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Sequencing of candidate genes in Dominican families implicates
both rare exonic and common non-exonic variants for carotid
intima-media thickness at bifurcation
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Abstract Through linkage and tagSNP-based associa-
tion studies in 100 Dominican Republic (DR) families, we
previously identified ANLN and AOAH (7p14.3) as candi-
date genes for carotid intima-media thickness at bifurca-
tion (bIMT). Introns, exons, and flanking regions of ANLN
and AOAH were re-sequenced in 151 individuals from nine
families with evidence for linkage at 7p14.3. For com-
mon variants [CV, minor allele frequency (MAF) >5 %],
single variant-based analysis was performed. For rare vari-
ants (RV, MAF < 5 %), gene-based analysis aggregating all
RVs within a gene was performed. CV analysis revealed
the strongest signal at rs3815483 (P = 0.0003) in ANLN
and rs60023210 (P = 0.00005) in AOAH. In ANLN, RV
analysis found suggestive evidence for association with
exonic RVs (P = 0.08), and in particular non-synonymous
RVs (P = 0.04) but not with all RVs (P = 0.15). The vari-
ant alleles of all non-synonymous RVs segregated with the
major allele of rs3815483 and were associated with lower
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bIMT while a novel synonymous RV segregated with the
minor allele of rs3815483 and was associated with greater
bIMT. Additional analysis in 561 DR individuals found
suggestive evidence for association with all ANLN non-syn-
onymous RVs (P = 0.08). In AOAH, no evidence for asso-
ciation with RVs was detected. Instead, conditional analy-
sis revealed that multiple independent intronic CVs are
associated with bIMT in addition to rs60023210. We dem-
onstrate the utility of using family-based studies to evalu-
ate the contribution of RVs. Our data suggest two modes
of genetic architecture underlying the linkage and associa-
tion at ANLN (multiple exonic RVs) and AOAH (multiple
intronic CVs with uncharacterized functions).

Introduction

Genome-wide association studies (GWAS) and organized
consortium efforts have identified multiple susceptibility
loci for vascular diseases, such as coronary artery disease
and stroke, the leading causes of death and morbidity in
the United States (CARDIoGRAMplusC4D Consortium
et al. 2013; Bis et al. 2011). The associated single nucleo-
tide polymorphisms (SNPs), however, explain only a small
portion of the heritability estimated for these disabling dis-
eases (Makinen et al. 2014). Given the extreme complexity
of genetic and environmental contributions to vascular dis-
eases, evaluation of the precursor phenotypes may reduce
phenotypic heterogeneity and increase statistical power in
genetic studies. As a result, this approach may facilitate
identifying loci that were missed in previous GWAS focus-
ing on the clinical manifestation of the diseases. Carotid
intima-media thickness (cIMT) is an excellent phenotype
for this approach because (1) cIMT is a subclinical measure
of atherosclerosis, a leading cause of vascular diseases; (2)
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cIMT is a noninvasive, relatively inexpensive, highly repro-
ducible measurement; (3) cIMT is a quantitative measure
which provides additional statistical power; and (4) cIMT
has a strong genetic contribution with estimated heritability
ranging from 0.3 to 0.6 in various populations (Lange et al.
2002; Xiang et al. 2002; Fox et al. 2003; Juo et al. 2004).

Several large-scale genetic studies of cIMT have been
reported. The first GWAS on cIMT was conducted in the
Framingham Heart Study with no SNP meeting criteria for
genome-wide significance, probably due to the relatively
small sample size (O’Donnell et al. 2007). Subsequently, the
cohorts for heart and aging research in genomic epidemiol-
ogy (CHARGE) consortium organized a meta-analysis of 16
GWAS on cIMT (Bis et al. 2011). The combined meta-analy-
sis from two stages included 42,484 participants of European
ancestry. In the analysis of common cIMT, three independent
loci, ZHX2, APOCI, and PINX, met the genome-wide signif-
icant criteria (P < 5 x 107%). In addition, suggestive evidence
for association was found with SLCI7A4 (P = 7.8 x 107%).
No SNP was found to be genome-wide significant for asso-
ciation with internal cIMT. A large-scale candidate gene
study using Illumina 200 K CardioMetabochip to interro-
gate hundreds of candidate genes simultaneously found that
rs4888378 in the BCAR1-CFDP1-TMEMI170A locus was
associated with cIMT as well as coronary artery disease risk
in multiple European cohorts (Gertow et al. 2012). In 2013,
the first GWAS on a non-European population was described
in Mexican Americans without any SNP reaching genome-
wide significance (Melton et al. 2013).

