes using 1.27 million high quality imputed
INDELSs.

One key question to be asked through this series of experiments was whether INDELS could
be imputed using array-based genotypes and be analyzed to complement SNPs. Thus, a
comparison was performed with genotypes derived from imputation and exome sequencing
data using the kappa statistic. Despite some variations in rare variants (MAF<5%), common
variants reached an average kappa value of 0.93, suggesting INDELSs can be reliably
imputed from array-based SNP genotypes. In addition, genome-wide association and linkage
analyses were successfully performed for imputed INDELS using 15 cardiometabolic
phenotypes. After excluding rare variants (MAF<0.01), all models were well behaved with
inflation factors ranging from 0.96-1.08 (Figure S5). Furthermore, examples of novel
INDEL signals were identified and previously identified signals were successfully replicated
from both association and linkage analysis as exemplified by CE7Pand AD/IPOQ,
respectively. In addition, the phenotypic variance explained by genome-wide common SNPs
(N=5,650,462, MAF=5%) increased 0.04% and 0.03% after including common INDELSs
(N=596,746, MAF=5%) for HDL and TG, respectively. To further explore the coverage of
imputed INDELSs, a comparison was performed between imputed INDELSs and exome
sequencing captured INDELSs. Overall, 38,122 INDELSs were captured by exome sequencing
and among them 9,370 were also successfully imputed based on GWAS genotypes. As
shown in Figure S6, the variants missed by imputation were predominantly (92%) rare
variants with MAF<0.05, which indicates good imputation coverage of common INDEL
variants derived from array-based SNP genotypes. The imputation of rare INDELSs suffers
similarly to that of rare SNPs [Howie, et al. 2012].

Consistent with our previous findings, linkage and association tend to provide independent
genetic information [Hellwege, et al. 2014a], i.e. association and linkage signals have
limited overlap (Figure S5). This observation is not beyond expectation as association
screens for variants having high LD with the causal variant (short range) while linkage
detects variants co-segregating with the causal variant (long range). However, when the
causal variant is directly tagged, both linkage and association are robustly able to detect the
variant [An, et al. 2013; Bowden, et al. 2010]. Interestingly, when the causal variant is not
well tagged, linkage tends to be more sensitive than association. For example, SNP
rs200573126 (G45R) was previously reported as the causal variant for low adiponectin
levels in IRASFS [An, et al. 2013; Bowden, et al. 2010]. This variant was not well tagged by
nearby INDELSs and thus, no association signals were observed in the region (Figure S7). In
contrast, linkage analysis detected a LOD peak of 7.67 (rs112871276; spanning
Chr3:181332042-186759808), suggesting a better sensitivity based on limited LD with the
causal variant (Figure S7). In conclusion, linkage analysis is a valuable approach for genetic
studies which provides information independent from association analysis.

Genet Epidemiol. Author manuscript; available in PMC 2019 June 26.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gao et al.

Page 8

Despite the encouraging results study limitations exist. First, the modest sample size in
IRASFS (n=1024) limits the power for the association analysis of rare variants, especially
given the fact that 55% of the INDELSs in the study had a MAF<0.05. In addition, although
good correlation and concordance rates were observed between imputed and sequenced
variants, it is still possible that imputation errors impede signal discoveries, especially for
rare variants which were observed to have poorer imputation quality. Third, since SOLAR
identity-by-descent (IBD) calculations do not accept dosage genotypes, analysis requires a
conversion of imputed dosage genotypes into best-guess. Also, to remove all Mendelian
inconsistencies, all genotypes with potential errors were removed, which further dampened
statistical power. Despite the rapidly developing technologies in the field, the genotyping
and calling methods for short repeats in regions of complex genomic structure are still not
robust [Treangen and Salzberg 2012]. Therefore, the INDELS included in this study
represent an incomplete coverage of the genome. Whole genome sequencing or using a
reference panel with better genome coverage for imputation would be able to address this
issue.

In summary, a total of 1,273,952 INDELSs were successfully imputed from array-based SNP
genotypes and a genome-wide association and linkage analysis were performed. Imputation
quality was partially confirmed using exome sequencing data. We identified a genome-wide
significant signal for association (CETP) with HDL and two signals (four variants) reached a
linkage LOD score of 5 for S; and ADP. Overall, INDEL analysis successfully confirmed
previously identified signals from exome chip and GWAS [Hellwege, et al. 2014a] and
evidence of suggestive novel loci was observed. Our results support that INDELS can be
confidently imputed based on array-based SNP genotypes and association and linkage are
complementary approaches that can be used for the analysis of imputed INDELSs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Distribution of MAF (a), INDEL size (b), and function annotations (c) for the entire INDELS

dataset (N

1,273,952)
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The evaluation of INDEL imputation quality using exome sequencing data. a. the
distribution of kappa for all tested variants (N=9,370); b. the distribution of kappa for
common (MAF=0.05) variants (N=3,280).
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Figure 3.

The distribution of INDELSs nominally associated (P<0.05) and linked (LOD>0.5) with HDL
a. INDEL size distributions, b. function annotations, c. MAF.
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Table 1.

Demographic characteristics of the study population.

N Mean + SD Median
Age (years) 1024 40.63+13.68 39.3
Male (%) 1024 0.41% -
BMI (kg/m?) 1024 28.28+5.77 27.52
Si 1016 2.14+1.86 1.7
Se 1016 | 0.021%0.0089 0.02
AIR (pmol1) 1016 | 760.33+649.12 | 586.95
DI (AIR x §)) 1016 | 1315.91+1235.30 | 1004.79
GFAST (mg/dl) | 1014 93.41%9.48 92
FINS (uU/ml) | 1015 14.90+11.03 12
HOMAr 974 1.67+1.04 1.4
HOMAg 974 |  120.76+45.62 113.85
MCRI 948 5.47+2.46 5.15
APOB 947 88.23+21.95 86
TRIG (mg/dl) | 1012 | 118.30+82.02 97
LDL (mg/dI) 1004 | 109.04+30.11 106
HDL (mg/dl) 1012 4358+12.27 42
CHOL (mg/dl) | 1013 | 176.12+35.64 174
ADP (ug/ml) 940 13.3626.36 12.49
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