In contrast to the above cohort studies, we have pursued a
family-based approach combining linkage and association to
map genetic determinants of cIMT in Caribbean Hispanics,
an understudied population. The family-based design is more
robust against population stratification and is less confounded
by gene—environment interactions as family members are
more likely to have similar environmental exposures. Indeed,
our group has had notable success in using this approach to
map susceptibility genes for cIMT. First, we mapped a quan-
titative trait locus (QTL) for cIMT at bifurcation (bIMT) to
chromosome 7p using 100 extended Dominican Republic
(DR) families in a genome-wide linkage study (Sacco et al.
2009). We then identified ANLN and AOAH as candidate
genes in a peak-wide association study using tagSNPs to sur-
vey common variants within the QTL (Wang et al. 2012). The
association between bIMT and these two genes was highly
significant in 53 families with positive family-specific LOD
scores (P = 0.0004 and 0.0002, respectively, for the top vari-
ant in each gene) but not in the 47 families with negative fam-
ily-specific LOD scores (P = 0.13 and 0.41, respectively).
This finding suggests that the genetic effects of these two
genes are restricted to a specific subset of the families.

In previous studies, rare variants (RVs) have been
understudied. With the rapid growth of next generation
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sequencing (NGS) technology, there are increasing inter-
ests in examining the contributions of RVs to complex
diseases, such as vascular diseases. However, due to the
extreme low frequency of RVs in the population, case—
control studies require large sample sizes to achieve suffi-
cient statistical power. Since related individuals will share
RVs, a family-based study is a more powerful method
to evaluate the contribution of RVs to the phenotype of
interest. In an attempt to fully delineate the genetic archi-
tecture underlying the association at ANLN and AOAH,
we carried out a targeted re-sequencing study to survey
the genomic regions of the two genes, including exons,
introns, and flanking regions, in nine DR families from
the original linkage analysis that have a family-specific
LOD score greater than 0.1 at the chromosome 7p QTL.

Materials and methods
Participating subjects

The design of our Family Study of Stroke Risk and
Carotid Atherosclerosis has been described in detail previ-
ously (Sacco et al. 2009, 2007). Among the 100 enrolled
Dominican families, 9 families with a family-specific
LOD score greater than 0.1 at the chromosome 7p QTL for
bifurcation bIMT were selected for this study (Table 1).
In brief, the family study was derived from the Northern
Manbhattan Study (NOMAS) (Sacco et al. 2004). NOMAS
participants had never been diagnosed with a stroke, were
at least 40 years of age, and resided for at least 3 months
in a household with a telephone in Northern Manhattan.
Probands for the family study were selected from Carib-
bean Hispanic members of NOMAS with high risk for
cardiovascular disease. Families were enrolled if the
proband was able to provide a family history, obtain the
family members’ permission for the research staff to con-
tact them, and had at least three first-degree relatives able
to participate. The probands were initially identified in
Northern Manhattan and family members were enrolled
in New York at Columbia University as well as in the
Dominican Republic at the Clinicas Corazones Unidos in
Santo Domingo. In total, 561 DR subjects in the popula-
tion-based NOMAS who have bIMT measured and are not
probands in the family study were used as an independ-
ent dataset. Demographic, socioeconomic, and risk fac-
tor data were collected through direct interview based on
the NOMAS instruments (Elkind et al. 2006). All subjects
provided informed consent and the study was approved by
the Institutional Review Boards of Columbia University,
University of Miami, the National Bioethics Committee,
and the Independent Ethics Committee of Instituto Onco-
logico Regional del Cibao in the DR.
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Table 1 F?milic?s sequenced for Family ID Individuals per Family-specific LOD  bIMT residual

the genomic regions of ANLN family .

and AOAH Mean SD Min Max
5987 16 0.81 1.02 1.34 -2.21 3.25
253 13 0.50 0.18 1.07 —1.53 3.05
5103 36 0.48 —0.35 0.95 —2.98 1.38
803 13 0.47 0.06 0.85 —1.90 1.66
4965 10 0.42 —0.14 0.89 —1.19 1.12
3630 13 0.33 0.14 0.81 —1.16 1.94
3631 17 0.15 —0.18 0.70 -1.39 1.09
4623 13 0.15 —0.08 1.11 -2.85 1.79
5569 18 0.11 —0.07 0.63 —1.47 1.10

Carotid and associated risk factor measurements

All family members had high-resolution B-mode ultra-
sound measurement of cIMT. Carotid ultrasound was per-
formed according to the standard scanning and reading
protocols by a trained and certified sonologist as detailed
previously (Rundek et al. 2002). IMT measurements were
performed outside the areas of plaque as recommended
by consensus documents (Touboul et al. 2007). IMT was
measured using an automated computerized edge track-
ing software M’Ath (Intelligence in Medical Technolo-
gies, Inc., Paris, France) from the recorded ultrasound
clips which improves precision and reduces variance of
the measurements. (Sacco et al. 2004). The IMT proto-
cols yield measurements of the distance between lumen-
intima and media-adventitia ultrasound echoes. Bifurca-
tion cIMT (bIMT) was defined as the near and the far wall
IMT of the carotid bifurcation beginning at the tip of the
flow divider and extending 10 mm proximal to the flow
divider tip. Our bIMT measurements have excellent con-
sistency: inter-reader reliability between two readers was
demonstrated with a mean absolute difference in IMT of
0.11 £ 0.09 mm, variation coefficient 5.5 %, correlation
coefficient 0.87, and the percent error 6.7 %; intra-reader
mean absolute IMT difference was 0.07 & 0.04 mm, varia-
tion coefficient 5.4 %, correlation coefficient 0.94, and the
percent error 5.6 % (Sacco et al. 2004).

Sequencing and variant annotation

Introns, exons, and promoters of ANLN and AOAH were
captured with a customized Agilent SureSelect Enrich-
ment kit targeting 7 Mb sequence. DNA libraries with
24-sample barcoding were sequenced on Illumina
HiSeq 2000 with pair-end sequencing at 100 base pair
reading length. On average, each DNA sample generated
about 15 million raw reads. The raw sequencing reads
were aligned to the human reference sequence hgl9 with
the Burrows—Wheeler Aligner (BWA) (Li and Durbin

2010). About 14 million reads per sample passed filter-
ing and were aligned to the target regions. The read dupli-
cation rate is 2.4 % on average, suggesting good library
complexity. These reads yielded high-depth sequencing
data: the mean target coverage is ~ 100X with a minimum
of 68X. These high-depth sequencing data allowed us to
make reliable genotype calls for downstream statistical
analyses. At a depth of 8, 97 % of the target sequences
were covered. Subsequent variant calling was done with
the Genome Analysis ToolKit (GATK). Potential func-
tions of variants were annotated using ANNOVAR (http://
annovar.openbioinformatics.org/), SeattleSeq (http://snp.
gs.washington.edu/SeattleSeqAnnotation138/index.jsp),
and RegulomeDB (Boyle et al. 2012). In brief, we used
three programs to annotate variants: ANNOVAR (gene-
based annotation), SeattleSeq, and RegulomeDB. These
programs, for a large part, complement each other on
annotation features. The ANNOVAR annotates whether
a variant hit exons, introns, UTRs, non-coding RNAs
(ncRNAs), or intergenic regions, and the name of gene (if
the variant is within the gene) or neighbor genes (if the
variant is in intergenic regions). SeattleSeq provides addi-
tional information on the conservation among species,
amino acid changes for coding variants, and potential
damage caused by the amino acid changes. In contrast,
RegulomeDB has an emphasis on annotating non-coding
variants for regulatory potential. It integrates a large col-
lection of genome-wide regulatory information (mainly
produced by ENCODE) to predict functional impact
of variants, in addition to manual curation of literature
sources on low-throughput but high-quality assays, such
as luciferase reporter and EMSA. The genome-wide infor-
mation includes (1) e-QTLs; (2) chromatin state informa-
tion; and (3) important regulatory factor binding sites.
RegulomeDB scores variants into six categories 1-6, with
category 1 and 2 having sub-category (la—1f and 2a—2c).
Lower scores indicate stronger evidence for a variant to
be located in a functional region. All novel exonic vari-
ants were validated with Sanger sequencing.
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Quality control

Quality control was conducted at both variant and sample
levels. At the variant level, during Variant Quality Score
Recalibration (VQSR) process, a VQSLOD score was
assigned to each variant. Variants with VQSLOD <—4 were
removed. Within each individual sample, variants with a
depth <4 or phred-like (PL) score <100 were set as miss-
ing. Variants with call rate <75 % were also removed from
further analysis. At the sample level, concordance between
the sequencing data and genotypes from the previous peak-
wide association study was assessed for each sample. Two
samples with low concordance (<95 %) were removed. For
the remaining samples, pedigree structure was confirmed
using the graphical relationship representation software.
Mendelian error checking was performed and Mendelian
errors were set to missing for all the variants called using
PLATO (Grady et al. 2010).

Genotyping

To validate the RV finding in additional samples, the Illu-
mina Exome Core chip with custom content was used to
genotype additional families and NOMAS individuals as
validation. This approach provides an overview of poten-
tially functional variants at low MAF at a relative cheap
cost per sample. The chip includes 240,000 pre-designed,
commercially available exonic SNVs and 6000 exonic
SNVs found during our re-sequencing effort in families.
The selecting criteria of 6000 exonic SNVs are: (1) not
included in the Exome Core chip; (2) passed sequencing
QCs in at least three individuals; (3) cannot be effectively
imputed using GWAS markers (imputation quality score
<0.8); (4) has VQSLOD >—4; (5) has Illumina Infinium®
design score >=0.6. The genotyping protocol and quality
control have been described previously (Wang et al. 2012).

Statistical analysis

Bifurcation bIMT was natural log transformed to ensure
a normal distribution as in the previous analyses (Sacco
et al. 2009; Wang et al. 2012). An initial polygenic model
was set up to include the same covariates as identified by
a selection screen in the previous linkage and peak-wide
association analyses: age, age’, sex, age X sex, pack years
of smoking, waist hip ratio, and body mass index. We
employed different analytical approaches to analyze com-
mon and rare variants. The same covariates were used in
both the common and rare variant analysis. Common and
rare variants were defined based on estimated frequencies
from a population-based cohort of 600 Dominicans from
NOMAS. The NOMAS sample was genotyped on the
Affymetrix 6.0 genotyping array and then imputed using
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IMPUTE2 with the 1000 genomes phase 1, version 3 ref-
erence panel (Howie et al. 2009). Variants were classified
as common if they had a minor allele frequency (MAF)
>5 % in NOMAS Dominicans and classified as rare if
they had MAF <5 % or could not be imputed efficiently
(INFO < 0.4) in NOMAS Dominicans.

For CVs, we tested each individual variant for associa-
tion with bIMT using the quantitative transmission disequi-
librium test (QTDT) in SOLAR (Almasy and Blangero
1998). The QTDT test was used for analyzing CVs because
it was designed to evaluate association in the presence of
linkage without inflating the type I error. In addition, the
QTDT test is robust against population stratification and
uses data from all available relatives in a pedigree, which
makes it more powerful in analyzing data sets with missing
parental data. The linkage disequilibrium (LD) between the
CVs was estimated using the NOMAS Dominican sample.
To determine if the effect of significant variants identified
by QTDT were independent of each other, we performed
a forward, stepwise QTDT conditional analysis. In short,
a primary SNP was included as a covariate, and the QTDT
analysis was carried out for all remaining SNPs. A likeli-
hood ratio test was used to determine if any of the remain-
ing SNPs in this conditioned analysis improved the fit of
the model beyond the contribution of the primary SNP. The
process was repeated until there was no additional SNP
with a likelihood ratio test p value less than 0.01.

For RVs, we performed gene-based analyses using the
Family SNP-set (Sequence) Kernel Association Test (Fam-
SKAT) (Chen et al. 2013). Analyses were performed using
three different filtering algorithms within each gene: all
rare variants, exonic rare variants only, and non-synony-
mous rare variants only. For the NOMAS dataset, regular
SKAT was used to evaluate non-synonymous rare variants
in each gene for association with bIMT. To better visualize
the distribution of these rare variants in relation to bIMT,
both across and within families, we computed the residual
bifurcation after adjusting for the associated risk factors
(age, agez, sex, pack years of smoking, BMI, and WHR)
using SAS. Haplotype phasing of exonic rare variants with
the most strongly associated common variants was done
with SimWalk2 (Sobel and Lange 1996).

Results

Overview of single nucleotide variants (SNVs) identified
by re-sequencing

In total, we analyzed 149 individuals from the nine DR
families with a family-specific LOD score >0.1 (ranging
from 0.11 to 0.81), at the chromosome 7 QTL for bIMT
(Table 1). We observed 1431 biallelic SNVs in this sample



Hum Genet (2015) 134:1127-1138

1131

set. Of all the variants, 12.6 % (181 variants) were novel
(i.e., not found in public databases) and 64.5 % (923
variants) were rare variants based on imputation in the
NOMAS cohort (Table 2). The majority (97 %) of the vari-
ants were found in the introns and flanking regions. The
genomic size (including 5 kb flanking regions on each side)
for ANLN and AOAH were 74 and 222 kb, respectively.

Table 2 SNVs Identified by re-sequencing of ANLN and AOAH

Category ANLN AOAH Total
Non-exonic Exonic Non-exonic Exonic

Rare variant 154 (46)* 14 (4) 739 (129) 16 (1) 923

Common variant 102 8 392 (1) 6 508

Total 256 22 1131 22 1431

Variants were categorized into different allele frequency categories
based on imputation data generated from NOMAS. Variants with an
estimated minor allele frequency greater or equal than 5 % in the
NOMAS cohort are classified by common variant. Variants with an
estimated minor allele frequency less than 5 % or cannot be imputed
efficiently (INFO < 0.4) are classified as rare variants

* The number in the parenthesis is the number of variants that were
not found in the public databases, i.e., novel

Consistent with a larger genomic size for AOAH, we found
three times the number of novel intronic variants in ACAH
and four times the number of total intronic variants in
AOAH compared to ANLN. Despite a larger genomic size,
AOAH had a smaller mRNA size (2559 bp) than ANLN
(4780 bp). There was a 573-bp-long spliced non-coding
RNA residing within a large intron of AOAH. Within the
AOAH region, we observed 1 novel and 21 known exonic
variants: 15 were located within the AOAH coding region,
4 were located within the AOAH untranslated regions
(UTRs), and 3 were located within the non-coding RNA.
Within ANLN, we observed 4 novel and 18 known exonic
variants: 16 were located in the coding region and 6 were
located in the UTRs.

Common variant analysis

Single variant analysis was carried out for CVs. Figure 1
shows the regional association plot for CVs. In ANLN,
the strongest association was found with rs3815483
(P = 0.0003), which was the top marker in the previ-
ous peak-wide association analysis (Wang et al. 2012). In
AOAH, the strongest association was found at rs60023210
(P = 0.00005), which was in low LD (#* = 0.03; D’ = 0.25)
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Fig. 1 Regional association plot of common variants in ANLN and
AOAH. Each point represents a common variants (with MAF >5 % in
the NOMAS population) in ANLN and AOAH genomic region. The
circles depict the P values of the single point QTDT analysis on a
—log10 scale as a function of genomic position (NCBI Build 37). The
most significant marker in the region (rs60023210, located within
AOAH) is displayed as a purple diamond and the most significant

marker located within ANLN (rs3815483) is labeled. The color of the
circles indicates LD (estimated by 72 values in the NOMAS cohort)
between each SNP and rs600023210. The line displays the recombi-
nation rates estimated from Phase II HapMap. The structure of genes
in the region is displayed at the bottom of the plot: each vertical bar
represents an exon and horizontal arrow above each transcript depicts
the transcription direction of the gene (color figure online)
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with the top marker (rs2001600) identified in the previous
study. Both SNPs remained significant (P < 0.05) after
Bonferroni correction for CVs tested within each gene.
There was limited LD between ANLN and AOAH, as evi-
denced by both the small ? values between CVs in ANLN
and rs60023210 in AOAH, and the high recombination rate
between the two genes (Fig. 1).

To infer the functional impact of CVs, we used ANNO-
VAR, SeattleSeq, and RegulomeDB to annotate CVs
with evidence for association (nominal P < 0.05). Both
rs3815483 and rs60023210 are intronic SNPs with no
predicated function. In ANLN, three CVs with evidence
for association are exonic variants: two were located
within 3’UTR, and one was a synonymous variant. None
of these exonic variants was in strong LD with rs3815483
(¥ < 0.005) and therefore was unlikely to account for
the association observed at rs3815483. An intronic SNP
rs3801306 in ANLN had a RegulomeDB score of 2b (tran-
scription factor ARID3A binding in Hep2G cells; CTCF
binding in K562 and HelaS3 cells), suggesting a regula-
tory potential. This SNP was moderately correlated with
153815483 (> = 0.43) and therefore could partially contrib-
ute to the association signal at rs3815483. In AOAH, no CV
with evidence for association had an annotated functional
impact.

Rare variant analysis

Gene-based tests were carried out to aggregate RVs in
ANLN and AOAH separately. To investigate if RVs with
functional implications were more likely to confer genetic
association, RV analysis was done with three different
filtering algorithms: all RVs, all exonic RVs, all non-
synonymous RVs. These analyses revealed that exonic,
especially non-synonymous RVs, in ANLN collectively
contributed to bIMT (P = 0.04, Table 3). No evidence
for association between RVs and bIMT was found for
AOAH. In total, three non-synonymous RV in ANLN
were observed in our data set: all were missense variants.
Two of them, rs34285732 and rs138687533, have been
observed only in African Americans in the 1000 genomes
project (MAF = 1.5 and 0.2 %, respectively). The third
missense variant was a novel one: Chr7_36463477. It was
well conserved (PhastCon = 1, GERP = 4.6) and was pre-
dicted to be possibly damaging (Table 4). These missense
RVs were carried within two families: F803 and F3630.
In family F803, rs34285732 and rs138687533 occurred
3 times each in five individuals, with one compound het-
erozygote. Carriers of the rare allele of either rs34285732
or rs138687533 had lower average residual bIMT in
F803; the compound heterozygote had the lowest resid-
ual bIMT (Fig. 2). In F3630, the novel Chr7_36463477
was observed only once, in individual 204, who had the
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Table 3 Gene-based rare variant analysis

561)

NOMAS (N

155)

Validation families (N

149)

Discovery families (N

Gene
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Exonic

Non-synonymous

Exonic
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All variants

Number of P value  Number of P value  Number of P value
variant variant variant

P value

P value Number of P value Number of

P value Number of

Number of
variant

variant

variant

variant
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0.89

0.03
0.17
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N/A
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0.38
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0.04
0.20

0.08
0.24

155 0.15 14
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621

ANLN
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10
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Table 4 Non-synonymous rare variant in ANLN

Chromosome 7 base Alt allele Ref allele MAF
pair position

Variant*

Protein product

Conservation

Amino acid changes Position

PolyPhen prediction PhastCons GERP

rs116131910 36435956 G A 0.62 %
rs138687537 36435999 A G 0.80 %
rs34285732 36438949 A G 1.25 %
rs140160802 36445900 A G 0.09 %
rs144175389 36450740 A G 0.09 %
Chr7 36463477 36463477 C T n/a

rs141247770 36492159 G A 0.09 %

MET, VAL 34/1125  Benign 0 —7.93
SER, ASN 48/1125 Benign 0.996 1.34
ARG, HIS 145/1125  Probably damaging 0.704 5.55
GLY, SER 200/1125  Probably damaging 1 5.08
GLY, ARG 454/1125 Benign 0.178 1.39
MET, THR 843/1125 Possibly damaging 1 4.63
ILE, VAL 1109/1125 Benign 1 4.67

MAF minor allele frequency, was based on genotyping in NOMAS DR individuals

* Variants underlined are observed in the families

1.0 4

0.5 4

0.0 | T T

-1.0 4

BIF IMT Residual
o
w

-1.5 A

-2.0 -
0 copy of rare allele 1 copy of rare allele 2 copies of rare allele
(N=20) (N=5) (N=1)
Carriers of the rare allele of the misssense RVs in ANLN

Fig. 2 Correlation between three rare missense variants in ANLN
and bIMT. In total, three rare missense variants were observed in two
families (F803 and F3630). FAM-SKAT analysis suggested that the
three missense variants collectively contribute to bIMT variations.
To infer the direction of the association, we examined residual bIMT
after adjusting for other risk factors (age, age squared, sex, and pack
years of smoking, BMI, and WHR) in individuals carrying different
numbers of the rare missense alleles. Twenty-six individuals from the
two families were divided into three groups based on the number of
rare allele they carry for the three missense variants: 20 individuals
do not carry rare allele of any missense variants, 5 individuals carry
one rare allele of any of the missense variants, and 1 individual car-
ries a compound heterozygote of two rare alleles. The bars represent
the mean residual bIMT values (after adjusting for age, age?, sex,
pack years of smoking, BMI, and WHI) of each group and the error
bars represent the standard error of residual bIMT values. The results
suggest that the rare allele of the missense variants is associated with
lower bIMT

lowest residual bIMT in the family (Fig. 2). All three
rare missense variants segregated with the major allele
of rs3815483. In addition, in F803, a novel synonymous
RV (Chr7_36450217) occurred on the haplotype defined
by the minor allele of rs3815483. Both the minor allele
of Chr7_36450217 and rs3815483 were associated with
higher residual bIMT (Fig. 3).

Validation of rare variant analysis in additional
datasets

To further test if RVs in ANLN and AOAH collectively con-
tribute to bIMT variation, we used the Illumina Exome
Core chip with custom content to genotype additional fami-
lies and NOMAS individuals. With the custom content, the
chip includes 29 exonic variants at low MAF in the two
genes (14 in ANLN and 15 in AOAH). All exonic RVs or
all non-synonymous RVs in each gene were analyzed in the
validation families using FAM-SKAT and in the NOMAS
using SKAT. In AOAH, no evidence for association was
found in any analysis. In ANLN, a smaller number of RVs
(5 exonic variants and one non-synonymous variant) were
found in the validation families and gene-based tests did
not reveal any significant results in this dataset. In the
NOMAS cohort, however, suggestive evidence for associa-
tion was found for exonic RVs (11 variants, P = 0.04), and
non-synonymous RVs (six variants, P = 0.08) (Table 3),
supporting the findings in the discovery family data set.

Population-rare, family-common variants

Some variants that were rare in the population were
enriched in the nine DR families studied, providing sta-
tistical power to evaluate them individually in our family
data set. To test the contribution of these variants to bIMT,
we analyzed the population-rare (MAF <5 % or cannot be
efficiently imputed in NOMAS), family-common (MAF
>5 % in the family dataset and observed in more than one
family) variants for association with bIMT using the sin-
gle variant analysis QTDT. A total of 15 ANLN variants
and 142 AOAH variants were included in this analysis
(Supplementary Table). The most significant associa-
tions were found with rs6954831 in ANLN (P = 0.0006)
and rs2727794 (P = 0.0003) in AOAH (Table 5) The esti-
mated MAF of each of these SNPs in the NOMAS cohort
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Fig. 3 Pedigree of family F803 depicting bIMT and a novel synony-
mous rare variant in ANLN. Residual bIMT values and the haplotype
in ANLN defined by rs3815483 and a novel variant on chromosome 7
at base pair position 36,450,217 were displayed for each individual.

Individuals with residual bifurcation bIMT value <0 are shaded black
and individuals with residual bifurcation bIMT value >0 are shaded

gray

Table 5 Top results of single variant test of population-rare, family-common variants

SNP Genes QTDT P value Function Phast cons GERP Minor allele frequency?®
European African Dominican
Population Family
rs6954831 ANLN 0.0006 Intron 0 0.148 0.052 0.000 0.017 0.17 5)»
rs2727794 AOAH 0.0003 Intron 0 0.503 0.000 0.164 0.023 0.29 (9)

A The number in the parenthesis is the number of families in which the variant was observed

# Minor allele frequency in European and African was estimated using data generated from the 1000 genomes project. Minor allele frequency
in Dominican population was estimated in the NOMAS cohort, and minor allele frequency in the Dominican family was calculated using next

generation sequencing data

is ~2 %. According to the 1000 genome data, rs6954831
is only polymorphic in Caucasians (MAF = 5 %) and
rs2727794 is only polymorphic in African Americans
(MAF = 16 %). We observed both variants in our admixed
Hispanic population: rs6954831 is observed in five fami-
lies with 26 carriers and rs2727794 is observed in all nine
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families with 43 carriers. Both variants are located within
introns without predicated functional consequences.

To examine if multiple independent “family-common”
variants in the chr7 QTL contribute to bIMT, we performed
a stepwise conditional analysis using all “family-common”
variants identified in the single variant analysis and starting
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with the most significant variant, i.e., rs60023210. This
analysis revealed that rs2727794 (QTDT P = 0.0003 after
conditioning on rs60023210, likelihood ratio P = 0.001)
and rs11971903 (conditional QTDT P = 0.0004 after
conditioning on rs60023210 and rs2727794, likelihood
ratio P = 0.002) were independently associated with
bIMT. After conditioning on rs60023210, rs2727794, and
rs11971903, no more variants remained significant in
the likelihood ratio test (P > 0.01). All three variants are
intronic variants in AOAH with no obvious evidence for
regulatory functions.

Discussion

We have previously identified ANLN and AOAH as candi-
date genes for bIMT in Dominicans using a tagSNP-based
approach that focused on CVs in the human genome. In the
current study, we sought to further characterize the genetic
basis of bIMT variations at these loci using next generation
sequencing (NGS) technology to re-sequence the genomic
region of the two genes. The thorough examination of
variants with a full spectrum of frequencies allowed us to
evaluate whether RVs, which were not captured in previ-
ous studies, contribute to bIMT. In addition, by catalog-
ing all SNVs in the genomic region of the two genes, this
approach allowed us to systematically search for functional
variants underlying the association at the top markers in
previous studies.

In ANLN, the strongest evidence for association was
found to rs3815483, the same top marker in the previous
study (Wang et al. 2012). We found no evidence support-
ing a regulatory function for this intronic SNP. Interest-
ingly, the RV analysis revealed that multiple rare exonic
variants aggregated on haplotypes defined by rs3815483,
which might explain some of the association. These rare
exonic variants included three missense variants that were
associated with lower bIMT, and one novel synonymous
variant that was associated with higher bIMT. The func-
tional importance of the novel synonymous variant needs
to be further examined in future studies. Potential func-
tions for a synonymous variant include affecting splic-
ing and translation efficiency of RNA. Analysis in the
population-based NOMAS samples supported that rare
exonic variants in ANLN collectively contribute to bIMT
variation. In addition to the rare exonic variants, we
found that a relatively common intronic SNP, rs3801306
(MAF = 11 %) with functional potential was in mod-
est LD with rs3815483. The sequence surrounding this
SNP has been identified as a transcription factor binding
site for ARID3A in Hep2G cells and for CTCF in K562
and HelaS3 cells. The regulatory potential of rs381306
and the LD between it and rs3815483 provides another

possible mechanism underlying the association observed
at rs3815483.

In AOAH, the strongest evidence for association was
found to rs60023210, a different SNP than the top marker
identified in the previous study (Wang et al. 2012). Unlike
the genetic architecture in ANLN, we found no CVs or RVs
with annotated functional effects that could account for the
association signal at rs60023210 in AOAH. Instead, our
analysis revealed multiple independent common intronic
variants with no predicted function to be associated with
bIMT. It is unclear how these CVs confer the genetic asso-
ciation with bIMT. It is possible that the sequence varia-
tions at these CVs are involved in regulatory mechanisms
that have not been characterized.

Despite the success of GWAS in many complex dis-
eases, it has been increasingly recognized that the identi-
fied variants in GWAS only account for a small fraction of
the phenotypic variation, which is referred as the “missing
heritability”. Given that GWAS is designed to interrogate
CVs, the underrepresented RVs are believed to account for
some of the “missing heritability” in GWAS (Eichler et al.
2010). For example, in this study, only one-third of variants
observed have a MAF greater than 5 %, the targeted vari-
ants in GWAS. Indeed, many recent studies have focused
on incorporating RVs in the genome-wide analysis using
either exome-chip or whole exome sequencing (WES)
(Ratnapriya et al. 2014; SIGMA Type 2 Diabetes Consor-
tium et al. 2014). One limitation of these studies is the lack
of coverage of the non-exonic variants. Herein, we have
performed a targeted sequencing study using a custom cap-
ture design to re-sequence the genomic regions of candi-
date genes identified in previous studies, which allowed us
to survey not only exonic variants but also non-exonic vari-
ants. Indeed, we found an intronic variant with regulatory
potential that is in LD with the top marker, which provided
a plausible mechanism for the genetic association observed
in the previous study.

The CHARGE consortium has led to a substantial effort
on targeted sequencing of candidate genes for bIMT and
carotid plaque nominated in a previous GWAS meta-anal-
ysis (Bis et al. 2014). Over 370 kb of genomic region sur-
rounding SLC17A4 (associated with bIMT) and PIK3CG
(associated with plaque) was sequenced among 3669 par-
ticipants with European ancestry that are part of the origi-
nal GWAS conducted by CHARGE. The most significant
CV association was found in CCDC7IL (P = 0.0003 for
bIMT and P = 0.0004 for plaque), which did not survive
multiple testing correction. RV analysis found nominal evi-
dence for association between all RVs in CCDC7IL and
bIMT (P = 0.05) but not plaque (P = 1.0). Interestingly,
CCDC7IL is upstream of PIK3CG, the gene associated
with plaque but not bIMT in the original GWAS. Com-
pared to the CHARGE-targeted sequencing study based on

@ Springer



1136

Hum Genet (2015) 134:1127-1138

unrelated individuals, our study offers a unique advantage
with the family-based study design. By selecting families
that are genetically enriched for the trait, our family-based
design provides additional power in evaluating the genetic
contribution of RVs, which can be largely attributed to
the enrichment of trait-related RVs within families. For
example, the novel synonymous variant (Chr7_36450217),
which would have an extremely low frequency in the gen-
eral population, was carried by 6 individuals in family
F803 and all of them had above average residual bIMT in
the family. The multiple observations of the RV and seg-
regation with the phenotype of interest within the family
dramatically increased the chance to detect such genotype—
phenotype correlation.

Genetic studies of complex diseases, including those on
cardiovascular diseases, have been focused primarily on
non-Hispanic whites. Our study of the Caribbean Hispanics
provides essential data in this underrepresented population.
As discussed above, the chr 7 QTL for bIMT identified in
our linkage study was not covered in the re-sequencing
study led by CHARGE. Therefore, we cannot evaluate the
contribution of rare variants in the region in the Caucasian
population and compare it to our findings.

Our next generation sequencing fine-mapping study sup-
ports the concept that both rare and common variants con-
tribute to the genetic basis of subclinical atherosclerosis,
as measured by bifurcation bIMT. Some of these variants
have annotated functions, while others have no clear predi-
cated function. Future studies are needed to validate and
characterize the function of these variants in the context of
atherogenesis.
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